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Chapter 1 Introduction 
1.1 Spintronics 

Spintronics is an exciting and rapidly developing new field, which is differs from traditional electronics, 

based on the fact that electrons have a further degree of freedom of spin as well as charge. In the past few 

decades, Moore’s law has led the information technology (IT) industry, which the number of transistors on a 

chip doubles about every 2 years, but there will be a limit in conventional solid state electronics due to the 

increasing heat dissipation challenges of charge current and quantum size effects in small devices. The scale 

of the complementary metal-oxide semiconductor (CMOS) logic has been repeatedly miniaturized since its 

introduction in 1982. The semiconductor industry follows a roadmap. The minimum feature size in silicon 

circuits was 45 nm in 2008, and it is further decrease to 22 nm in 2011. The 14 nm technology is projected to 

be reached by semiconductor companies in 2014.1 However, the new update Roadmap to the International 

Technology for Semiconductors predicted that the speed of this growth will slow down at the end of 2013, 

when transistor number and densities are to double only every three years. 2 It is unclear that what will take 

over at the end of the roadmap, when feature sizes of less than 10 nm will make CMOS impractical. In order 

to sidestep this limitation, researchers in the recent years have moved their interest to the field of spintronic. 

In the field of spintronics, the electrons are manipulated as spin not just their electrical charge within 

electronic circuits. These spintronic devices, taking advantage of the extra degree of freedom offered by 

magnetic materials, are expected to be versatile, fast, nonvolatile, low energy consumption and capable of 

data storage and processing. They are playing a gradually significant role in the development of high density 

data storage, magnetic sensors, quantum computing, microelectronics, biomedical applications, and so on. 3 

The discovery of the giant magnetoresistive effect (GMR) in 1988 is considered as the beginning of the 

new spin-based electronics. Today, spintronic devices are everywhere as you can find them on the desktop as 

the write and read head of most hard disk storage devices. Write heads are electromagnets making from thin 

film, while read heads are usually giant magnetoresistance (GMR) or tunnelling magnetoresistance (TMR) 

spin-valves.4 The resistance change in these two MR phenomena originates from the parallel and anti-

parallel magnetization configurations that result in different electric spin-dependent scattering in the 

multilayer hetero-structure. In fact, a TMR read head was commercialized by Seagate in 2005. Since then, it 

had been used as read head senor in hard disk drive to provide a higher sensitivity. Unfortunately, TMR may 

prove to be a short-lived option, because TMR have an intrinsic high resistance due to the usage of insulator 

barrier (typically resistance–area products above 1 Ω·cm2), and with further downscaling it will become 

difficult to maintain a high signal-to-noise ratio with an rapid increase of sensor resistance. On the other 

hand, Current-perpendicular-to –plane giant magnetoresistance (CPP-GMR) is showing promising future due 

to its intrinsic low resistance by using metallic spacer.  
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1.2 Giant magnetoresistance (GMR) effect 
1.2.1 History and background of GMR 

Giant magnetoresistance (GMR) is a quantum mechanical effect of magnetoresistance, which can be 

observed in magnetic multilayered with a structures of alternating ferromagnetic and non-magnetic layer. It 

was discovered independently by the groups of Albert Fert from France, and Peter Grünberg from Germany. 

Their discovery, which triggered the development of the spin-valve sensor in the several decades that 

followed, was awarded the Nobel Prize in physics in 2007. The fundamental of GMR is the spin dependent 

scattering effects. It was first proposed to explain the anomalous resistivity tendency shown in bulk 

ferromagnetic materials with impurities dopant by Mott.5 The “two-channel model”, which regards spin up 

and down electrons as two different conduction channels, is developed to help people understand physics 

behind. In this model, spin-flip scattering between two channels is neglected to simply the model. Using this 

model, physics of GMR can be quantified and connection between magnetic properties and electrical 

transport can be understood. From then on, research interest on spin dependent scattering drastically 

increases, and some pioneering studies were performed by Fert and Campbell.6 Since then, the discovery of 

the GMR effect opened a new door of exploring magnetic materials by means of spin-dependent 

transportation and generated a new field, which combine two conventional fields of magnetism and 

electronics together, named spintronics. 

 

1.2.2 Classical experimental result 

In 1986, the first study about antiferromagnetic interlayer exchange coupling in the Fe/Cr/Fe trilayers 

was reported by Grünberg et al.7 Thereafter, they observed an improvement of MR up to 1.5% at room 

Fig. 1-1 GMR measurement in the Fe/Cr/Fe trilayers by the group of Peter 
Grünberg. 7 

http://en.wikipedia.org/wiki/Quantum_mechanics
http://en.wikipedia.org/wiki/Magnetoresistance
http://en.wikipedia.org/wiki/Ferromagnetic
http://en.wikipedia.org/wiki/Albert_Fert
http://en.wikipedia.org/wiki/Peter_Gr%C3%BCnberg
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temperature in the Fe/Cr/Fe trilayers (see Fig. 1-1). Two years later, Baibich et al.8 also obtained a huge MR 

of ~ 50% at low temperature in Fe/Cr magnetic super lattices fabricated by molecular beam epitaxy (MBE) 

independently (Fig. 1-2). Their result indicated the spin-dependent transmission of the conduction electrons 

between Fe and Cr layers. In this paper, they observed not only huge GMR, but also pointed out promising 

future applications with this new spin-dependent phenomenon.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A significant progress in the exploration of the GMR was reported by Parkin et al. They observed both 

the magnetoresistance and exchange coupling strength oscillate with non-magnetic interlayer thickness in 

metallic multilayers structure prepared by magnetron sputtering. As shown in Fig. 1-3, the oscillation could 

be observed even at room temperature.9 The spin polarization oscillations in the Cu layers of Fe/Cu 

multilayers was directly observed by Jin Q Y et al. using nuclear magnetic resonance measurement.10 

Thereafter, GMR oscillation of interlayer coupling in multilayers with different materials, such as Co-

Nb/Pd11, Fe/Ag12, Fe/Pd13, Fe/Mo14 and (Co-Ag)/Ag15, have been widely explored. Among them, Co/Cu 

system is of special interest because of small lattice mismatch between Co and Cu. Small lattice mismatch is 

beneficial for low dislocation density at the interface. Thereafter, progresses keep reporting in this area. For 

instance, GMR greater than 65% has been obtained in Co/Cu multilayers at room temperature.16 The 

substantially large room temperature GMR effects and the convenient thin film preparation technique have 

made GMR devices coming close to commercial application. 
 
 

 

Fig. 1-2 Magnetoresistance of three Fe/Cr superlattice at 4.2 K. Courtesy of M. N. Baibich etc. 8  



10 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1.2.3 Theoretical models 

As mentioned previously, the GMR can be explained qualitatively using the “two current model” 

proposed by Mott.17 In this model, there are two important assumptions: (1) conductivity in metals can be 

described with two independent parallel connection channels of spin-up and spin-down electrons, 

respectively. (2) scattering rates of the spin-up and spin-down electrons in ferromagnetic metals are very 

different, which means there is spin-dependent scattering. The so-called giant magnetoresistance (GMR) 

ratio is defined as the following simple equation: 

𝑀𝑅 𝑟𝑎𝑡𝑖𝑜 =
∆𝑅

𝑅𝑝
=

𝑅𝑎𝑝 − 𝑅𝑝

𝑅𝑝
× 100% 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1-3 Saturation MR ratio versus the Cu interlayer thickness for Si/Fe(45 Å)/[Co(10 
Å )/Cu(tCu)]N superlattices. N=16 for tCu below 55 Å and N=8 for tCu above 55 Å. 9 

 
Fig. 1-4 Schematic of the two current series resistor model for GMR. (a) For the parallel 
state (b) For the antiparallel state. 
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Where Rap  represents the resistance of the multilayer in zero-field, and Rp  represents the resistance of 

multilayer in a large saturation magnetic field. The origin of this magnetoresistance behaviour was later 

confirmed to originate from the difference of electron scattering asymmetry between the parallel and anti-

parallel magnetization arrangement of the alternate ferromagnetic Fe layers. One simplified explanation of 

this phenomenon is showed in Fig. 1-4. Considering only the bulk scattering in ferromagnetic layers, the 

symbols 𝑅↑ and 𝑅↓ are the resistance of the ferromagnetic layers for the up and down spin electrons, arrows 

and stripes are the symbols for the magnetization and ferromagnetic layers, respectively. For the case of the 

anti-parallel state shown in right panel, the resistance of both the spin up channel and the spin down channel 

equals (𝑅↑ + 𝑅↓)/2, therefore the total resistance is given by 

𝑅𝑎𝑝 = (𝑅↑ + 𝑅↓)/4 

while for the case of parallel state shown in left panel, the resistance of the up and down spin channels are in 

parallel connection, and the resistance is given by 

𝑅𝑝 = (𝑅↑
−1 + 𝑅↓

−1)−1 =
𝑅↑ ∙ 𝑅↓

𝑅↑ + 𝑅↓
 

and the magnetoresistance can be expressed as following:  

𝑀𝑅 𝑟𝑎𝑡𝑖𝑜 =
𝑅𝑎𝑝 − 𝑅𝑝

𝑅𝑝
× 100% =

(𝑅↑− 𝑅↓)2

4𝑅↑ 𝑅↓
=

(𝜌↓ − 𝜌↑)2

4𝜌↑𝜌↓
 

where the resistivity of the up and down spin electrons, namely 𝜌↑ and 𝜌↓, is different in ferromagnetic 

materials. This two current series resistor model can not only explain GMR effect qualitatively, but also 

indicate the relation between magnetoresistance and scattering asymmetry. But this model appears to be too 

simple to analyse CIP-GMR in magnetic multilayer and spin-valve structure due to the limit of assuming  

mean free path of spin up and spin down electron are both larger than the thickness of each layer.  

Apart from the two current series resistor model, researchers have proposed a lot of other theoretical 

models to investigate underlying physics of GMR effect. The main difference in these models is how to 

handle band structure of electron and how to deal with the electron transportation equation. Two principle 

approaches to handle band structure of electron are free electron approximation, which has a merit of great 

simplification of calculation while capturing the main feature of GMR effect, and accurate multiple band 

structure approximation, which are useful for quantitative analysis of GMR effect. To deal with electron 

transportation equation, semi-classical Boltzmann theory and quantum mechanics theory are mainly 

introduced. Boltzmann theory has been widely used but it cannot be applied especially when lift-time 

broadening effect coming from scattering and band splitting effect have similar contribution in the magnetic 

multilayer. On the other hand, quantum mechanics theory combined with accurate multiple band structure 

approximation becomes an effective method to treat electron transportation equation.18 Following is a brief 

introduction of research progress mentioned above. 

Camley et al.19 first theoretically investigate the mechanism of GMR effect in multilayer system with 

antiferromagnetic coupling. They introduced spin dependent interfacial scattering into classical Boltzmann 

transportation equation and found GMR is strongly related to mean free path of electron, thickness of thin 
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film and scattering asymmetry for spin up and spin down electron. Later on, they further introduced bulk 

scattering into the previous model,20 and found interfacial spin scattering mainly contribute to the GMR in 

Fe/Cr system while bulk spin scattering mainly contribute to the GMR in permalloy system. As shown in Fig. 

1-5, Sheng et al. 21 successfully explained why multilayer structure can improve GMR effect in (Fe/Cr)n/Fe 

system by using  path-integral method, which considered interfacial effect in Boltzmann transportation 

equation.  Valet and Fert 22 proposed a semi-classical theoretical model based on free electron Boltzmann 

transportation equation, which is suitable for CPP configuration. This model can successfully distinguish 

contribution from bulk and interfacial spin scattering asymmetry but cannot describe electron band structure 

and quantum effect when mean free path is approximate to the layer dimension. Levy et al.23 firstly 

presented a quantum model based on free electron, which took use of Kubo linear response theory. 

Camblong et al.24 further gave out new method to treat interfacial scattering based on same model but using 

real space approach instead of local approximation. Vedyayev et al.25 obtained similar result in the spin-

valve structure. 

Beside the theoretical model based on free electron mentioned above, single-band tight-binding model 

is another effective method to describe electron structure. Asano et al.26 firstly use single band s-valent tight 

binding model to investigate the effect of interface roughness and bulk disorder on CIP-GMR and CPP-GMR 

effect. Thereafter, Itoh et al.27 introduced single-cell coherent potential approximation to single-band tight-

binding model, and explored the physical origin difference of CIP-GMR and CPP-GMR effect. To further 

study Ohmic resistivity and GMR effect, Todorov et al.28 introduced real space Green function to depict 

scattering more accurately. In addition to that, Li et al.29 successfully explained the oscillation behaviour 

against the nonmagnetic spacer thickness by considering contribution of band density of state in transition 

group and s-d scatter matrix to GMR effect. 

Free electron model and sing-band tight-binding model both use approximation method to describe 

electron structure in the ferromagnetic multilayer. They both neglect the effect of ferromagnetic d band or 

sp-d coupling on electron transport, which are both significant to ferromagnetism and GMR. In order to 

obtain more intrinsic parameters of GMR effect theoretically, more accurate method needs to be developed 

to characterize electron structure in material system. Schep et al.30 calculated a GMR of 120% based on the 

local spin density approximation method deliberating transport contribution of s and d electron. They also 

pointed out that the coupling of s and d electron will degrade conductivity of s conduction electron, leading 

to the fact that s electron will be trapped due to the existence of spin-dependent interfacial barrier. This 

model mainly suitable for system in which dimension shorter than electron mean free path (ballistic transport) 

and scattering from defect is neglected.  

The first principle calculation integrated with quantum mechanics transport theory is the most powerful 

method to investigate electron transportation and GMR effect so far. This method can not only consider 

charge and spin transfer effect at the interface by using self-consistent method to describe electron band 

structure, but also build up reliable transport model based on quantum mechanics transport theory. Butler et 

al.31,32 firstly reported the first principle calculation model which suitable for both CIP-GMR and spin-valve 
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structure. Blaas et al.33 included spin orbital coupling into their calculation model and successfully deduced 

resistivity without introducing extra parameters by considering contribution of both electron band structure 

and impurity states in spin-dependent scattering to GMR effect. Nevertheless, how to accurate describe 

magnetic disorder, spin orbital coupling and real electron band structure in the material are still big issues to 

be overcome to let us have a deeper understanding of  the underlying physics of GMR effect. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.2.4 Current-perpendicular-to-plane giant magnetoresistance (CPP-GMR) 

The GMR effect was originally discovered in a current-in-plane (CIP) configuration; however an even 

larger effect is found for the current-perpendicular-to-plane (CPP) configuration. The intrinsic larger MR 

output in CPP-GMR is mainly coming from the different mechanism of the current flow in the layer structure. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 1-6 Temperature dependence of GMR ratio in CPP and CIP geometry for Fe/Cr 
multilayer structure. 36 

 
Fig. 1-5 MR ratio in epitaxial (Fe/Cr)n/Fe multilayer for experimental(points) and 
theoretical(lines). 21 
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In CIP geometry, the current is prone to flow in the spacer layer because spacer has relative lower resistivity 

than that of the magnetic layer. While for the CPP case, the current is expected to flow uniformly through the 

F/N/F layer, if the cross-section current path is sufficiently small, thus the spin-dependent scattering both in 

bulk and at the interface could be utilized more efficiently. The larger MR ratio for the CPP-GMR than that 

of the CIP-GMR has been experimentally demonstrated in Co/Ag multilayer by Pratt, Jr. et al35 and in Fe/Cr 

multilayer by Gijs et al36, as shown in Fig. 1-6. 

Here the mechanism of CPP-GMR will be briefly discussed. A main difference between CPP-GMR and 

CIP-GMR is the existence of so-called spin accumulation effect in CPP configuration. Because of the spin-

asymmetry of the electric resistivity in ferromagnetic layer, one spin electron is more than the other spin 

electron in a spin-polarized ferromagnetic material ( 𝜌↑ < 𝜌↓ or 𝜌↑ > 𝜌↓). However, in nonmagnetic materials, 

they are the same ( 𝜌↑ = 𝜌↓). With the assumption of no spin-flipping at the interface between ferromagnetic 

and nonmagnetic material, the current including both up and down spins electrons should be continued at the 

interface. Therefore, there will be a deviation of the electronic chemical potential near the interface, resulting 

in spin accumulation. Such spin accumulation generates a voltage drop at the F/N interface. Depending on 

the magnetization configuration of F/N/F tri-layer, the resistance change can be observed from the parallel 

(P) to antiparallel (AP) state and vice versa. 

By using a two current series resistance model established by Mott, we obtain the resistance-change 

area product ∆𝑅𝐴 roughly expressed as follows: 

∆𝑅𝐴 ~ 2
𝛽2

1 − 𝛽2
𝜌𝐹 + 2

𝛾2

1 − 𝛾2
𝐴𝑅𝐹/𝑁 

where 𝛽 and 𝛾 are the spin scattering asymmetries in bulk F metals and at the F/N interface defined by 

𝛽 =
𝜌↓ − 𝜌↑

𝜌↓ + 𝜌↑
 

𝛾 =
𝐴𝑅𝐹 𝑁⁄ ↓ − 𝐴𝑅𝐹 𝑁⁄ ↑

𝐴𝑅𝐹 𝑁⁄ ↓ + 𝐴𝑅𝐹 𝑁⁄ ↑
 

in which 𝜌↓ and 𝜌↑ are the resistivity of the down and up spins, and 𝜌𝐹 and 𝐴𝑅𝐹 𝑁⁄  are the resistivity of the F 

layer and the interfacial resistance-area product. Due to the fact that 𝛽 and 𝛾 are in the denominators of the 

formula for the ∆𝑅𝐴 expression, 𝛽 and 𝛾 have to be as large as possible in order to attain the largest ∆𝑅𝐴 

value. From this perspective, F/N interface with large 𝛾 and materials with high spin polarization (𝛽) such as 

Heusler alloy should be beneficial to increase the CPP-GMR ratio. 

 

1.3 Co-based Heusler alloy 
1.3.1 Introduction 

The discovery of Heusler alloys can be traced back to 1903. At that time, A. Heusler firstly found that 

adding sp elements (Al, In, Sn, Sb or Bi) into a Cu-Mn alloy can turn it into a ferromagnetic material, 

although there is no ferromagnetic element in this alloy.37 After this discovery, the basic understanding 

composition and crystal structure of these alloys remained unknown for a long time until 1929, when Potter 
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et al. 38 reported a study on a Cu-Mn-Al alloy by X-ray measurement to reveal that this system were ordered 

in a fcc lattice. Bradley et al .39 further investigated the Cu-Mn-Al system specifically using X-ray and 

anomalous X-ray scattering, from which a relationship between composition, magnetic properties and 

chemical order was established. After this study, an interpretation of the crystal structure was successfully 

presented. Thereafter, numerous researches followed up these systems. Heusler alloys attracted a lot of 

research interests due to the theoretically predicted half metallic property, in which majority spin band shows 

typical metallic behaviour while minority spin band exhibits a gap at the Fermi level. In other word, spin 

polarization at Fermi level can be 100%. The first Heusler alloy was found with a L21 structure consisting 

four fcc sublattices. Later on, it was also discovered that C1b structure could be obtained by leaving one of 

the four sublattices unoccupied. The L21 structure compounds are often named full-Heusler alloys while the 

C1b structure compounds are referred to half- or semi-Heusler alloys. Among the huge Heusler alloys family, 

Co-based Heusler alloy, where Co occupies X site in the crystal structure as shown in Fig. 1-7, is showing 

promising future due to their relatively high Curie temperature and high spin polarization. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.3.2 Crystal structure 

Heusler alloys are mainly assorted with full Heusler alloys (X2YZ) and half Heusler alloys (XYZ) 

crystallize in L21 and C1b structures (see Fig. 1-7). One unit cell normally consists of four interpenetrating 

fcc sublattices, in which X occupies the positions of (000) and (1/2, 1/2, 1/2), Y occupies the positions of 

(1/4, 1/4, 1/4) and Z occupies the positions of (3/4, 3/4, 3/4). For half Heusler compounds, the site (1/2, 1/2, 

1/2) is vacant. The structure factors are: 

𝐹𝐿21 = |4(𝑓𝑋 − 𝑓𝑍)|  for L21 structure (ℎ, 𝑘, 𝑙 odd) 

 

Fig. 1-7 (a) L21 ordered structure full-Heusler, (b) C1b ordered structures half-Heusler. (c) B2 
disorder due to the Y-Z randomly occupied and (d) A2 disorder caused by the X-Z or X-Y 
intermixing. 
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𝐹𝐵2 = |4(2𝑓𝑋 − 𝑓𝑌 − 𝑓𝑍)| for B2 superlattice (ℎ, 𝑘, 𝑙 even, ℎ + 𝑘 + 𝑙 = 4𝑛 + 2) 

𝐹𝑓𝑢𝑛𝑑 = |4(2𝑓𝑋 + 𝑓𝑌 + 𝑓𝑍)| for A2 structure (ℎ, 𝑘, 𝑙 even, ℎ + 𝑘 + 𝑙 = 4𝑛) 

in which 𝑓  is the atomic factor and 𝑛  is an integer. The highly chemically-ordered L21 structure 

degrades to B2 ordered structure by mixing the elements Y and Z, and the B2 structure degrades to 

disordered A2 structure by further mixing the X and Y (Z) elements. 

 

1.3.3 Half-metallic 

The concept of half-metallic property was first introduced by Groot et al. 40, originated from band 

structure calculations of NiMnSb and PtMnSb half Heusler alloys. In these kinds of materials one of the spin 

sub-bands (usually majority spin band) presents metallic behaviour, whereas the other sub-band forms a gap 

at the Fermi level (see Fig. 1-8). Not only half Heusler alloy, full-Heusler alloys of the type Co2MnZ, 

(Z=Si,Ge) were also proposed to be half-metal by Ishida et al..34  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.3.4 Order-Disorder transformation 

Heusler alloys have order-disorder transformations below the melting points during annealing process. 

The L21 structure can be achieved by two steps: A2→B2→L21 with increasing annealing temperature as 

shown in Fig. 1-7. Webster41 studied the chemical ordering of the Co2MnAl Heusler alloy using a high 

 

Fig. 1-8 In the left, band structure of half-metallic in ferromagnet NiMnSb. The dashed line represents 
the Fermi level. In the right, atom-resolved density of states (DOS) of NiMnSb. The DOS of Sb is 
shown with shaded color. 40 
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temperature x-ray diffractometer. Fig. 1-9 shows the (111) L21 and (200) B2 diffraction peaks of the 

Co2MnAl alloy as a function of temperature. The L21 super lattice peak disappears at around 1000 K, 

signifying the L21-B2 transformation. Similarly, the B2-A2 transformation appears at 1250 K. A more recent 

result of the order-disorder transformation for the Co-based Heusler alloy is shown in Fig. 1-10, Varaprasad 

et al42 studied the differential thermal analysis (DTA) of the as-solidified Co2Fe(GaxGe1-x) Heusler alloys for 

𝑥=0, 0.5 and 1. The DTA curves exhibit three endothermic peaks from 800 to 1600 K as indicated by arrows. 

The first weak endotherms represent the Curie temperature when ferromagnetic-to-paramagnetic transition 

occurs. The second peak observed from Co2Fe(Ga0.5Ge0.5) is originated from the L21 ↔  B2 structural 

transformation. The third endotherm is the melting point of the alloy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

When the film was fabricated at the as-deposit state, they often exhibit disordered A2 or imperfect B2 

structure, therefore heat treatment, namely annealing, is necessary to attain better ordering in Heusler alloys. 

 

Fig. 1-9 Temperature dependence of (111) L21 and (200) B2 diffraction peak for Cu2MnAl. 
Courtesy of Webster. 41 

 

Fig. 1-10 DTA curves of Co2Fe(GaxGe1-x) (x=0, 0.5 and 1) bulk alloys.42 
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Fig. 1-11 Total spin moments for half-Heusler alloys (left) and full-Heusler alloys (right) as shown in 
ref.46. Slater Pauling behaviour are indicated by the dashed line.  

The Co2MnSi alloy is regarded one of the best alloys for CPP-GMR devices due to the realization of L21 

ordering at relatively low temperature of around 400°C.43 On the other hand, the Co2Fe-based alloys 

Co2Fe(Al0.5Si0.5) and Co2Fe(Ga0.5Ge0.5) are nominal for their high thermal stability that the best CPP-GMR 

output is achieved at annealing temperature of more than 500°C.44,45 Thus the investigation on both the 

Co2Mn-based and Co2Fe-based alloys is necessary since we want to improve their chemical ordering as well 

as thermal stability. 

 

1.3.5 Slater-Pauling behaviour 

The total moment follows the rule Mt = Zt − 18(for half) and Mt = Zt − 24(for full) in the half- and 

full-Heusler alloys, where Zt is the total number of valence electrons.46 Zt is given by the sum of spin-up and 

spin-down electrons as shown in equation: Zt = N↑ + N↓ . And the total moment Mt  is given by the 

subtraction of Mt = N↑ − N↓. Since 9 minority bands in half Heusler alloys and 12 minority bands in full 

Heusler alloys are fully occupied, equation of Mt = Zt − 18(for half) and Mt = Zt − 24(for full) can be 

obtained. This equation is the well-known Slater-Pauling behaviour. In Fig. 1-11, the calculated total spin 

magnetic moments for both half and full Heusler alloys versus the total number of valence electrons are 

plotted. The rule of Mt = Zt − 18(Mt = Zt − 24) fulfilled by these compounds are shown by the dash line. 

The total moment Mt is an integer quantity with the assumption of Zt ≥ 18.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Slater-Pauling rule is a necessary condition for the full Heusler alloys to be half-metals. 

Nevertheless, for the ternary alloys in Fig. 1-11 that deviate slightly from the linear relationship of the Slater-

Pauling rule, for example Co2FeAl and Co2FeSi, there is also opportunity to turn them into half-metal by 

partially substituting the Z element, which is called Fermi level tuning. Fecher and Felser investigated the 

electronic structures47 of the Co2Fe(AlxSi1-x) alloys by ab intio calculations shown in Fig. 1-12. Although the 
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Fermi levels of the ternary alloys Co2FeAl and Co2FeSi were close to (or inside) the valence band and 

conduction band, respectively, by making a combination of Al and Si elements in the Z position, the 

quaternary alloy Co2Fe(Al0.5Si0.5) had a Fermi level which was at the center of the minority band gap. In their 

report, they maintained that the half-metallicity of the alloys with Fermi level near the valence or conduction 

edge may be unstable against the increase of annealing temperature as well as chemical disordering. 

However, with Fermi level being at the center, the alloys may be stable against both. Nakatani et al48 studied 

the spin polarization of the bulk Co2Fe(AlxSi1-x) alloys by using the point contact Andreev reflection (PCAR) 

spectroscopy shown in Fig. 1-13, and for the case that x=0.5 the alloy Co2Fe(Al0.5Si0.5) showed the highest 

spin polarization. This result was a nice confirmation of the ab intio calculations result in Fig. 1-12. By 

properly choosing the elements for the Fermi level tuning, the quaternary alloys are regarded as the spin-

polarized source in the CPP-GMR devices. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 1-12 Spin resolved density of states of Co2Fe(Al1-xSix). By Fecher and Felser. 47 
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1.4 Review of previous work in CPP-GMR devices 
1.4.1 Epitaxial CPP-GMR devices 

The epitaxial CPP-GMR devices developed rapidly in the last decades, as shown in Fig. 1-14. 49-64 Back 

to 2006, the first epitaxial CPP-GMR devices was published with two Co2MnSi electrodes separating by a 3-

nm Cr spacer (Yakushiji et al., 2006).51 In this paper, CPP-GMR pseudo spin-valves with 

Co2MnSi/Cr/Co2MnSi and obtained a large ∆𝑅𝐴  of 19 𝑚Ω 𝜇𝑚2  and the MR ratio of 2.4% at room 

temperature. However, since they simply used 10 nm Cr as the underlayer, the value of ∆𝑅𝐴 was later 

considered to be overestimated due to the current crowding phenomenon that was believed to occur in their 

devices. For this trilayer system a maximum MR ratio of 5.2% and  ∆𝑅𝐴 of 6.5 𝑚Ω 𝜇𝑚2 was obtained at RT 

(Sakuraba et al., 2009). 53 It is important to point out that the choice of the spacer layer is an essential issue. 

Spacer materials with a large spin-diffusion length and low resistivity are favourable to obtain large CPP-

GMR values. With these considerations, silver appear to be an ideal spacer layer which can satisfy 

requirement mentioned above, combining with small lattice mismatch. As a result, a CPP-GMR ratio of 6.9% 

at RT (14% at 6K) was realized for a Co2Fe(Al0.5Si0.5)/Ag/Co2Fe(Al0.5Si0.5) structure (Furubayashi et al., 

2008).52 Moreover, a further improvement of CPP-GMR ratio of 34% at 290K (80% at 14K) using the same 

system was reported by Nakatani et al. in 2010 afterward.44 Very recently, the highest room-temperature MR 

ratio of 58% and ∆RA of ~12 mΩ μm2 was obtained by Y. Sakuraba et al., by using Co-based Heusler alloy 

Co2Fe0.4Mn0.6Si (CFMS) in the ultrathin PSV stack of CFMS(4)/Ag(3)/CFMS(2) (unit in nm).60 This PSV 

structure was regarded promising to be applied for the read head in the terabyte HDDs of the next generation. 

 

Fig. 1-13 The dependence of spin polarization on the Al concentration measured by PCAR. Courtesy of 
T. M. Nakatani et al. 48 
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By apply the post annealing process to the Co2Fe(Ga0.5Ge0.5)/Ag/Co2Fe(Ga0.5Ge0.5) structure device, almost 

same level of MR output was achieved by S. Li et al as well.62 

Other spacer material such as copper spacer has also been studied. Although there is large lattice 

mismatch between Cu and Heusler compounds, Co2MnSi/Cu/Co2MnSi system showed CPP-GMR values of 

8.6% at RT (30.7% at 6K) (Kodama et al., 2009).54 To improve the interface scattering properties and 

optimize the lattice matching at the interface, CPP-GMR devices with “all-Heusler” structure were proposed 

like Co2MnSi/Ru2CuSn/Co2MnSi. Unfortunately, these devices produced only a MR ratio of 6.7% at RT 

(Nikolaev et al., 2009). 65 Considering the highest MR output in the CPP-GMR devices that had been 

achieved, they can almost meet the requirement for next generation read head with data density of 2Tbit/in2. 

Nonetheless, the devices fabricated from epitaxial grown films cannot be applied in the industry presently, 

because for the mass fabrication process, polycrystalline films are required. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.4.2 Polycrystalline CPP-GMR devices 

When it comes to the perspective of application, there is no possibility of using (001) single-crystalline 

MgO substrate in industry: firstly the price of the MgO substrate is much higher than that of the thermally 

oxidized Si wafer which is more favourable in industry. Therefore, it is less possible to use MgO substrate 

for the mass production in HDD fabrication process considering the production cost. Moreover, the layered 

stack of CPP-GMR multilayer in real read head of HDDs would become polycrystalline due to the reason 

that the thin film structure would be deposited on polycrystalline soft magnetic shield with high saturation 

magnetic flux density. Therefore, the research on polycrystalline CPP-GMR devices becomes in demand 

especially in recent years. M. J. Carey et al in 2011 presented a systematic investigation on the CPP-GMR 

Fig. 1-14 Development of MR output for CPP-GMR devices. 49-64 
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spin valves sensors with full Heusler alloy Co2MnGe and Cu spacer on glass or oxidized Si substrates.66 

They obtained ∆RA value of 4 mΩ μm2 at relatively low temperature of 250°C by inserting CoFe nanolayers 

at the Co2MnGe/Cu interface. On the other hand, structure and MR properties of CPP-GMR pseudo spin 

valves using polycrystalline Co2Fe-based Heusler alloy thin films was reported very recently by T. M. 

Nakatani et al. 67 Similar MR output was achieved by using Co2Fe(Al0.5Si0.5) and Co2Fe(Ga0.5Ge0.5) electrode 

annealed at 450°C and 350°C, separately. As mentioned in these papers, the MR output of the devices 

prepared on the polycrystalline substrate show naturally 110-textured and much less values of ∆𝑅𝐴 

compared to those of epitaxial devices.  

 

1.5 Purpose of this study 
As introduced at the beginning of this chapter, the realization of CPP-GMR devices with sufficient high 

MR output is significant because it has been considered to be the next generation of read head for ultrahigh 

density magnetic recording. Up to now, highly spin polarized Heusler alloys such as Co2MnSi (CMS), 

Co2Mn(Ga0.25Ge0.75) (CMGG), Co2(Fe0.4Mn0.6)Si (CFMS)and Co2Fe(Ga0.5Ge0.5) (CFGG) have been utilized 

to provide large bulk spin polarization, and substantially large magnetoresistance (MR) ratios have been 

realized. However, a room-temperature (RT) ∆RA of at least 15 mΩ μm2 is required for using CPP-GMR as 

read sensors for areal density over 2 Tbit/in2. Therefore, further improvement of the MR output is essential. 

For instance, finding a new Heusler alloy which has both high spin polarization and high driving force for 

L21-ordering even at low annealing temperature is strongly desired to attain compatibility with the current 

fabrication process. On the other hand, from a practical point of view, the study on industrially viable high 

performance epitaxial CPP-GMR devices on a Si single crystalline substrate is also necessary. Proper choice 

of crystallographic orientation in ferromagnetic (FM) and non-magnetic (NM) materials may affect the 

thermal stability of the CPP-GMR stack against interlayer atomic diffusion and multilayer delamination. 

Multilayer engineering of the CPP-GMR stack is in strong need to satisfy rapid development of next 

generation read head sensors. Last but not least, new concept of processing is strongly required to solve the 

problem of annealing temperature limit, so that more freedom of material selection can be obtained to 

achieve higher CPP-(G)MR output. 

In short, the motivation of the thesis is as below: 

(1) To establish a fabrication process for (110)-oriented epitaxial CPP-GMR devices and investigate its 

crystallographic orientation dependence of MR output. 

(2) To search for new highly spin-polarized Heusler alloy with high driving force for L21-order even at 

low annealing temperature for CPP-GMR device application. 

(3) To grow high quality epitaxial CPP-GMR device on Si(001) wafer by selecting appropriate buffer 

materials. 

(4) To fabricate single crystalline CPP-GMR device on polycrystalline electrode using wafer bonding 

technology. 
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1.6 Outline of this thesis 
The thesis consists of seven chapters. 

Chapter 1 introduces the general background on spintronics, giant magnetoresistance (GMR) effect, Co-

based Heusler alloy and the issues that motivate the work in the thesis. 

Chapter 2 provides experimental procedures including sample preparation, device fabrication and analysis 

methods.  

Chapter 3 describes the work on CPP-GMR epitaxial spin-valves with (110)-oriented Heusler alloy 

Co2Fe(Ga0.5Ge0.5) (short as CFGG) and different spacers (Ag, Cu and NiAl), in which orientation 

dependence of MR output has been investigated.  

Chapter 4 describes the development of a new series of Heusler alloys prepared by the co-sputtering 

technique, Co2(Fe1-xTix)Si, which have a strong merit of high spin-polarization together with high driving 

force for L21-ordering even at low annealing temperature.  

Chapter 5 shows the work of realizing high quality epitaxial CPP-GMR pseudo spin-valves on Si(001) 

single crystalline wafer using NiAl buffer layer. It is the first demonstration of epitaxial spintronic devices 

with NiAl template for various practical applications in the field of ultra-high density hard disk drive 

(HDDs), magnetic sensor and so on.  

Chapter 6 describes the work of fabricating single crystalline magnetoresistive sensors on polycrystalline 

electrode using a three-dimensional integration technology, which enables the integration of Heusler-alloy-

based epitaxial CPP-GMR devices to high sensitive magnetic sensors regardless of the limitation of high 

temperature processing.  

Chapter 7 provides summary of the thesis and future perspectives. 
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Chapter 2 Experimental procedure 
2.1 Thin film fabrication 
2.1.1 Magnetron sputtering 

Sputtering is a process by which atoms are dislodged from the surface of a material due to the collision 

with target by high-energy particles. It is a physical vapour deposition (PVD) method used to fabricate thin 

films in nano-meter scale1 . This process involves ejecting atoms from a target material onto a certain 

substrate such as MgO or Si wafer, as shown in Fig. 2-12. Inertia ions (e.g. Ar+) are usually used for this 

atom-ejecting process. 

 

 

 

 

 

 

 

 

 

 

 

        Sputtered atoms have wide energy distributions, typically up to tens of eV. After being detached from 

the target, only a very small amount of them (around 1%) can eventually reach the substrates or vacuum 

chamber. The atomic weight of the sputtering gas chosen should be close to the atomic weight of the target 

atom for efficient momentum transfer. Therefore, for light elements neon gas is desirable while for heavy 

elements Krypton or Xenon gas are used. In a sputtering chamber the substrate is usually placed on the top 

surface and acts as the anode, and the target is electrically connected as cathode. When voltage is applied 

between them, the inertia gas is ionized and forms plasma, which eventually causes the bombardment of the 

gas onto the target leading to the phenomenon of sputtering. One interesting about it is the colour of the 

plasma. To name a few, Argon: purple, Nitrogen: red, Fluorocarbon: blue. 

As for the sputtering power there are normally two modes: DC (direct current) and RF (radio frequency). 

DC mode is the most common mode used for most metals. But it may cause charge build-up at the target. RF 

mode can solve this problem. Most RF sputtering is used for insulators and can be operated at a lower Ar 

 

Fig. 2-1 Schematic demonstration of Magnetron sputtering.2 
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pressure. In our sputtering facility shown in Fig. 2-2, 3 the DC/RF power modes are also coupled with 

magnets. This set-up facilitates the lower-pressure sputtering process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In order to precisely control the thickness and quality of the deposited films, we have to measure and 

optimize the sputtering rate before depositing multilayer thin films. Table 2-1 summarizes the sputtering rate 

at different sputtering power/mode for different materials. 

Material Power Gas flow/pressure Sputtering rate 

Ta DC30 22.3 sccm/0.1 Pa 0.31 Å/s 

W DC30 22.3 sccm/0.1 Pa 0.27 Å/s 

Ag RF20 22.3 sccm/0.1 Pa 0.35 Å/s 

Cu DC12 22.3 sccm/0.1 Pa 0.32 Å/s 

Ru RF50 9.5 sccm/0.1 Pa 0.18 Å/s 

Cr DC40 22.3 sccm/0.1 Pa 0.38 Å/s 

NiAl DC30 22.3 sccm/0.1 Pa 0.35 Å/s 

Co2Fe(Ga0.5Ge0.5) DC30 22.3 sccm/0.1 Pa 0.29 Å/s 

Table 2-1 Sputtering rate for different sputtering mode. 

 

2.2 Microfabrication 
The microfabrication process was implemented by the combination of photo and electron beam 

lithography and Ar ion etching. The photo lithography was used for the patterning of the bottom electrode, 

isolation slot, SiO2 isolation pad and top electrode. The electron beam lithography was used for the build-up 

of the CPP-GMR pillar. The detail of microfabrication process was demonstrated in Fig. 2-3 schematically. 

 

Fig. 2-2 UHV sputtering machine 



29 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.1 Photo lithography and electron beam (EB) lithography 

Photo lithography 

Resist: ma-N1407 negative resist  Promotor of adhesion: Hexamethyldisilazane (HMDS) 

Process: 

        (1) Spin coating of HMDS at 3500 rpm for 45 sec 

  (2) Baking at 90°C for 2 min 

  (3) Spin coating of ma-N1407 at 3500 rpm for 45 sec 

  (4) Baking at 90°C for 1.5 min 

  (5) Exposure for 90 sec 

  (6) Development with ma-D533* for 80 sec 

  (7) Ar ion milling or sputtering 

*Ma-D533 is a developer for ma-N1407 negative resist. 

EB lithography 

Resist: ma-N2403 negative resist Promotor of adhesion: Hexamethyldisilazane (HMDS) 

 
Fig. 2-3 Whole microfabrication process. 



30 

 

Process: 

              (1) Spin coating of HMDS at 3500 rpm for 45 sec 

  (2) Baking at 90°C for 3 min 

  (3) Spin coating of ma-N2403 at 3500 rpm for 45 sec 

  (4) Baking at 90°C for 2 min 

  (5) Spin coating of E-spacer at 3500 rpm for 45 sec, no post baking 

  (6) Electron beam exposure 

  (7) Development with ma-D532* for 80 sec 

  (8) Ar ion milling and sputtering 
*Ma-D532 is a developer for ma-N2403 negative resist. 

 

The most important part of the whole microfabrication process is to make the CPP-GMR pillar by EB 

lithography and Ion milling. During the pillar fabrication, a milling angle of 5 degree was applied to avoid 

the side wall damage and re-deposition problem. The control of proper stopping point for pillar milling is 

decided by the appearance of buffer layer material signal monitored by end point detection technique called 

secondary ion mass spectroscopy (SIMS). For the fabrication of electrode, Ta(2 nm)/Au(100 nm) layers were 

deposited. The pre-sputtered 2 nm Ta layer is to get better adhesion of the Au layer. The samples were Ar 

ion etched for 30 sec (Ru capping etched thickness of ~4 nm) after photolithography of the electrode. Then 

the Ta/Au electrode was deposited subsequently. This etching process is to clean the interface between Ru 

and the electrode for better contact. Otherwise, the devices contain a large parasitic resistance, which will 

strongly affect the magneto-transport properties.  The whole process required for fabricating one sample 

costs more than 10 hours. 

 

2.3 Experiment analysis methods 
2.3.1 X-ray diffraction (XRD) 

X-ray is a wave of electromagnetic essentially. In material, crystals can be considered as arrays of 

atoms. 4 X-ray is utilized for crystal analysis because the wavelength of X-ray has the similar dimension with 

atom distance in the crystal cell, which means crystal cell can be regarded as space diffraction grating of X-

ray. When X-ray is applied to a material, because of the scattering with atom inside, each atom generates 

scattering wave. These waves interfere each other resulting in diffraction. And the superposition of 

diffraction waves gives result of intensity increment in some direction and intensity decrement in others. By 

analysing the diffraction patterns, information of crystal structure can be obtained. This diffraction follows 

an equation given by Bragg's law: 

2𝑑 sin 𝜃 = 𝑛𝜆 

where 𝑑 is the distance between nearest diffraction planes, 𝜃 is an incident angle, 𝑛 is any positive 

integer, 𝜆 is the beam’s wavelength. See Fig. 2-4. 

 

http://en.wikipedia.org/wiki/Bragg%27s_law
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X-ray diffraction is one of the powerful non-destructive methods for structural characterization. 

Diffracted x-rays from periodic structures will make some diffraction patterns (peaks or spots). The 

diffraction patterns are useful to evaluate crystal structure, lattice parameters, crystal orientation, and the 

degree of atomic ordering. In this work, 4-axis x-ray diffraction (Fig.2-5) was used to check the crystal 

structure and the orientation relationship of our film stacks in the out-of-plane direction. And XRD pole-

figure measurement was applied to study the orientation relationship between different layers in the in-plane 

direction. 

 

 

Fig. 2-4 Bragg’s law 

 

Fig. 2-5 Rigaku Smartlab 4-axis XRD  
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2.3.2 Atomic Force Microscopy (AFM) 

Atomic force microscopy (AFM) is a type of scanning probe microscopy, which enables very high-

resolution with the order of nanometer. Its resolution is normally more than 1000 times better than the 

typical optical diffraction. So far, AFM is one of the principle tools for measuring, imaging, and 

manipulating matter at the Nano scale. The information obtained by AFM is from a cantilever with a sharp 

tip at its end which is used for scanning the specimen surface. The cantilever is typically made of silicon or 

silicon nitride with a tip radius of nanometre. According to Hooke’s law, when the tip is brought close to a 

sample surface, a deflection of the cantilever occurs due to the forces between the tip and the sample. In this 

thesis, we used AFM for measuring the roughness of thin film surface after the film deposition. 

 

2.3.3 Vibrating Sample Magnetometer (VSM) 

The vibrating sample magnetometer (VSM) is common used scientific equipment which can measure 

magnetic properties. The first VSM was invented by Simon Foner at Lincoln Laboratory MIT in 1955. It is a 

widely used instrument for probing into the magnetic properties of various materials: ferromagnetic, 

antiferromagnetic, diamagnetic, paramagnetic and the like. The VSM used in the present study is Lake Shore 

Systems’ Model 740 as shown in Fig. 2-6. Measurements of magnetic moments as small as 5×10-5 emu or 

even less are possible in magnetic field ranging from 0 to several Tesla. Both bulk and thin films can be 

measured from several K to approximately 1000 K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.4 Scanning electron microscopy (SEM) 

Scanning electron microscope (SEM)5 is a type of electron microscope which scans sample with a 

focused beam of electrons to produce image. During the scanning, electrons interact with atoms in the 

 

Fig. 2-6 Image of a high sensitivity VSM. 

http://en.wikipedia.org/wiki/Scanning_probe_microscopy
http://en.wikipedia.org/wiki/Nanometer
http://en.wikipedia.org/wiki/Diffraction_limited
http://en.wikipedia.org/wiki/Electron_microscope
http://en.wikipedia.org/wiki/Electron
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sample, producing various signals. These signals, which contain information about the sample's surface 

composition and topography, can be detected by detector to display related image in the computer. 

Resolution of SEM is very high, typically better than 1 nanometer. In addition, Specimens can be observed 

in different conditions such as in low vacuum, in high vacuum, in wet conditions, at low temperature or 

elevated temperatures. 

Fig. 2-7 shows the SEM facility in our group. In this thesis, SEM is used for measuring the area of the 

reference pillars in CPP-GMR devices to calculate the accurate ∆𝑅𝐴 value. 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.5 Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) is a microscopy technique widely used for microstructure 

analysis. When a beam of electrons passes through an ultra-thin specimen, image can be formed owing to the 

interaction of the electrons transmitted through the specimen. The image is detected by imaging detectors, 

such as a fluorescent screen, a layer of photographic film or a CCD camera.6 TEMs are capable of a very 

high resolution of imaging, owing to the small de Broglie wavelength of electrons. Even a single column of 

atoms could be carefully examined in a TEM, while the smallest object observable in a light microscope is 

tens of thousands times larger. When observing an ultra-thin specimen, the crystallographic structure of a 

multilayer thin film can be obtained by using the high-resolution (HR) TEM imaging mode. High-angle 

annular dark-field scanning TEM (HAADF-STEM) imaging offers contrast which is sensitive to the atomic 

number of atoms of each layer in thin films as well as the layer thickness of each material. Energy-dispersive 

X-ray spectroscopy (EDS) technique provides information about elemental analysis or chemical 

characterization of a sample. The imaging techniques mentioned above will be used for thin film 

microstructure analysis in the experiment part. 

The TEM specimens in this work were prepared by Focused Ion Beam (FIB) for ion milling and surface 

cleaning was done by using Precision Ion Polishing System. Two different TEM facilities (Fig. 2-8 and Fig. 

2-9) were used for the specimen observation. HAADF-STEM image and EDS mapping were taken from 

Titan G2 80-200. The HRTEM images were taken from Tecnai F30 due to its higher accelerating voltage. 

Fig. 2-7 Image of the CarlZeiss1540EsB SEM in our group. 

http://en.wikipedia.org/wiki/Topography
http://en.wikipedia.org/wiki/Microscope
http://en.wikipedia.org/wiki/Electron
http://en.wikipedia.org/wiki/Fluorescent
http://en.wikipedia.org/wiki/Photographic_film
http://en.wikipedia.org/wiki/CCD_camera
http://www.nims.go.jp/apfim/gif/titan.gif
http://www.nims.go.jp/apfim/gif/CrossBeam1540EsB.jpg
http://www.nims.go.jp/apfim/gif/CrossBeam1540EsB.jpg
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Fig. 2-10 Set up of 4-probe measurement. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

2.3.6 Four-probe measurement 

The CPP-GMR property is measured by the dc 4-probe device with a constant current source at the 

range of mA. The set-up7 is demonstrated in Fig. 2-10. The low temperature measurement is performed with 

a helium compressor refrigerator to reach around 5 K. The temperature control was done by manually 

adjustment of the heat power. 

 

 

 

 

 

 

 

 

 

  

Fig. 2-8 Image of Titan G2 80-200 TEM Fig. 2-9 Image of Tecnai F30 TEM 

http://www.nims.go.jp/apfim/gif/titan.gif
http://www.nims.go.jp/apfim/gif/titan.gif
http://www.nims.go.jp/apfim/gif/titan.gif
http://www.nims.go.jp/apfim/gif/titan.gif
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1 http://en.wikipedia.org/wiki/Magnetron_sputtering 

2 http://www.directvacuum.com/PDF/what_is_sputtering.pdf 
3 http://www.nims.go.jp/apfim/gif/ULVAC10THelicon.gif 
4 http://en.wikipedia.org/wiki/X-ray_diffraction#X-ray_analysis_of_crystals 

5 http://en.wikipedia.org/wiki/Scanning_electron_microscope 

6 http://en.wikipedia.org/wiki/Transmission_electron_microscopy 

7 T. M. Nakatani, spin-dependent scattering in CPP-GMR using Heusler alloy and the selection of the spacer 

material, PhD thesis 
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Chapter 3 CPP-GMR epitaxial spin-valves with (110)-oriented Heusler alloy 

Co2Fe(Ga0.5Ge0.5) and different spacers (Ag, Cu and NiAl) 
3.1 Introduction 

This chapter describes: 

(1) Fabrication of (110)-oriented CPP-GMR devices with Ag and Cu spacer and their various properties 

(2) Fabrication of (110)-oriented CPP-GMR devices with NiAl spacer and their various properties 

As discussed in chapter 1, all-metallic current-perpendicular-to-plane (CPP) giant magnetoresistance 

(GMR) device has been considered to be an attractive alternative read head for future high density hard disk 

drives (HDD) exceeding 2Tbit/in2 owing to its intrinsic low device resistant. Although there are many 

investigations on CPP-GMR, no one has ever demonstrated orientation dependence of MR output of CPP-

GMR devices. With this motivation, we prepared CPP-GMR pseudo-spin-valves (PSVs) consisting of 

epitaxial layers of the Heusler alloy Co2Fe(Ga0.5Ge0.5) (CFGG) with the (110) orientation. Three 

nonmagnetic materials, Ag, Cu and NiAl, were used for the spacer layer, and the effects of the crystal 

orientation upon the MR properties were examined by comparing these devices with those comprising (001) 

epitaxial layers. 

3.2 (110)-oriented CPP-GMR devices with Ag and Cu spacer 
3.2.1 The choice of substrate and buffer layer 

For the epitaxial thin film, the crystal orientation strongly depends on that of the substrate, which means 

that we can obtain the orientation that we want by selecting an appropriate substrate. In fact, many papers 

have reported a successful growth of (110)-oriented film by using different single crystal substrates like 

MgO (111) or sapphire(1120)1–6. Based on their study, we try to fabricate CPP-GMR film stack with 

Co2Fe(Ga0.5Ge0.5) (110) electrode by using these two different substrates.  

 

 

 

 

 

 

 

 

 

 

For CPP-GMR devices, a certain underlayer is needed to act as a buffer layer for the growth of the films 

on it and a lead electrode for the transport property measurement. This requires the underlayer to have a good 

wetness with the substrate, a small lattice mismatch with Heusler alloy and a low resistivity to avoid the 

current crowding effect. In the previous study in our group, there is a well-established system of using 

 

Fig. 3-1 AFM result of MgO/Ru(5,10,20)/Ag(100).  
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Fig. 3-2 Surface roughness of Sapphire/Ta(20)/W(20)/Ag(100) anneal at different 
temperature.  

Cr(10)/Ag(100) underlayer deposited on MgO substrate for film characterization and CPP-GMR devices in 

(001) orientation. However for (110) orientation, due to the fact of different lattice mismatch at the layer 

interface, the choice of underlayer should be reconsidered.  

For MgO (111) substrate, we proposed MgO/Ru(5,10,20 nm)/Ag(100 nm) underlayer structure to 

obtain the fully (110)-oriented film stack. The roughness of the film surface after depositing 100 nm silver 

was measured by AFM. Unfortunately, the roughness of the surface after depositing the 100 nm Ag was 

frustratingly too bad, as can be seen from Fig. 3-1. Both Ra and p-v value were too large to provide a flat 

surface for the growth of Heusler layer. 
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On the other hand, by using sapphire (1120) single crystal substrate, M. Hattori et al.7 reported a 

fabrication of Magnetic Tunnel Junctions with high-quality (110)-oriented Co2MnSi electrodes. Since CPP-

GMR and TMR device have a similar film structure, we borrowed their ideas of using Ta and W as seed 

layer on top of sapphire substrate for our (110)-oriented CPP-GMR fabrication. Fig. 3-2 shows the average 

roughness (Ra) and the peak-to-valley height (p-v) of the sapphire/Ta(20)/W(20)/Ag(100) films for various 

annealing temperatures. We can see the surface flatness improve with increasing the annealing temperature. 

The improvement is presumably due to the atomic diffusion on the surface of the film. At the annealing 

temperature of 300°C, the film exhibits the best surface condition. The crystal structure of the previous films 

was examined by XRD. The result was shown in Fig. 3-3. All the films showed good (110) epitaxial growth 

for the underlayer in the out-of-plane direction. Therefore, we chose to use sapphire substrate with Ta/W/Ag 

underlayer and the annealing process of 300°C for 30 min was applied for all the films with Ta/W/Ag 

underlayer in the following experiment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.2 The quaternary alloy Co2Fe(Ga0.5Ge0.5)  

According to ab initio calculations, Co2FeGa have high spin polarization, but not a half-metal8. The 

Fermi level (Ef) of L21 - Co2FeGa is in the higher edge of the band gap. However, the single L21 phase is not 

obtained and unknown secondary phase forms in the Co2FeGa system. On the other hand, Co2FeGe forms a 

stable L21 phase with a band structure similar to that of Co2FeGa. Hence, the substitution of Ge in Co2FeGe 

with Ga may form stable L21 phase with Fermi level in the band gap. Since the melting temperature of Ga is 

 

Fig. 3-3  XRD result of Sapphire/Ta(20)/W(20)/Ag(100) at different annealing temperatures.  
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lower than Ge, we can expect the quaternary Co2Fe(GaxGe1-x) to order at relatively lower annealing 

temperature. 

In 2011, Y. K. Takahashi et al9 reported large magnetoresistance in CPP-GMR pseudo spin-valves 

using Co2Fe(Ga0.5Ge0.5) Heusler alloy, the room-temperature MR and ΔRA value were ~42% and 9.5 

𝑚Ω 𝜇𝑚2 (Fig. 3-4), respectively. The composition of Co2Fe(GaxGe1-x) was optimized experimentally by 

PCAR measurement to obtain the highest spin polarization, shown in Fig. 3-5. For the case where x=0.5, the 

spin polarization of the full Heusler alloy Co2Fe(Ga0.5Ge0.5) reached nearly 70%, which was almost the 

highest value for the Co2Fe-based Heusler alloys investigated by PCAR so far (Table. 3-1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3-4 MR curves of CFGG/Ag/CFGG PSV at 10 K and 300 K.9 

 

Table. 3-1 Spin polarization of different ferromagnetic materials by PCAR.10 
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        Apart from the high spin polarization, another merit of the Co2Fe(Ga0.5Ge0.5) is its occurrence of half-

metallicity even in the B2 structure. B. S. D. Ch. S. Varaprasad et al10 performed ab initio Density of States 

(DOS) calculations for Co2FeGe, Co2Fe(Ga0.5Ge0.5) and Co2FeGa alloys with the L21 and B2 structures 

(shown in Fig. 3-6). The DOS of Co2Fe(Ga0.5Ge0.5) demonstrates no minority electron states at EF with both 

the L21 and B2 ordering, suggesting that the alloy is half-metallic at 0 K. Additionally, due to the fact that EF 

of B2 Co2Fe(Ga0.5Ge0.5) is at the center of the band gap, the alloy may be capable of reducing the minority 

state even with some A2 disorder at finite temperature. With high spin polarization as well as high thermal 

stability, the Co2Fe(Ga0.5Ge0.5) has been identified as a promising material for the fabrication of CPP-GMR. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3-5 Dependence of spin polarization of Co2Fe(GaxGe1-x) on x (Ga) content.9 

 

Fig. 3-6 Spin-resolved DOS of Co2FeGe, Co2Fe(Ga0.5Ge0.5) and Co2FeGa 
alloys with the L21 and B2 structures. Courtesy of Varaprasad et al. 10 
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3.2.3 Experiment details 

Epitaxial multilayered films for pseudo spin valves (PSVs) with the layer structure of 
Ta(20)/W(20)/Ag(100)/Co2FeGa0.5Ge0.5(10)/spacer(5)/Co2FeGa0.5Ge0.5(10)/Ag(5)/Ru(8), where the numbers 

in the parentheses represent the thickness of each layer in nm and the spacer is either Ag or Cu, were 

fabricated on single-crystalline sapphire (1120) substrates using an ultrahigh vacuum magnetron sputtering 

machine. The film stacking structure is showed in Fig. 3-7. The CFGG films were deposited using an alloy 

target with the composition of Co45.2Fe22.6Ga14.2Ge18. The chemical composition of the CFGG films was 

measured to be Co49.3Fe24.6Ga12.9Ge13.2 by inductively coupled plasma analysis. The Ta(20)/W(20) bi-layers 

were deposited at 200°C for buffer layers, on which 100 nm thick Ag layer was deposited at room 

temperature (RT) to form an electrode for measuring MR. In-situ annealing at 300°C was applied after the 

deposition of 100 nm thick Ag bottom electrode to improve the surface roughness and the rest of the films 

were deposited at RT. After the depositions of all the layers, the films were then ex-situ annealed at 250-

600°C for 30 min in vacuum furnace to promote the chemical order of the CFGG layers. The films with 

structure of sub/Ta(20)/W(20)/Ag(100)/CFGG(10)/Ag or Cu(5)/Ru(5) were for XRD measurement, with 

structure of sub/Ta(20)/W(20)/Ag(100)/CFGG(5,10,30,50)/Ag(5)/Ru(5) were for VSM measurement and 

those with structure of sub/Ta(20)/W(20)/Ag(100)/CFGG(10)/Ag or Cu(5)/CFGG(10) /Ag(5)/Ru(8) (unit: 

nm)  were for CPP-GMR device and TEM observation. 

 

 

 

 

 

 

 

 

 

 

 

 

The crystal structure of the films was examined by 4-axis X-ray diffraction (XRD) using Cu-Kα 

radiation. Cross-sectional transmission electron microscopy (TEM) and scanning TEM (STEM) were able to 

characterize the microstructure of the film stacks using images and energy dispersive X-ray spectrometry 

(EDS). Magnetization curves of the films were measured by a vibrating sample magnetometer (VSM). For 

CPP-GMR measurements, the film stacks were micro-fabricated into elliptical pillars with dimensions 

ranging from 70×140 to 300×600 nm2 by electron beam lithography and Ar ion etching. The actual area of 

the pillar was measured by scanning electron microscopy (SEM) to enable the calculation of the resistance-

 

Fig. 3-7 Thin film stacking structure. 
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area product (RA) and the resistance change-area product (ΔRA). The magnetoresistance was measured by 

the direct current four-probe method in the temperature range 10–300K. 

 

3.2.4 Crystal structure characterization 

3.2.4.1 Crystal structure of multilayer films for CPP-GMR devices 
As mentioned previously, the main purpose of this research is to obtain 110-oriented epitaxial CPP-

GMR device. In order to check the crystal structure and confirm whether we get the orientation relationship 

as we design or not, we measured XRD. Fig. 3-8 shows the 2θ-ω scan XRD profiles for the 

Ta(20)/W(20)/Ag(100)/CFGG(10)/spacer(5)/CFGG(10)/Ag(5)/Ru(8) film stack for both cases with Ag or Cu 

spacers, where the numbers in the parentheses represent the layer thickness in nm. The annealing 

temperature (Ta) for the device with the Ag spacer is 450C and that for the device with the Cu spacer is kept 

at 350C because the multi-layer structure of the Cu spacer deteriorates above this temperature. The W seed 

layer shows strong (110) peaks in both diffraction patterns, and the strong intensity of the Ag(111) peak 

suggests that the Ag bottom electrode for both samples and the Ag spacer are both (111)-oriented. The 

appearance of the CFGG(220) peaks at ~44.6° confirms that there is good (110)-oriented epitaxial growth in 

both films, while the Cu(111) peak indicates a similar (111) orientation for the Cu spacer.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3-8 The 2θ- XRD profiles of the film stacks Ta(20 nm)/W(20 nm)/Ag(100 nm)/CFGG(10 nm)/Ag 
annealed at 450°C and Cu(5 nm)/CFGG(10 nm)/Ag(5 nm)/Ru(8 nm) annealed at 350°C .15 
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To determine the in-plane crystallographic orientations, XRD pole-figure measurements are performed 

from the Ta(200), W(200), Ag(200), CFGG(400) and Cu(200) fundamental diffractions, as shown in Fig. 3-9. 

The ϕ scans of Ta(200) and W(200) show two sets of peaks, which indicate the presence of twin crystals 

with the [111] or [111]  direction parallel to the c-axis of sapphire. One set of (200) peaks are much stronger 

than the other, indicating a structure that is mostly single crystalline. However, 6-fold symmetric peaks 

appear in Ag and Cu, indicating two variants of the face-centered cubic crystals. The CFGG layer also 

exhibits 6-fold symmetric peaks corresponding to three variants with [001]CFGG  parallel to the [101] , [110] 

and [011] directions of Ag, as shown in Fig. 3-9. The epitaxial relationship between the spacer and the 

Heusler alloy is the Nishiyama-Wasserman orientation relationship of (110)[001]CFGG//(111)[ 110]Ag or Cu, 

which is the same as that observed in polycrystalline CFGG/Ag/CFGG devices.11 The lattice mismatch of 

~18.9% in the [110]CFGG  direction and 0.7% in the [001]CFGG  direction are expected at the CFGG/Ag 

interface, which is a much larger mismatch than the 0.7% found in the (001)-oriented epitaxial PSVs. As for 

the device with the Cu spacer, the lattice mismatch for the (110)-oriented epitaxial film is 8.3% in the 

[110]CFGG direction and 12.3% in the [001]CFGG  direction and, overall, the mismatch is smaller than 12.3% 

for the (001)-oriented stack. 

 

 

 

 

 

 

 

 

 

 

 

 

The chemical ordering parameter for B2 and L21 structure of the films was quantitatively evaluated 

from XRD profiles by calculating the peak intensity ratio of the superlattice peak to fundamental peak; (200) 

 

Fig. 3-9 The XRD pole-figure measurements for the (a) Cu(200), (b) CFGG(400), (c) Ag(200), (d) W(200) 
and (e) Ta(200) peaks for the same samples as Fig. 3-8.15 
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to (400) for the B2 structure and (111) to (444) for the L21 structure. The ordering parameter can be defined 

as the following equation: 

𝑆𝐵2 = √
(𝐼002/𝐼004)𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡

(𝐼002/𝐼004)𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛
 

𝑆𝐿21
= √

(𝐼111/𝐼444)𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡

(𝐼111/𝐼444)𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛
 

 

where I002 and I004 are the intensities of the 002 B2 superlattice and the 004 fundamental diffractions, 

I111and I444 are the intensities of the 111 L21 superlattice and the 444 fundamental diffractions, the subscript 

of simulation means the simulated diffraction ratio for the perfectly ordered structure. Fig. 3-10 shows the 

annealing temperature dependence of the ordering parameter estimated from the XRD profiles for CFGG 

single layer deposited on sapphire substrate. The degree of B2 ordering improves as increasing the annealing 

temperature, indicating the promotion of better ordering by applying the annealing process. In contrast, the 

degree of L21 ordering is not detectable until the temperature reach 500°C. At the temperature from 500°C to 

600°C, even the L21 ordering parameter improve substantially, the decrement of B2 ordering suggests the 

occurrence of interdiffusion between the layer structure. The existence of interdiffusion will be discussed 

more specifically later by microstructure characterization. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.4.2 Lattice matching between ferromagnetic layer and spacer 
From the diffraction peak in the XRD profile, we calculated the out-of plane lattice parameter 𝑎⊥ of 

Heusler alloy layer and the spacer. Fig. 3-11(a) summarized the dependences of 𝑎⊥ of the CFGG and Ag 

films on the annealing temperature, respectively.  

Fig. 3-10 Annealing temperature dependence of chemical ordering parameter for 
CFGG single layer. 
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For Ag spacer system, 𝑎⊥ of Ag films are larger than that of the bulk material. This is probably because 

the in-plane lattice constant of Ag is larger than that of the CFGG layer so that the Ag crystal has to expand 

in out-of-plane direction and shrink in in-plane direction to match with CFGG crystal. At the same time, the 

CFGG crystal is try to shrink in out-of-plane direction and expand in in-plane direction to reduce the 

discrepancy at CFGG/Ag interface. The sudden jump of the lattice constant at high annealing temperature 

can be understood by the structure change by interdiffusion. 

Fig. 3-11(b) summarized the dependences of 𝑎⊥  of the CFGG and Cu films on the annealing 

temperature, respectively. For Cu spacer system, similar result can be seen with the Ag spacer system. Since 

the difference of the in-plane lattice constant between Cu and CFGG is smaller, the deformation of the 

crystal is not as obvious as the Ag spacer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3-11(a) Variations of out-of-plane lattice parameter of CFGG and Ag for different annealing temperature in 
(110)-oriented films. 

Fig. 3-11(b) Variations of out-of-plane lattice parameter of CFGG and Cu for different annealing temperature in 
(110)-oriented films. 
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Fig. 3-12 The analysis of lattice mismatch for (a) (110)-oriented device (b) (001)-oriented device. 

The analysis of in-plane lattice mismatch at CFGG/spacer interface for (110) orientation devices was 

estimated, as shown in Fig. 3-12(a). For comparison, lattice mismatch for (001)-oriented devices was 

presented as well, Fig. 3-12(b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.5 Magneto-transport properties 

3.2.5.1 Measurement of the lead resistance 
The actual pillar sizes were measured by scanning electron microscopy (SEM) for all the samples. Fig. 

3-13 shows the SEM image of typical reference pillars of sizes (a) 70×140 nm, (b) 100×200 nm, (c) 150×

300 nm, (d) 200×400 nm (e) 300×600 nm. All the actual pillar areas were in good agreement of the 

designed value. In order to determine the lead resistance of the devices after microfabrication, the resistance 

of the devices was plotted as a function of the inverse of CPP-GMR pillar area (Fig. 3-14). According to the 

following formula: 

Rdevice = ρ ∙ l ∙
1

Area
+ Rlead 
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where the 𝜌 was the average resistivity of the pillar, 𝑙 was the thickness of the pillar. The lead resistance 

could be determined from the Y-axis intercept of Fig. 3-14, which was approximately 0.45 Ω. This resistance 

was slightly larger than that determined from the (001)-oriented epitaxial PSV devices, which was around 

0.3 Ω. The reason for this increase was the different materials in the underlayer and the different interfacial 

resistance between the Ag bottom electrode and the tri-layer. Normally, in the (001)-oriented devices, Cr was 

used under the Ag electrode. But in these (110)-oriented devices, 20 nm Ta and W were used under the Ag 

electrode, which might give us a different contact resistance when current was applied. Moreover, the large 

 

Fig. 3-13 SEM image of CPP-GMR reference pillar 

Fig. 3-14 Resistance of the CPP-GMR devices as a function of the inverse of CPP-GMR 
pillar area. 
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lattice mismatch between the Ag bottom electrode and the CFGG layer in (110)-oriented devices, which 

could generate the defect that scattered the electron, might contribute to the larger lead resistance as well. 

3.2.5.2 Room temperature magneto-transport properties 
 

 

 

 

 

 

 

 

 

 

The structure of CPP-GMR device for magneto-transport properties measurement was described in Fig. 

3-15. The structure and the thickness of the tri-layers in (110)-oriented CPPGMR devices were designed as 

CFGG(10nm)/Ag or Cu(5nm)/CFGG(10nm) in this study, which is the same stacking structure as our 

previous study in (001)-oriented CPPGMR devices12,13. For comparison, the MR properties of the (001)-

oriented CPPGMR devices with Ag and Cu spacer were plotted in Fig. 3-16 and Fig. 3-17 as well, where the 

data for CFGG(001)/Ag(001)/CFGG(001) PSVs and CFGG(001)/Cu(001)/CFGG(001) PSVs were taken 

from our other works in Refs. 12,13. 

a) Ag spacer 

 

 

 

 

 

 

 

 

 

 

Fig. 3-15 Film structure for CPP-GMR devices. 

Fig. 3-16 Annealing temperature dependence of ΔRA for the epitaxial PSVs 
with Ag spacer.15 
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In Fig. 3-16, we plot the MR output as a function of annealing temperature in two different orientation 

devices both with Ag spacer. The black curve represents the 001 orientation and the red one stands for 

110 orientation. After changing the orientation of the FM layer from (001) to (110), both the MR ratio 

and the ΔRA value of the CFGG(110)/Ag(111)/CFGG(110) PSVs drop significantly in the whole 

annealing temperature range. The MR output increases with raising the annealing temperature up to 

450°C, thereafter it drops with a further increase in annealing temperature. The origin of this increment 

can be understood by the improvement of the B2 order of the CFGG film according to the same 

tendency results reported by Varaprasaed et.al.10 And the decrement of the output above 450°C is 

because of the interdiffusion in the layer structure, which was shown by the EDS mapping. Note that the 

optimal annealing temperature of the (110)-oriented device with Ag spacer is 50°C lower than that of 

the (001)-oriented device, which indicates a less stability of the CFGG(110)/Ag(111) interface. This is 

mainly because a larger lattice mismatch of 18.9% in [110]CFGG direction at the CFGG/Ag interface has 

also been introduced while we change the orientation from (001) to (110). 

b) Cu spacer 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3-17 summarizes ΔRA dependence on the annealing temperature for Cu spacer devices. For the 

samples with the Cu spacer, the MR output shows similar values for (110) and (001) oriented CFGG 

layers. Interestingly, unlike the deterioration of magneto-transport property in 

CFGG(110)/Ag(111)/CFGG(110) PSVs, an enhancement of MR output can be seen from the 

CFGG(110)/Cu(111)/CFGG(110) PSVs after varying the orientation. The MR output keep improving 

with increasing annealing temperature and reach a maximum at 350°C for 

CFGG(110)/Cu(111)/CFGG(110) device, while the CFGG(001)/Cu(001)/CFGG(001) device stops at 

Fig. 3-17 Annealing temperature dependence of ΔRA for the epitaxial PSVs 
with Cu spacer.15 
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300°C. This enhancement can be explained by the improvement of interface stability of 

CFGG(110)/Cu(111) interface comparing with CFGG(001)/Cu(001) interface due to a better interface 

lattice matching as mentioned in the XRD section.  

 

c) Discussion 

In summary, after changing the orientation from (001) to (110), we have introduced a larger mismatch 

for Ag spacer but a smaller one for Cu spacer, as illustrated in Fig. 3-18. The difference of MR output in 

these four kinds of devices is strongly relative to lattice matching between the CFGG layer and the 

spacer. The result suggests that an improvement of GMR ratio can be obtained by selecting an 

appropriate orientation relationship between the FM layer and the spacer. It is worth mentioning that 

such improvement in the relative low annealing temperature region is valuable for practical application, 

because commercialized CPP read-back sensors (MTJs or CPP-GMR) cannot be subjected high 

temperatures above 400°C due to the current process limit14. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.5.3 Low temperature magneto-transport properties 
Fig. 3-19 shows the typical MR curves of an optimally annealed CFGG(10 nm)/Cu(5 nm)/CFGG(10 

nm) and CFGG(10 nm)/Ag(5 nm)/CFGG(10 nm) PSVs measured at 10K and 300K, respectively. The 

CFGG(110)/Cu(111)/CFGG(110) device shows a maximum MR ratio and ΔRA value of 21.9% and 4.1 

mΩ·μm2 at 350°C, which is even higher than that of 19.8% and 3.7 mΩ·μm2 at 450°C in 

Fig. 3-18 Relation between the change of MR output and the change of lattice mismatch. 
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CFGG(110)/Ag(111)/CFGG(110) device. At 10K, both devices are enhanced giving a value of 53.9%, 10.1 

mΩ·μm2 for Cu spacer and 45.7%, 8.1 mΩ·μm2 for Ag spacer.  

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The field dependence of the MR for the Cu spacer is somewhat different than that of the Ag spacer, and 

this difference may derive from the different temperature dependence of the magnetic anisotropy of the two 

materials or the interlayer exchange couplings, although the details are still unclear. 

 

3.2.6 Magnetic property 

3.2.6.1 Saturation magnetization and coercivity 
 

 

 

Fig. 3-19 The MR curve of the optimally annealed (a) 
CFGG(110)/Cu(111)/CFGG(110), (b) CFGG(110)/Ag(111)/CFGG(110) 

PSVs at 10K (open square) and 300K (solid square).15 
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The magnetization of magnetic Heusler alloys is strongly related to the degree of structural order, hence 

the film magnetization can be used as a parameter to represent the structural quality and the effect of 

annealing on structure. To further estimate the quality of the (110)-oriented CFGG films, we measured the 

annealing temperature dependence of the saturation magnetization Ms, coercivity Hc as shown in Fig. 3-20. 

The saturation magnetization value of two different spacer systems keep increasing as the annealing 

temperature increased, demonstrating the ordering improvement of the CFGG film, thereafter decrement 

started to occur at certain temperature, indicating the interdiffusion between the CFGG and spacer. In 

addition, the sudden increase of coercivity above 350°C for Cu spacer and 500°C for Ag spacer also 

explained the existence of interdiffusion. The annealing temperature dependence of saturation magnetization 

showed a similar changing tendency with the MR output of the devices shown in Fig. 3-18. but please note 

that there is a about 50°C delay of the performance decrement in the Ms, which is simply because the MR 

output that we measured in nano scale devices is more sensitive to interdiffusion. Apart from this, the 

maximum of Ms value of 868.6 emu/cc in Ag spacer films appeared at 500°C, while a slightly higher value 

of 882.7 emu/cc in Cu spacer films showed at 400°C. However, either of these two values is much smaller 

than the theoretical CFGG bulk value (~1100 emu/cc)10 or the Ms value that measured in the (001)-oriented 

CFGG epitaxial film, which means that these two kinds of films are still far from the perfect structure.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.6.2 Magnetic dead layer 
For very thin films, the degree of crystalline order in CFGG also depends greatly on the underlayer that 

it grows, especially in the as-deposited state. As we mentioned previously, a large lattice mismatch between 

Ag and CFGG layers has also been introduced after changing the orientation from (001) to (110). In order to 

investigate how this large lattice mismatch affected the CFGG layer quality, we fabricated two different 

oriented CFGG layers annealed at different temperatures to compare their magnetic properties. Their film 

structures are as follow: 

Fig. 3-20 Annealing temperature dependence of the saturation 
magnetization and coercivity in (110)-oriented devices with an Ag 

(black squares) or Cu (red circles) spacer.15
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① Ta(20nm)/W(20nm)/Ag(100nm)/CFGG(5,10,30,50nm)/Ag(5nm)/Ru(5nm) on sapphire a-plane 

substrate  

② Cr(10nm)/Ag(100nm)/CFGG(5,10,30,50nm)/Ag(5nm)/Ru(5nm) on MgO(001) substrate  

 

 

 

 

 

 

 

 

 

 

 

Normally, for a perfect single CFGG thin film, the saturation magnetization value should be a constant 

no matter what thickness it is as shown in Fig. 3-21(a). However, from Fig. 3-21(b), we can see that the 

saturation magnetization increases not only with the increment of the annealing temperature, but also with 

the increment of the CFGG thickness in (110)-oriented films. At the thickness of 50 nm, the Ms is close to a 

bulk value of 1100 emu/cc. This result indicates that a large thickness of magnetically “dead” layer exists at 

the CFGG(110)/Ag(111) interface. 

To calculate the actual thickness of the magnetic dead layer, we plot of the saturation 

magnetization/unit film area (Ms/A) value as a function of the CFGG layer thickness (tF). The intercept of the 

Ms/A- tF plot represents the thickness of the magnetic dead layer between CFGG and Ag under/capping 

layers as shown in Fig. 3-22. In Fig. 3-22(a), the value of magnetic dead layer of the as-deposited 

CFGG(001) film is 0.07 nm. The dead layer thickness decreases to 0.03 nm by annealing at Tan = 450°C. 

Both these two magnetic dead layer thickness are negligibly small which indicates an almost perfect 

interface without defects between CFGG(001) and Ag(001) layer. This result is in good agreement with the 

TEM result reported in Ref.9. The dead layer thickness increases abruptly up to 0.63 nm at Tan = 600°C 

which can be understood by the occurrence of interdiffusion. In Fig. 3-22(b), the temperature dependence of 

the magnetic dead layer thickness in CFGG(110) film shows the similar trend. That is the dead layer 

thickness decreases from 0.96 nm at as-deposited state to 0.78 nm at Tan = 450°C, then rise to 1.31 nm at Tan 

= 600°C. However, the dead layer thickness in CFGG(110) film is much larger than that in CFGG(001) film. 

This points out that the interface condition in (110)-oriented film is much inferior to that in (001)-oriented 

film due to the bad lattice matching. Although the samples shows well defined layered structure up to the 

optimal annealing temperature, the MR output is significantly lower than that obtained in the devices with 

(001) oriented epitaxial layers. This degradation would be attributed to the presence of large magnetic dead 

Fig. 3-21 Annealing temperature dependence of saturation magnetization in (a) (001)-oriented, (b) 
(110)-oriented CFGG single-layer films with different thickness. 
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layer at the interface of CFGG/Ag suggested by the magnetization measurements. The decrease of the 

magnetic moment results in the reduction of the interfacial spin asymmetry coefficient γ. In contrast, the 

magnetic moment at the interface is not dead and induces large value of γ in the (001)-oriented 

CFGG/Ag/CFGG devices. That is why we get a large difference of MR output even at the same annealing 

temperature after changing the orientation from (001) to (110) in the case of Ag spacer as shown in Fig. 3-16. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.7 Microstructure 

A TEM is used to characterize the samples in TEM and STEM modes, whereby it is possible to 

examine the device microstructure to aid in understanding its effect upon the MR properties. The specimen 

layer structure is Ta(20 nm)/W(20 nm)/Ag(100 nm)/CFGG(10 nm)/Ag or Cu(5 nm)/CFGG(10 nm)/Ag(5 

nm)/Ru(8 nm), which is identical to that used for the CPP-GMR devices. 

 

Fig. 3-22 Plots of Ms/A versus CFGG layer thickness (tF) (a) in an (001)-oriented CFGG 
film and (b) in a (110)-oriented CFGG film.15
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Fig. 3-23 EDS spectral mapping of Ru, Ag, Co and Fe in the CFGG(110)/Ag(111)/CFGG(110) film 
annealed at (a) 450°C, (b) 500°C, and (c) 600°C.15

 

Fig. 3-23 EDS spectral mapping of Cu, Ag, Co and Fe in the CFGG(110)/Cu(111)/CFGG(110) film 
annealed at (d) 350°C and (e) 400°C. 

3.2.7.1 EDS mapping 
a) Ag spacer 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3-23(a)-(c) present EDS elemental mapping of the cross-section of the specimens for Ag 

spacer CPP-GMR devices. Fig. 3-23(a) shows the result derived from the 

CFGG(110)/Ag(111)/CFGG(110) PSVs annealed at the optimal Ta of 450°C. Here we can see a well-

defined tri-layer structure with no visible interdiffusion. The sample annealed at 500°C (Fig. 3-23(b)) 

exhibits a small region in the Ag spacer that is void of Ag and in which Co, Fe and Ge are detected, 

which indicates the onset of diffusion between the CFGG layer and the Ag spacer. When we further 

increase Ta up to 600°C, serious deterioration of the layered structure is observed, as shown in Fig. 3-

23(c). The Ru and Ag layer diffuse toward the bottom CFGG layer while the upper CFGG layer diffuses 

toward the capping layer to reduce the large interfacial energy originating from the large misfit at the 

CFGG(110)/Ag(111) interface. 

 

b) Cu spacer 
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Fig. 3-24 Cross-sectional high resolution TEM images of CFGG/Ag/CFGG trilayer structure in left: (001)-
oriented device9, right: (110)-oriented device. 

In contrast, the CFGG(110)/Cu(111)/CFGG(110) PSVs annealed at 350°C exhibit a uniform and 

continuous tri-layer structure (Fig. 3-23(d)), which results in the higher MR output of these devices 

compared with the CFGG(001)/Cu(001)/CFGG(001) PSV. Note that serious interdiffusion has already 

occurred in the CFGG(001)/Cu(001)/CFGG(001) PSVs at the Ta reported in Ref.12. This provides 

further evidence of interface stability improvement in CFGG(110)/Cu(111)/CFGG(110) PSVs, which is 

achieved by changing the orientation to reduce the lattice mismatch at the interface. When Ta is raised to 

400°C, serious interdiffusion occurs in the CFGG(110)/Cu(111)/CFGG(110) PSV as well, whereby the 

tri-layer structure is totally destroyed and the layers mix together (Fig. 3-23(e)). 

 

3.2.7.2 TEM images 
a) Ag spacer 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Fig. 3-24 compares the interface condition for trilayer structure in two different oriented devices. 

From the images, we can see the (001)-oriented devices give a much better layer structure than the 

(110)-oriented devices, which can explain the large differences of lattice matching, dead layer thickness 

and MR output well. 

 

b) Cu spacer 
In Fig. 3-25, we provide a cross-sectional TEM bright field image of 

CFGG(110)/Cu(111)/CFGG(110) PSVs annealed at the optimal temperature of 350°C. An unmistakable 
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Fig. 3-25 Cross-sectional TEM bright field image of the (110)-oriented device with the 
Ag(100 nm)/CFGG(10 nm)/Cu(5 nm)/CFGG(10 nm)/Ag(5 nm)/Ru(8 nm) structure after annealing 

at 350°C.15
 

tri-layer structure can be seen, which is in agreement with the EDS result. Many defects, including 

lattice distortions and dislocations, are observed at the CFGG/Cu and CFGG/Ag interfaces owing to the 

large lattice mismatch. Measuring from the high-resolution transmission electron microscopy (HRTEM) 

image, the defect interface region is as large as ~1 nm at the CFGG/Cu interface and ~1.3 nm at the 

CFGG/Ag interface, and is the reason for the large magnetic dead layer thickness in the magnetic 

properties result. 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

3.3 (110)-oriented CPP-GMR devices with NiAl spacer 
In our previous study using epitaxial CPP-GMR devices, we found the change of crystal orientation in 

Co2FeGa0.5Ge0.5(CFGG)/Ag system had introduced a different lattice mismatch at CFGG/Ag interface 

resulting in various MR outputs, i.e., the CPP-PSV with (001)CFGG/(001)Ag interface showed higher MR 

output than that with (011)CFGG/(111)Ag interface.15 The influence of lattice matching on the interfacial 

spin scattering asymmetry is considered to be the main reason for the ΔRA value difference. However, how 

the band matching changes according to different crystal orientation is still unclear, because both lattice 

matching and band matching change when we alter the crystal orientation in the CFGG(bcc)/Ag(fcc) system. 

To focus only on the band matching influence, we prepared CPP-GMR PSVs consisting of CFGG and B2 

NiAl alloy for a spacer for their good lattice and band matching demonstrated by Nakatani et al.16 In addition, 

this combination is free of lattice matching influence depending on the crystal orientation because both 

alloys have the same crystallographic symmetry (see Fig. 3-26). The effects of the crystal orientation on 
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band matching were examined by comparing with the MR output in (001)CFGG and (110)CFGG 

orientations.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.1 Usage of NiAl as buffer layer 

NiAl is not only a good candidate for spacer material, but also a good choice to use as a buffer layer to 

provide flat surface and nice epitaxial growth with CFGG layer. This is because NiAl and CFGG have an 

almost perfect lattice matching as described in Fig. 3-26. In addition to that, NiAl is paramagnetic although it 

contains a ferromagnetic element since d-band of Ni is filled with electrons from Al. Therefore, NiAl can be 

used as a spacer as well as a buffer layer in CPP-GMR device. In fact, there is a previous report about using 

NiAl as underlayer for (001)-oriented CPP-GMR device to improve MR property and thermal stability of 

multilayer structure.16 Hence, it could be interesting to apply NiAl as a buffer layer in our (110)-oriented 

CPP-GMR device as well. 

The surface roughness of NiAl layer deposited on Sapphire (110) sub.//Ta(20 nm)/W(100 nm) template 

was investigated by AFM as shown in Fig. 3-27. When 5nm thick NiAl was deposited on the template, a 

pretty flat surface with Ra=0.31 nm and Pv=4.01 nm can be obtained. The roughness can be further improved 

by increasing NiAl layer thickness from 5 to 10 nm and by applying subsequently annealing process at 

300oC. Therefore, buffer layer structure of Sapphire (110) sub.//Ta(20 nm)/W(100 nm)/NiAl(10 nm)@ 

300oC was used for the following (001)-oriented NiAl spacer CPP-GMR study.  

Fig. 3-26 Illustration of lattice matching between NiAl and CFGG in (110) and (001) orientation. 
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Fig. 3-28 Out-of-plane 2θ-scan XRD pattern for the sample of Sapphire(110)/Ta(20)/W(100)/NiAl(10). 

 

 

 

 

 

 

 

 

 

 

 

 

The crystal structure of the previous films was examined by XRD. The result was shown in Fig. 3-28. 

In the sample with film structure of Sapphire(110)/Ta(20)/W(100)/NiAl(10), a clear NiAl (110) peak can be 

observed, indicating a nice epitaxial growth of (110) orientation in the out-of-plane direction.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In order to check the in-plane crystal structure of NiAl layer and orientations relationships, XRD pattern 

of (001)-plane and relative pole figure were measured by tilting the surface normal direction with 45° as 

shown in Fig. 3-29. NiAl(100), W(100) and Ta(100) peaks can be detected clearly in (001)-plane XRD 

pattern. In the pole figure pattern, a small satellite peak coming from variant at round 55° are observed from 

the phi-scan in Ta, W and NiAl layer. The intensity of such small satellite peak gradually decreases from Ta 

to NiAl layer. After annealing the sample at 300 °C, peak intensity in (001)-plane XRD pattern increases 

significantly and small satellite peaks in pole figure disappear in both W and NiAl layer, indicating a 

 

Fig. 3-27 Surface roughness of NiAl layer on Sapphire (110) sub.//Ta(20 nm)/W(100 nm) template. 
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Fig. 3-29 Out-of-plane 2θ-scan XRD pattern and pole figure for the sample of Sapphire(110)/Ta(20 
nm)/W(100 nm)/NiAl(10 nm). 

 

Fig. 3-30 Out-of-plane 2θ-scan XRD pattern and pole figure for the sample of Sapphire(110)/Ta(20 
nm)/W(100 nm)/NiAl(10 nm)@(300oC). 

 

structure of high quality single crystal (see Fig. 3-30). This result suggests that a high quality of (110)-

oriented buffer layer was successfully achieved for the fabrication of (110)-oriented CPP-GMR device, 

which is superior to the previous Sapphire(110)/Ta/W/Ag buffer template (see Fig. 3-9) due to the 

suppression of variant formation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.2 Experiment details 

By using high quality (110)-oriented Sapphire (110) sub.//Ta(20 nm)/W(100 nm)/NiAl(10 nm)@300oC 

template, all-B2-trilayer CPP-GMR pseudo spin-valves using Co2Fe(Ge0.5Ga0.5) Heusler alloy and NiAl 

spacer was fabricated. Meanwhile, (001)-oriented CPP-GMR device with completely same tri-layer structure 

was also fabricated for comparison. The experiment details are as shown in Fig. 3-31. 

For the (110)CFGG-oriented CPP-GMR devices, the films were deposited on a sapphire(112̅0) single 

crystal substrate with the layer structure of Ta(20)/W(100)/NiAl(10)/CFGG(10)/NiAl(2 or 
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Fig. 3-31 Explanation of experiment details 

 

5)/CFGG(10)/NiAl(5)/Ru(8), where the numbers in the parentheses represent the thickness of each layer in 

nm. The Ta/W/NiAl underlayer was annealed at 300°C to obtain a flat surface as well. The details of buffer 

layer preparation can be found in our previous work.15 For the (001)CFGG-oriented CPP-GMR devices, the 

films were deposited on a MgO(001) single crystal substrate by ultrahigh-vacuum magnetron sputtering 

system with the layer structure of Cr(10)/Ag(100)/NiAl(10)/CFGG(10)/NiAl(2 or 

5)/CFGG(10)/NiAl(5)/Ru(8). The Cr/Ag/NiAl underlayer was annealed at 300°C to improve the surface 

roughness. The CFGG films were deposited using an alloy target with the composition of 

Co45.2Fe22.6Ga14.2Ge18, and the chemical composition of the resulting CFGG films was measured to be 

Co49.3Fe24.6Ga12.9Ge13.2 by inductively coupled plasma analysis. After the deposition of all layers, both films 

were then ex-situ annealed at 300–600°C for 30 min in a vacuum furnace to promote the chemical order of 

the CFGG layers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.3 Crystal structure characterization 

The crystal structure of the multilayer films for CPP-GMR devices was examined by 4-axis X-ray 

diffraction (XRD) using Cu-Kα radiation as shown in Fig. 3-31.  
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Fig. 3-32 Out-of-plane 2θ-scan XRD pattern for the samples in (a) (001) orientation and (b) (110) 
orientation. XRD pole-figure measurements for the samples in (c) (001) orientation and (d) (110) orientation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3-32(a) and (b) shows the out-of-plane XRD pattern for (001)-oriented film and (110)-oriented film 

respectively. The film structures are the same as what we had described in section 3.3.2 and both of them are 

annealed at optimal temperature 450 °C. From the XRD profiles, we can confirm the out-of-plane 

orientations of the films are exactly the same as what we have designed. The in-plane crystallographic 

orientations relationships were determined by XRD pole-figure measurements as shown in Fig. 3-32(c) and 

(d). The epitaxial relationships for the tri-layers are (100)[011]CFGG//(100)[011]NiAl for (100)-oriented 

film and (110)[001]CFGG//(110)[001]NiAl for (110)-oriented film. No redundant peaks coming from 

different variants are observed from the phi-scan in CFGG and NiAl layers, indicating a structure of high 

quality single crystal in both films. Since the NiAl (001) and CFGG (002) superlattice peaks overlap due to 

the growth of CFGG/NiAl/CFGG trilayer with almost identical out-of-plane lattice parameters of 𝑎𝐶𝐹𝐺𝐺 =

0.287𝑛𝑚 and 𝑎𝑁𝑖𝐴𝑙 = 0.289𝑛𝑚, we have to check the ordering of these two layers by taking nanobeam 

diffraction pattern, which will be discussed in section 3.3.6.  
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Fig. 3-33 Resistance of the CPP-GMR devices as a function of the inverse of CPP-GMR pillar area. 

 

3.3.4 Magneto-transport properties 

3.3.4.1 Measurement of the lead resistance 
In this study of (110)-oriented CPP-GMR devices with NiAl spacer, a new buffer template of Ta(20 

nm)/W(100 nm)/NiAl(10 nm) was developed to obtain high quality (110) orientation epitaxial growth. Here 

100nm thick W layer was used as a bottom electrode during micro-fabrication for (110)-oriented CPP-GMR 

device, which is different from that in (001)-oriented CPP-GMR device using Ag as bottom electrode. 

Normally, tungsten is not a good material for electrode because the resistivity of tungsten is 5.60×10−8 (Ω•m), 

which is around 3.5 times larger than that of silver (1.59×10−8(Ω•m)). But as mentioned in section 3.2.5.1, 

the lead resistance of the devices can be calculated by the following formula: 

Rdevice = ρ ∙ l ∙
1

Area
+ Rlead 

Where the ρ was the average resistivity of the pillar, l was the thickness of the pillar. If lead resistance is 

subtracted correctly, the influence of bottom electrode can be eliminated so that meaningful MR property 

comparison can be done for two different orientations CPP-GMR device with NiAl spacer. The resistance of 

the device was plotted as a function of reciprocal of device pillar area in Fig. 3-33. The lead resistance could 

be determined from the Y-axis intercept, which was approximately 0.76 Ω for tungsten bottom electrode and 

0.45 Ω for sliver bottom electrode, respectively.  

 

 

 

 

 

 

 

 

 

 

 

3.3.4.2 Room temperature magneto-transport properties 
Fig. 3-34 summarizes ΔRA measured at RT as a function of the post annealing temperature Ta. The 

stacking structure of the tri-layers was fixed to CFGG(10 nm)/NiAl(2 or 5 nm)/CFGG(10 nm) in both (001) 

and (110) orientation devices for comparison. At the Ta ranging from 300 to 600 °C, we can see both (110)-

orientated and (001)-oriented CPP-GMR devices show similar MR properties. Namely, the two devices with 

different orientations exhibit not only almost the same ΔRA value but also the same tendency of annealing 

temperature dependence of RA. At the Ta of 450°C, both orientations reach a maximum ΔRA value of 4.34 

mΩ·μm2 for the (001)-oriented device with RA of ~48 mΩ·μm2 and 4.14 mΩ·μm2 for the (110)-oriented 
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Fig. 3-34 Annealing temperature dependence of ΔRA of the film stack in (110) and (100) orientation with 
NiAl spacer. 

device with RA of ~50 mΩ·μm2. When the spacer thickness reduces from 5 nm to 2 nm, the MR outputs 

improve slightly because of the short spin diffusion length (~8.1 nm) of the NiAl spacer. 16 However, the 

spacer thickness cannot be further reduced to obtain higher MR output due to the appearance of the strong 

interlayer exchange coupling. This result is the first experimental evidence suggesting there is no or little 

orientation dependence of band matching. Note that industrially-viable polycrystalline CPP-GMR devices 

always exhibit a natural (110) texture,17–19 which is different from the (001)-oriented epitaxial CPP-GMR 

devices that have been well-studied in laboratory experiment. By using all-B2-trilayers structure, the 

orientation difference problem can be easily solved. Hence, this discovery is useful for read head sensor 

design. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.5 Magnetic property 

3.3.5.1 Magnetic dead layer 
In order to check the magnetic property of CFGG layer near the CFGG/NiAl interface, the 

magnetizations of these two types of devices were measured for various thicknesses of the CFGG layer (tf). 

We prepare the samples with (110)-oriented CFGG layers with a stack structure of 

Ta(20 nm)/W(100 nm)/NiAl(10 nm)/CFGG(tf)/NiAl(5 nm)/Ru(5 nm) on sapphire(11 2̅ 0) substrates. The 

samples with (001)-oriented CFGG layers were prepared with the structure 

Cr(10 nm)/Ag(100 nm)/NiAl(10 nm)/CFGG(tf)/NiAl(5 nm)/Ru(5 nm) (tf=5, 10, 30, 50 nm) on MgO(001) 

substrates. Fig. 3-35 shows the plot of the saturation magnetization/unit film area (Ms/A) value as a function 

of tF. The intercept of the tF vs. Ms/A plot represents the thickness of the magnetic dead layer at CFGG/NiAl 

interface. The value of Ms of the as-deposited CFGG film with the (001) orientation is 846.7 emu/cc, which 
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Fig. 3-35 Plots of Ms/A versus CFGG layer thickness (tF) (a) in an (001)-oriented CFGG film and (b) in a 
(110)-oriented CFGG film. 

increased to 996.0 emu/cc after annealing at 400 °C due to the progress of B2 order. For the (110)-orientated 

CFGG film, we can find similar value and trend, i.e. Ms increased from 850.5 emu/cc to 1013.6 emu/cc by 

annealing at 400 °C. Both films in two different orientations show negligibly small dead layer thickness as 

we can see in the inset table, which indicates a good lattice matching between the CFGG and NiAl layers, 

consistent with what we have expected from lattice mismatch calculation in Fig. 3-26. It is important to point 

out that the dead layer thickness difference for CFGG/Ag combination in two different orientations is quite 

obvious due to the lattice nature of BCC/FCC interface as reported in our previous work.15 This VSM result 

gives clear evidence that two differently oriented films are comparable and free of lattice matching influence. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.6 Microstructure 

Further structural characterization of the spin-valves was done by TEM observations to understand the 

interface condition and interdiffusion between the CFGG and NiAl layer. The bright field TEM image, high-

angle annular dark-field (HAADF)-STEM image and related EDS mapping data of cross-sectional 
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Fig. 3-36 High resolution HAADF-STEM images together with Nanobeam diffraction pattern from CFGG 
and NiAl layer of (a) CFGG(001)/NiAl(001)/CFGG(001) and (b) CFGG(110)/NiAl(110)/CFGG(110) both 

annealed at 450°C. 

specimens prepared from the (001)- and (110)-oriented devices are shown from Fig. 3-36 to Fig. 3-38. In 

Fig. 3-36, the high resolution HAADF images show perfect lattice matching between CFGG and NiAl layer 

without any dislocations in the observed area. Nanobeam diffraction patterns clearly show the NiAl (001) 

and CFGG (002) B2-superlattice diffraction spots in both cases. Therefore, we can conclude that the 

structure of CFGG/NiAl/CFGG is all-B2-trilayer structure. In Fig. 3-37, a flat and sharp interface between 

CFGG and NiAl layer in both (001) and (110) oriented films can be seen. The EDS mapping data clearly 

shows a well-defined tri-layer structure with no visible interdiffusion. Likewise, the abrupt change in 

chemical composition at the CFGG/NiAl interface shown in EDS line scan indicates no significant 

interdiffusion as well. A bright field observation was excited with the two beam condition parallel to the film 

plane (g=[220]CFGG, [110]NiAl for the (001)-oriented sample and g=[200]CFGG, [100]NiAl for the (011)-

oriented sample) to carry out further analysis of the misfit strain in a wide observation range. In this 

diffraction condition, the strain by the atomic displacement parallel to the film plane such as those by lattice 

misfit should show diffraction contrast.20 The bright field image in Fig. 3-38(a) does not show any strain 

contrast within the CFGG/NiAl/CFGG trilayer or at the interfaces, indicating the absence of an appreciable 

strain by good lattice matching (only 0.55% lattice mismatch for CFGG/NiAl interface). We can see the 

strain contrast exists only at the Ru/NiAl capping interface due to the large lattice mismatch between them. 

In Fig. 3-38(b), the strain contrasts are showed only at Ru/NiAl and NiAl/W interface but not at the 

CFGG/NiAl/CFGG trilayer region, suggesting a good lattice matching (0.55%) between CFGG and NiAl as 

well. The small lattice mismatch enables a good epitaxial growth of CFGG layer on NiAl layer. These TEM 

results demonstrate that NiAl could also be a good candidate for buffer layer which can provide a flat and 

good lattice matching interface for Heusler alloy in both orientations devices. 
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Fig. 3-37 EDS mapping images for (a) CFGG(001)/NiAl(001)/CFGG(001) and (b) 
CFGG(110)/NiAl(110)/CFGG(110) both annealed at 450°C. 

 

Fig. 3-38 Two-beam condition bright field image with the g vectors parallel to the film plane for (a) 
CFGG(001)/NiAl(001)/CFGG(001) film and (b) CFGG(110)/NiAl(110)/CFGG(110) film both annealed at 

450°C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
3.4 Summary of this chapter 

In this chapter, orientation dependence of MR output between (110)-oritentd CPP-GMR devices and 

(001)-oriented devices has been investigated by using Heusler alloy Co2Fe(Ga0.5Ge0.5) and different spacers 

(Ag, Cu and NiAl). The summaries are as follow: 

 

(a)  (110)-oriented CPP-GMR devices with Ag and Cu spacer: 

1) Fully epitaxial CPP-GMR device with a (110)-oriented CFGG Heusler alloy was successfully fabricated 

for the first time. 

2) Significant degradation of the MR output is observed for the (110)-oriented devices with the (111)-

oriented Ag spacer compared with the (100)-oriented devices. In contrast, the (110)-oriented device 

exhibits a higher MR output with a (111)-oriented Cu spacer, suggesting that an improvement of the 

GMR ratio can be obtained by selecting an appropriate orientation relationship to tune the lattice 

mismatch between the FM layer and the spacer. 
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3) The (110)-oriented CPP-GMR device demonstrate a ΔRA value of 4.1 mΩ·μm2 with a Cu spacer at 

350°C and 3.7 mΩ·μm2 with an Ag spacer at 450°C. 

4) In the case of CFGG/Ag/CFGG CPP-GMR devices, the (001)-oriented CFGG layer gives rise to a 

higher MR output. This suggests that the naturally-grown (110)-textured polycrystalline 

CFGG/Ag/CFGG PSV is not the ideal structure, and an alteration of the texture of the CFGG layer to 

the (100) planes appears to be an effective way to enhance the MR output of the polycrystalline device. 

In fact, Du et al.21 have demonstrated that the (001)-textured polycrystalline PSVs give higher MR than 

the (110) textured polycrystalline PSVs. 

5) For a naturally-grown (110) textured device, a Cu spacer is a good choice, as reported by Carey et al.17 

Although the MR output for polycrystalline CPP-GMR devices develops gradually, there is still a large 

gap between the performance of epitaxial CPP-GMR devices and polycrystalline CPP-GMR devices. 

Thus, further development in polycrystalline CPP-GMR devices will become an urgent issue for the 

application of CPP-GMR read head. 

 

Citation for this part can be referred to: 

Jiamin Chen, S. Li, T. Furubayashi, Y. K. Takahashi, and K. Hono 
“Crystal orientation dependence of current-perpendicular-to-plane giant magnetoresistance of pseudo 
spin-valves with epitaxial Co2Fe(Ge0.5Ga0.5) Heusler alloy layers” 
Journal of Applied Physics. 115, 233905 (2014). [http://dx.doi.org/10.1063/1.4882736] 

 

(b)  (110)-oriented CPP-GMR devices with NiAl spacer: 

1) B2 NiAl intermetallic compound was applied to a spacer layer of a CPP-GMR pseudo spin-valve with a 

Co2FeGa0.5Ge0.5(CFGG) FM Heusler alloy. The spin-valve with all-B2 CFGG/NiAl/CFGG trilayer were 

successfully fabricated in both (001) and (110) orientations with a spacer thickness of 2 and 5 nm. 

2) Two differently oriented devices with the same trilayer structure show not only almost the same ΔRA 

value but also the same tendency of annealing temperature dependence of RA. At the Ta of 450°C, both 

orientations reach a maximum ΔRA value of 4.34 mΩ·μm2 for the (001)-oriented device with RA of ~48 

mΩ·μm2 and 4.14 mΩ·μm2 for the (110)-oriented device with RA of ~50 mΩ·μm2. The same magneto-

transport properties, indicating there is no or little orientation dependence of band matching. 

3) A thinner NiAl spacer can lead to a slightly higher value of ΔRA due to the short spin diffusion length 

but further improvement is not possible because of the appearance of the strong interlayer exchange 

coupling between two FM layers. BCC structure spacer with a longer spin diffusion length will be an 

effective way to obtain larger MR output independent of the orientation of crystal growth. 

4) All-B2-trilayer structure was free of lattice matching influence depending on the crystal orientation. By 

using all-B2-trilayers structure, the orientation difference problem can be easily solved. Hence, this 

discovery is useful for read head sensor design. 

http://dx.doi.org/10.1063/1.4882736
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Chapter 4 Development of new Co2(Fe1-xTix)Si Heusler alloys thin film with high 

spin polarization and high L21 order 

4.1 Introduction 

Half-metallic ferromagnets have attracted much attention as key materials to develop spin-polarized 

current sources for spintronics devices. Among various classes of half-metallic materials, Co-based Heusler 

alloys have drawn considerable interest due to their theoretically predicted half-metallicity, high spin 

polarization and high Curie temperatures. Over the past few decades, there have been a number of studies on 

large tunneling magnetoresistance (TMR), giant magnetoresistance (GMR), and spin-accumulation effects 

using Co-based Heusler compounds1–3. Although large MR ratios over 50% at room temperature have been 

observed in current-perpendicular-to-plane giant magnetoresistive (CPP-GMR) devices using epitaxial 

Co2Fe(Ga0.5Ge0.5) (CFGG)4,5 and Co2(Fe0.4Mn0.6)Si (CFMS)6 Heusler ferromagnetic (FM) layers, there are 

still remaining issues for practical applications. For instance, the requirement of high annealing temperature 

(over 500℃) for achieving high degree of L21 order in these Heusler alloys is a problem for processing 

practical polycrystalline CPP-GMR read sensors for hard disk drives. Although it was theoretically predicted 

that B2 order is enough for obtaining half-metallic band gap in some of the Co-based Heusler alloys7,8, MR 

output in the CPP-GMR devices with CFGG and CFMS clearly enhances with improved L21-order by 

annealing above 500°C (see Fig. 4-1). Therefore, finding a new Heusler alloy that exhibits high spin 

polarization at room temperature (RT) by annealing at lower temperature is strongly desired. 

Among the half-metallic Heusler family, Co2FeSi (CFS) has been extensively investigated because of 

the merits of highest Curie temperature (1100 K), highest magnetic moment (6 B) and large exchange 

stiffness9,10. Unfortunately, large degradation of spin-polarization at around room temperature was 

experimentally observed from the CPP-GMR devices with Co2FeSi electordes11 and anisotropic 

magnetoresistance (AMR) in the Co2FeSi film12. Sakuraba et al. claimed that the Fermi level is located near 

the edge of conduction band (CB) in Co2FeSi from the analysis of the temperature dependence of AMR12. 

Bombor et al. also reported small energy splitting (~10 meV) between Fermi level (EF) and the half-metallic 

CB edge from the analysis of temperature dependence of resistivity13. Therefore, such small energy 
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Fig. 4-1 Annealing temperature dependence of MR output of CFGG and CFMS Heusler alloy. By 

courtesy of Dr. Nakatani and S. Li. 

difference between EF and CB edge (defined as ∆ECB hereafter) can be an origin for the degradation of half-

metallicity in Co2FeSi at RT. In Sakuraba et al.’s paper, they also suggested from their systematic study of 

AMR in Co2YZ (Y = Mn, Fe, Z = Al, Si, Ga, Ge) films that the Co2YZ with valence electron number Nv of 

28.8 to 29.4 shows small temperature dependence of spin-polarization because EF is located around the 

center of half-metallic gap. Based on this discovery, we propose a partial substitution of Fe (Nv = 8) with Ti 

(Nv = 4) in Co2FeSi (Nv = 30) Heusler alloy to tune Nv to around 29 for improving its half-metallic property at 

room temperature. In addition to that, according to the first-principles calculations on the formation energy 

of chemical disorder in Co2YZ (Y = Ti, V, Cr, Mn, Fe) compounds by Miura et al. 14, Co2TiSi Heusler alloy is 

expected to have high spin polarization originating from the clear half-metallic band gap. They also 

predicted that the formation energy of the anti-site disorder between Co and Y elements is high, suggesting a 

possibility to obtain high degree of L21 order at low annealing temperature. Therefore, by combining 

Co2FeSi and Co2TiSi, a new Heusler alloy Co2(Fe1-xTix)Si (CFTS) could be a promising Heusler alloy which 

has both high spin polarization and high driving force for L21-order even at low annealing temperature. 
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Fig. 4-2 Illustration of experiment details. 

This chapter describes a new series of Co2(Fe1-xTix)Si Heusler alloys thin film prepared by the co-

sputtering technique and their various properties such as electronic structure, chemical ordering, spin-

dependent transport properties and magnetic properties were investigated systematically. 

4.2 Experiment details 

As shown in Fig. 4-2, a series of Co2(Fe1-xTix)Si thin films, denoted as CFTS, were grown on MgO (001) 

single crystalline substrates with layer structure of MgO(001)-subs./Co2(Fe1-xTix)Si (50nm), x = 0, 0.1, 0.2, 

0.3, 0.6, 1 by co-sputtering Co2FeSi and Co2TiSi targets in a ultra-high vacuum (UHV) magnetron sputtering 

system. The MgO substrate was cleaned by chemical washing followed by thermal cleaning at 600°C in 

vacuum. All the films were deposited at room temperature and subsequently annealed at temperatures 

ranging from 400 to 650°C for 30 minutes after the deposition. The actual alloy composition was analyzed 

by inductively coupled plasma (ICP) analyses. The results show Co2.01Fe1.06Si0.93 Co2.01Fe0.96Ti0.09Si0.94 

Co2.01Fe0.85Ti0.19Si0.95 Co2.02Fe0.74Ti0.28Si0.96 Co2.02Fe0.42Ti0.56Si0.99  and  Co2.03Ti0.93Si1.04 for the films with 

nominal x = 0, 0.1, 0.2, 0.3,0.6 and 1, respectively. The calculated Nv are shown in Table 4-1. 
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TABLE 4-1. The list of nominal and actual composition and Nv of Co2Fe1-xTixSi series films 

fabricated for this study.  
Nominal composition Nominal NV Actual composition Actual NV 

Co2FeSi 30.0 Co2.01Fe1.06Si0.93 30.3 

Co2Fe0.9Ti0.1Si 29.6 Co2.01Fe0.96Ti0.09Si0.94 29.9 

Co2Fe0.8Ti0.2Si 29.2 Co2.01Fe0.85Ti0.19Si0.95 29.5 

Co2Fe0.7Ti0.3Si 28.8 Co2.02Fe0.74Ti0.28Si0.96 29.1 

Co2Fe0.4Ti0.6Si 27.6 Co2.02Fe0.42Ti0.56Si0.99 27.8 

Co2TiSi 26 Co2.03Ti0.93Si1.04 26.2 

 

 

 

 

 

 

 

 

 

The crystal structure of the films was examined by 4-axis X-ray diffraction (XRD) using Cu-Kα 

radiation. The ratio of L21-superlattice peaks intensity to fundamental peak intensity 𝛼𝑜𝑏𝑠
𝐿21 was evaluated by 

using the following formulas: 

 
𝛼𝑜𝑏𝑠

𝐿21 =
𝐼𝑜𝑏𝑠(111)/𝐼𝑜𝑏𝑠(004)

𝐼𝑐𝑎𝑙(111)/𝐼𝑐𝑎𝑙(004)
, ( 1 ), 

where 𝐼𝑜𝑏𝑠(111) and 𝐼𝑜𝑏𝑠(004)  are the integrated intensity of observed L21-superlattice peaks and 

corresponding fundamental peaks, respectively. 𝐼𝑐𝑎𝑙(ℎ𝑘𝑙) represents the calculated (ℎ𝑘𝑙) peak intensity by 

assuming a perfect L21 ordered structure in every CFTS with different x. Spin polarization of CFTS films 

were experimentally studied by measuring AMR in the CFTS single layer films and by measuring spin-

accumulation signal ∆Rs in non-local lateral spin valve (NLSV) devices with the CFTS films. Previous 

studies clearly indicated that the spin-polarization in Co-based Heusler alloys can be qualitatively 

investigated from the sign and magnitude of AMR ratio8,12, which agrees well with the comprehensive 

theoretical model proposed by Kokado et al15. The AMR effect was measured at 10, 100, 200 and 300 K in 

Physical Property Measurement System (PPMS) under an applied electric current I of 1 mA to the <110> 

direction of the epitaxial CFTS thin film. A magnetic field of 0.5 T was rotated within in-plane directions. 

The spin polarization was also quantitatively evaluated from ∆Rs in NLSVs based on the one-dimensional 

spin diffusion model16. The NLSV devices with parallel spin-injection and detection wires bridged by an 

orthogonal Cu channel wire were prepared by microfabricating Co2Fe1-xTixSi (x = 0, 0.1 and 0.2) films 

annealed at. The surfaces of CFTS wires were cleaned by moderate in-situ Ar ion milling just before 
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depositing Cu channel to obtain transparent interfaces between CFTS and Cu channel wires. The thickness 

tCFTS and width wCFTS of the CFTS wires were varied between 30 nm and 157 nm, and the Cu wire thickness 

was around 100 nm with an wire width wCu of 133 nm. Total 24 devices having different center-to-center 

distances d, from 450 to 1350 nm, between two CFTS wires were patterned on one substrate to evaluate 

spin-polarization from the fitting spin signals based one dimensional spin-diffusion model16. The electrical 

measurement was performed in a non-local configuration with DC reversal method at 300 K. 

 

4.3 First principles calculations of Density Of States (DOS) 

To understand the effect of Ti substitution for Fe in Co2FeSi, we carried out first-principles calculations 

on the basis of the density-functional theory (DFT) and the coherent potential approximation (CPA), which 

are implemented in the spin-polarized relativistic full-potential Korringa-Kohn-Rostoker (SPR-KKR) code17. 

In particular, the CPA can properly treat the disorder between Fe and Ti atoms in L21 ordered Co2(Fe1-xTix)Si. 

In the calculations, we adopted the generalized-gradient approximation (GGA)18 for the exchange-correlation 

energy and used 250 k points in the irreducible part of the Brillouin zone. It has been demonstrated that the 

Coulomb interaction U in the transition-metal ions must be taken into consideration to reproduce 

experimental values of the magnetic moment in Co2FeSi19. Thus, by means of the GGA+U method, we 

considered the interaction U of 3 eV for the 3d states of Co, Fe, and Ti atoms, which was shown to be an 

appropriate value for describing Co2FeSi19. We also set the lattice cnstant a of Co2(Fe1-xTix)Si using the 

equation a=(1-x)×aCFS+x×aCTS, where aCFS=0.56262 nm and aCTS=0.57436 nm are the lattice constants of 

Co2FeSi and Co2TiSi, respectively, determined by the DFT-based structure optimization. 

  In Fig. 4-3(a) and (b), we show the calculated density of states (DOS) for Co2(Fe1-xTix)Si Heusler 

alloys with different x. We found that as x increases, the peak just above the Fermi level in the minority-spin 

DOS (the CB edge of half-metallic gap) shifts towards higher energies, leading to the increase in ∆ECB. We 

also found that the minority-spin DOS at the Fermi level gradually decreases as x increases, which enhances 

the spin polarization P=(D↑-D↓)/(D↑+ D↓), where  D↑ and D↓ are the majority- and minority-spin DOS at the 

Fermi level [See the inset of Fig. 4-3(b)]. From these results, we can conclude that Ti substitution into the Fe 
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Fig. 4-3 (a) The energy dependences of the DOS for Co2(Fe1-xTix)Si Heusler alloys with different x. 

(b) The enlarged view of Fig. 4-3(a) around the Fermi level EF. The inset shows the x dependence 

of the spin polarization P. Courtesy of K. Masuda and Y. Miura. 

 

site improves the half-metallicity of Co2FeSi. Note that there might be a discrepancy in ∆ECB between this 

calculation and the actual one because ∆ECB strongly depends on the given Coulomb interaction U which has 

a large uncertainty19. However, we can expect an enhancement of spin-polarization at RT by the Ti 

substitution for Fe in Co2FeSi since the increase in ∆ECB with Ti substitution always appears regardless of 

the value of U. Although Co2TiSi is predicted to have the highest spin-polarization with the largest ∆ECB, 

high spin-polarization at RT is not unlikely in Co2TiSi because of its low Curie temperature ~ 370 K. 
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Fig. 4-4 (a) XRD patterns for 50 nm thick Co2Fe1-xTixSi films annealed at 650℃ with x from 0 to 1. (b) 

Dependence of Ti composition on out-of-plane lattice constant of CFTS films. 

4.4 Crystal structure characterization 

4.4.1 XRD profile analysis 

The XRD patterns for 50-nm-thick CFTS epitaxial films on MgO (001) single crystal substrate annealed 

at 650°C with different x are shown in Fig. 4-4. The strong (002) super-lattice peak, indicating a highly B2-

orderd structure, is observed in all the CFTS films. The position of (004) fundamental peak gradually shifts 

toward higher 2 angles with increasing x, suggesting a reduction of out-of-plane lattice constant (from 

0.565 nm for Co2FeSi to 0.555 nm for Co2TiSi) with higher Ti content.  

 

 

 

 

 

 

 

 

 

 

4.4.2 Degree of L21 order 

In order to check the degree of L21 order of the CFTS thin films, the L21-superlattice (111) diffraction 

was measured by tilting the surface normal direction with 54.7°. The ratio of L21-superlattice peaks intensity 

to fundamental peak intensity 𝛼𝑜𝑏𝑠
𝐿21 was evaluated by using the following formulas: 

 
𝛼𝑜𝑏𝑠

𝐿21 =
𝐼𝑜𝑏𝑠(111)/𝐼𝑜𝑏𝑠(004)

𝐼𝑐𝑎𝑙(111)/𝐼𝑐𝑎𝑙(004)
, ( 2 ), 

where 𝐼𝑜𝑏𝑠(111) and 𝐼𝑜𝑏𝑠(004)  are the integrated intensity of observed L21-superlattice peaks and 

corresponding fundamental peaks, respectively. 𝐼𝑐𝑎𝑙(ℎ𝑘𝑙) represents the calculated (ℎ𝑘𝑙) peak intensity by 

assuming a perfect L21 ordered structure in every CFTS with different x. The calculated 𝛼𝑜𝑏𝑠
𝐿21 is plotted in 

Fig. 4-5 as a function of Ti composition. In the case of the Co2FeSi thin film, a high annealing temperature of 
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Fig. 4-5 Dependence of L21 ordering of Co2Fe1-xTixSi films on annealing temperature and Ti 

composition. 

650 °C was needed to achieve the L21 ordered structure. When substituting 10 % of Fe with Ti, we found the 

L21 order at 500 °C. The kinetic L21 ordering temperature is further reduced to 400 °C for x=0.2. Thereafter, 

the 𝛼𝑜𝑏𝑠
𝐿21 value is almost saturated for x>0.2. These results indicate that the kinetics for L21 ordering can be 

significantly improved by substituting a small amount of Fe with Ti (x=0.1 to 0.3) in Co2FeSi, which can be 

explained by higher tolerance for Co-related atomic disorder in Co2Ti-based Heusler alloys compared with 

Co2Fe-based Heusler alloys as suggested from the calculation of formation energy14.  

 

 

 

 

 

 

 

 

 

 

 

 

 

It is important to point out that annealing above 500°C is necessary to obtain a high L21 order for the 

Co2MnZ and Co2FeZ (Z = Al, Si, Ge, Ga) Heusler thin films. But for Our CFTS Heusler alloy, clear L21 

order was confirmed even at 400°C as shown in Fig. 4-6. In fact, high spin-polarization was reported in L21 

ordered Co2Fe(Ga0.5Ge0.5) (CFGG)4,7, Co2(Fe0.4Mn0.6)Si (CFMS)8,12,20,21 and Co2Mn(Ga0.25Ge0.75) 

(CMGG)22,23. This suggests that the partial Ti substitution for Mn/Fe in various Co2(Fe,Mn)Z is promising 

for reducing the kinetic ordering temperature, which is useful for processing read head sensors due to the low 

temperature tolerance for permalloy shield24. 
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Fig. 4-6 Annealing temperature dependence of the I(111)/I(004) intensity ratio in CFTS, CFA, CFGS, 

CFGG and CMGG films. Data except CFTS are from Ref. 12. 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.5 Anisotropic Magnetoresistance (AMR) measurements 

4.5.1 Brief introduction of AMR effect 

Anisotropic magnetoresistance (AMR) was discovered by W. Thomson one and a half centuries ago25. 

By applying magnetic field along or across the direction of electric current in ferromagnetic conductors (iron 

or nickel), a few percent change in their resistance (R) can be observed. The effect arises from the 

simultaneous action of magnetization and spin-orbit interaction and its detailed mechanism depends on the 

material. The anisotropic magnetoresistance can be quantitatively described as the following equation: 

 
AMR ratio =

∆𝜌

𝜌
=

𝜌∥ − 𝜌⊥

𝜌⊥
× 100%, ( 3 ), 

Where 𝜌∥(𝜌⊥) is the resistivity of the film when the electric current I parallel (perpendicular) to the 

magnetization. The AMR effect is used in a wide array of sensors for measurement of Earth's magnetic field 

(electronic compass), for electric current measuring (by measuring the magnetic field created around the 

conductor), for traffic detection and for linear position and angle sensing. 
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Recently, Kokado et al. have developed a new theoretical model to analyze AMR effect in various kinds 

of ferromagnetic (FM) materials, which is considered to be a facile way to investigate the spin-polarization 

of ferromagnetic materials at room temperature15,26. In their theoretical framework, s-d electron scattering, 

which is the origin of AMR, dominantly occurs from s↑ to d↑ sates or s↓ to d↓ states in half-metallic 

materials, resulting in a negative sign of AMR ratios. Namely, an electric resistance in the parallel condition 

(M∥I , where M and I represent magnetization and electric current, respectively) is smaller than that in the 

perpendicular condition (M⊥I). According to their prediction, a measurement of AMR signals of a target 

ferromagnetic film provides information of a half-metallic nature of the film without any micro-fabrications. 

Following their prediction, Yang et al. have systematically studied AMR effect in Co2(FexMn1-x)Si film and 

clearly found a sign change of AMR from negative to positive when x became larger than 0.8, suggesting a 

disappearance of half-metallic nature for x>0.88. Thereafter, Sakuraba et al. have investigated AMR effect in 

various Co2MnZ and Co2FeZ Heusler epitaxial thin film in more detail and found an interesting correlation 

between magnitude of AMR ratio and total valence electron number (Nv). They also demonstrated that there 

is a positive correlation between the magnitude of negative AMR ratio and magnetoresistive output of CPP-

GMR devices using the Heusler compounds.  

Based on their discovery, we studied spin polarization of CFTS films by measuring AMR effect in the 

CFTS single layer films in our study. The AMR effect was measured at 10, 100, 200 and 300 K in Physical 

Property Measurement System (PPMS) under an applied electric current I of 1 mA to the <110> direction of 

the epitaxial CFTS thin film. A magnetic field of 0.5 T was rotated within in-plane directions. 

 

4.5.2 AMR effect in CFTS 

Fig. 4-7 plots the dependence of AMR ratio on Ti composition at 10 and 300 K for all CFTS films 

annealed at 650 °C in which the similar degree of L21-ordering was confirmed as shown in Fig. 4-5. Clear 

twofold symmetric curves can be observed for all CFTS films as shown in the inset figures. The AMR ratio 

of Co2FeSi exhibited positive value at 300 K and negative value at 10 K, which is consistent with the 

previous study7. Interestingly, the sign of AMR ratio at 300 K suddenly changes from positive to negative 
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Fig. 4-7 Dependence of AMR ratio on the Ti composition in Co2Fe1-xTixSi films. The bottom two figures 

show in-plane relative angle dependences of AMR ratio in the Co2FeSi and Co2Fe0.9Ti0.1Si films. 

between x=0 and x=0.1. The magnitude of negative AMR ratio gradually increases with increasing x and 

reaches a maximum of -0.09 % at 300 K and -0.13 % at 10 K in Co2Fe0.8Ti0.2Si. According to the 

comprehensive theoretical model developed by Kokado et al.15, the sign of AMR ratio in ferromagnetic 

materials can provide information on its half-metallic nature, i.e., half-metallic ferromagnets always show 

negative AMR ratio (𝜌⊥ >  𝜌//). Therefore, this AMR result of Co2FeSi indicates that Co2FeSi is half-metal 

only at low temperature and its half-metallic nature disappears at 300 K, which can be explained by the 

effect of thermal fluctuation of electron occupancy around EF at 300 K. Previous experimental results on the 

CPP-GMR effect using Co2FeSi also showed similar tendency against temperature6, i.e., the large 

temperature dependence of MR outputs of Co2FeSi/Ag/Co2FeSi CPP-GMR devices. The sign change of the 

AMR ratio at 300 K from Co2FeSi (+) to Co2(Fe0.9Ti0.1)Si (-) can be interpreted as the result of the 

improved spin-polarization at room temperature due to the shifting of EF by the small amount of Ti 

substitution, which corresponds well to the calculation result of DOS shown in Fig. 4-3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



82 

 

 

Fig. 4-8 Temperature dependence of normalized resistivity change in Co2Fe1-xTixSi films. 

4.5.3 Temperature dependence of AMR in CFTS 

In order to see the effect of thermal fluctuation on half-metallic nature of CFTS more clearly, we 

investigated the temperature dependence of the AMR effect in the CFTS films in Fig. 4-8. The temperature 

dependence of the AMR ratio includes the temperature dependence of resistivity (T) and the resistivity 

change originating from the AMR effect, (T). Whereas the origin of (T) are thermally excited phonon 

and temperature-independent impurity scattering, (T) mainly originates from s-d scattering via 

impurity15. Therefore, we compare the temperature dependence of normalized (T) at 10 K, i.e., 

   K10  T , in which the effect of thermally excited phonon-induced scattering and the amount of 

impurities can be eliminated to see how conductive s and localized d electronic states contribute to AMR 

change with temperature in the CFTS films. As shown in Fig. 4-8, Co2FeSi shows the largest temperature 

dependence of ∆𝜌 in all the CFTS films and the temperature dependence can be gradually suppressed by 

increasing x in Co2(Fe1-xTix)Si. This result suggests that ∆ECB increases with increasing Ti composition and 

the localized d-state forming the conduction band of half-metallic gap, which is consistent with the 

calculated DOS in Fig. 4-3. 
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Fig. 4-9 (a) MR ratio as a function of Ti composition. HAADF image for CPP-GMR device with 

ferromagnetic electrode of (b) Co2FeSi, (c) Co2(Fe0.9Ti0.1)Si, (d) Co2(Fe0.8Ti0.2)Si. 

4.6 CPP-GMR devices with CFTS 

Since clear improvement of spin polarization was confirmed both from first principal calculation of 

DOS and AMR measurement, we then tried to apply CFTS as ferromagnetic layer in CPP-GMR devices to 

enhance MR property. But unfortunately, the results are disappointing. As shown in Fig. 4-9 (a), the MR 

ratio decreases rapidly as Ti content increases when CPP-GMR devices were fabricated with CFTS(10 

nm)/Ag(5 nm)/CFTS(10 nm) tri-layer structure, which is opposite to what we expected. To find out the 

reason for that, TEM observation for microstructure analysis was conduct. As shown in the HAADF image 

in Fig. 4-9 (b)-(d), pin hole-like structure appears in the upper CFTS layer and becomes more and more 

serious as Ti composition increases.  

 

 

 

 

 

 

 

 

 

 

 

 

 

The EDS mapping results shown in Fig. 4-10 indicate that the formation of pin hole-like structure is 

due to the interdiffusion of Ag element into the top CFTS layer. The origin of such interdiffusion is still not 

fully understood, but could be attributed to the possibility of alloy forming between Ag and Ti as shown in 

the phase diagram in Fig. 4-1130. Therefore, although CFTS Heusler itself is a high spin-polarized material 
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Fig. 4-10 EDS mapping images for CPP-GMR device with Co2(Fe0.8Ti0.2)Si ferromagnetic  

layer. 

 
Fig. 4-11 Phase diagram of Ti and Ag binary alloy. 30 

for spintronic devices, combining CFTS FM layer with Ag spacer is not a good choice for CPP-GMR 

device improvement. The proposed solutions are trying CPP-GMR devices with CFTS FM layer and other 

spacer materials, such as Cu, NiAl or non-magnetic Heusler alloy. 
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Fig. 4-12 Microfabrication process of NLSV device. 

4.7 Non-local lateral spin valve (NLSV) devices with CFTS 

Although the improvement of spin-polarization at RT in CFTS Heusler alloy thin films could be 

qualitatively confirmed by the sign change of AMR ratios of Co2(Fe1-xTix)Si with x=0 to x=0.1 and the 

suppression of the temperature dependence of ∆ with increasing x, AMR measurement cannot give actual 

spin polarization of CFTS Heusler alloy quantitatively. Moreover, CPP-GMR devices with CFTS Heusler 

alloy cannot work for spin polarization evaluation due to the interdiffusion of Ag and Ti. Therefore, we try 

to evaluate the spin polarization by measuring spin signals of Non-local lateral spin valve (NLSV) devices. 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.7.1 Microfabrication process of NLSV device 

Fig. 4-12 shows the microfabrication process details of NLSV device. The NLSV devices with parallel 

spin-injection and detection wires bridged by an orthogonal Cu channel wire were prepared by 

microfabricating Co2Fe1-xTixSi (x = 0, 0.1 and 0.2) films annealed at 650°C. The surfaces of CFTS wires 

were cleaned by moderate in-situ Ar ion milling just before depositing Cu channel to obtain transparent 

interfaces between CFTS and Cu channel wires. The thickness tCFTS and width wCFTS of the CFTS wires 
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were varied between 30 nm and 157 nm, and the Cu wire thickness was around 100 nm with a wire width 

wCu of 133 nm. Total 24 devices having different center-to-center distances d, from 450 to 1350 nm, 

between two CFTS wires were patterned on one substrate to evaluate spin-polarization. The electrical 

measurement was performed in a non-local configuration with DC reversal method at 300 K. 

4.7.2 Spin signal of NLSV device 

In order to confirm the enhancement of spin-polarization by the Fe substitution with Ti in CFS as 

suggested from the AMR measurements more quantitatively, we evaluated the spin polarization by 

measuring spin signals of NLSV devices using the single layer CFTS films. As shown in the inset of Fig. 4-

13, we measured the spin accumulation signal ∆Rs by flowing a dc current from one CFTS wire to the left 

side of Cu wire. Fig. 4-13 shows the d dependence of ∆Rs. ∆Rs increases with increasing x, indicating the 

enhancement of spin-polarization. In order to quantify the value of spin-polarization, observed ∆Rs - d were 

fitted by the one-dimensional spin diffusion model16, given as 

∆𝑅s = 4𝑅Cu

(
𝑃CFTS

1 − 𝑃CFTS
2

𝑅CFTS
𝑅Cu

)

2

𝑒
(−

𝑑
𝜆Cu

)

(1 +
2

1 − 𝑃CFTS
2

𝑅CFTS
𝑅Cu

)

2

− 𝑒
(−

2𝑑
𝜆Cu

)

， 

Where 𝑅CFTS = 𝜌CFTS𝜆CFTS/𝐴𝐽  and 𝑅Cu = 𝜌Cu𝜆Cu/𝐴Cu  are the spin resistance of CFTS and Cu, 

respectively. 𝜌CFTS(Cu), 𝜆CFTS(Cu), 𝐴𝐽 and 𝐴Cu correspond to the resistivity of CFTS(Cu), the spin diffusion 

length of CFTS(Cu), the area of CFTS/Cu interfaces and the cross-sectional area of the Cu wires, 

respectively. 𝑃CFTS is the spin polarizations of CFTS wires. 𝜌CFTS was evaluated to be 55, 38 and 26 cm 

for x = 0.0, 0.1 and 0.2, respectively. Previous study on the CPP-GMR device using epitaxial 

Co2FeAl0.5Si0.5 (CFAS) electrodes estimated that 𝜆CFAS = 2.2 nm and 𝜌CFAS = 71.0 cm at RT31, which 

results in 𝜌CFAS𝜆CFAS= 1.56 ×10-5 cm2. Based on the inverse proportional relationship between 𝜌 and 𝜆 

32 and similar constituents between CFTS and CFAS, we assumed the 𝜌CFTS𝜆CFTS = 𝜌CFAS𝜆CFAS = 1.56 

×10-5 cm2, for x = 0.0, 0.1 and 0.2. 𝜌Cu of Cu wire is experimentally measured to be around 4.7 cm at 

300K. Assuming Cu is the same for all devices, the fitting result gives spin polarization of 𝑃Co2FeSi = 0.61, 

𝑃Co2Fe0.9Ti0.1Si = 0.65, and 𝑃Co2Fe0.8Ti0.2Si = 0.70, respectively with 𝜆Cu = 315 nm.  
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Fig. 4-13 Spin signal ∆Rs as a function of wire distance d for each Co2Fe1-xTixSi device. Dashed 

line indicates the fitting result by the one dimensional spin diffusion model. The insets show 

SEM image of typical LSV device and the R-H curves for the devices with d = 450 nm. 

 

Fig. 4-14 Total magnetic moments for Co2Fe1-xTixSi measured at 10K with SQUID as a function 

of Ti concentration. The dash line indicates the Slater-Pauling rule. 

 

 

 

 

 

 

 

 

 

 

 

 

 

This result indicates that Ti substitution for Fe in the Co2FeSi Heusler alloy gives an enhancement of 

spin polarization at RT, which agrees well with our first-principle calculation and the AMR measurement. 
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Fig. 4-15 magnetization curves of CFTS alloy measured at 10K. 

 

4.8 Magnetic property 

Fig. 4-14 shows the magnetic moments per unit cell of CFTS thin films measured at 10K. As shown in 

the figure, the total magnetic moments measured by SQUID decreases linearly with increasing x. This 

tendency is in good agreement with the total magnetic moments calculated by the Slater-Pauling rule. 

However, remarkable difference can be found between the experimental values and the Slater-Pauling rule. 

Such difference can be understood by the presence of A2 or B2 disorder in the CFTS films. B2 disorder in 

Co2FeSi samples is unavoidable, leading to a decreased magnetic moment compared with the perfect L21 

structure. As mentioned previously, substituting Fe with Ti can improve the degree of L21 order; therefore, 

the difference between the experimentally measured value and Slater-Pauling rule becomes smaller as Ti 

concentration increases. Note that too much Ti substitution in Co2FeSi will cause a side effect, i.e., decrease 

in Curie temperature from Co2FeSi (1100K)9 to Co2TiSi (380K)33 . All the CFTS thin films exhibit soft 

magnetic properties at 10K as shown in the M-H curve in Fig. 4-15. 
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4.9 Summary of this chapter 

In this chapter, we fabricated a series of Heusler alloys, Co2(Fe1-xTix)Si ( 10  x ), and their electronic 

states, crystal structure, and spin-dependent transport properties were systematically investigated. The 

summaries are as follow: 

1) First-principles calculations of DOS predicted that the minority-spin DOS forming CB edge of half-

metallic gap is located near Fermi level in Co2FeSi, which shifts toward higher energies with increasing 

x, suggesting the improvement of spin-polarization at room temperature by the substitution of Fe with 

Ti.  

2) The improvement of spin-polarization at RT were qualitatively confirmed by the sign change of AMR 

ratios of Co2(Fe1-xTix)Si with x=0 to x=0.1 and the suppression of the temperature dependence of ∆ 

with increasing x.  

3) We also evaluated the spin polarization of CFTS by measuring non-local spin signals of the NLSV 

devices with CFTS thin films wires. The one-dimensional model fitting of the spin signals suggested 

that the spin-polarization at room temperature increases from 0.61 for Co2FeSi to 0.70 for 

Co2Fe0.8Ti0.2Si.  

4) We also confirmed that the kinetic L21-ordering temperature decreases from 650 ºC for Co2FeSi to 400 

ºC for x > 0.2, which is promising feature for various spintronic applications that have a limitation for 

annealing temperature. 

 

Citation for this part can be referred to: 

Jiamin Chen, Y. Sakuraba, K. Masuda, Y. Miura, S. Li, S. Kasai, T. Furubayashi, K. Hono 
“Enhancement of L21 order and spin-polarization of Co2FeSi thin film by substitution of Fe with Ti” 

Applied Physics Letters. 110, 242401 (2017) [http://dx.doi.org/10.1063/1.4985237] 
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Chapter 5 Realization of high quality epitaxial CPP-GMR pseudo spin-valves on 

Si(001) wafer using NiAl buffer layer 

5.1 Introduction 

Up to now, as described in the previous two chapters, substantial large MR ratios at room temperature 

(RT) was realized in fully epitaxial CPP-GMR devices with the usage of the Co-based Heusler alloys such as 

Co2MnSi (CMS)1, Co2Mn(Ga0.25Ge0.75) (CMGG)2, Co2(Fe0.4Mn0.6)Si (CFMS)3 and Co2Fe(Ga0.5Ge0.5) 

(CFGG)4. Such a high MR output in a low resistance device has already satisfies the MR performance 

required for the areal density of 2 Tbit/in2 according to the simulation by Takagishi et al.5 However, all of 

these high MR outputs have only been demonstrated for the epitaxial CPP-GMR pseudo spin-valves (PSVs) 

grown on unpractical MgO single crystalline substrates, which are too expensive for mass production and 

cannot be realized with current semiconductor industry processes. On the other hand, for industrial viability, 

polycrystalline CPP-GMR devices that grown on thermal-oxidized Si substrate have been used,6–8 but 

unfortunately, the MR output of polycrystalline devices are much lower than those of epitaxial devices that 

were grown on MgO substrates. The existence of grain boundary and inferior layer roughness are considered 

to be possible reasons for such large discrepancy of MR outputs between polycrystalline and single 

crystalline (epitaxial) devices. Therefore, it is strongly desired to develop industrial viable high performance 

epitaxial CPP-GMR devices on a Si single crystalline substrate to satisfy practical application requirement. 

The main concept is described in Fig. 5-1. In addition, single crystalline devices on Si substrate also enable 

us to utilize a wafer bonding technology,9 that can be a solution to overcome the obstacles of present 

fabrication process of practical devices such as a limitation of annealing temperature. 

Actually, growing high quality epitaxial CPP-GMR device on Si(001) single crystalline substrate is not 

that easy. For instance, the growth of high quality epitaxial ferromagnetic (FM) films on Si has puzzled 

scientists for decades mainly because of the very high reactivity between most transition metals and silicon, 

which results in the formation of silicide and Fig. 5-2 shows one of the examples. Many materials have been 

tried in the previous studies to use as a buffer layer but problems such as serious intermixing, large surface 

roughness, low thermal stability and large lattice mismatch with 3d FM layer still exist.10–12  
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Fig. 5-2 Silicide formation problem in Ni-Si system. 

 

Fig. 5-1 Background introduction of this chapter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this chapter, we describe the usage of NiAl as a buffer material for the growth of high quality fully 

epitaxial CPP-GMR devices on Si single crystalline wafer. NiAl has merits including high thermal stability 

with a melting point up to 1620C,13 relatively small lattice mismatch (~6%) with Si substrate and almost 

perfect lattice matching (less than 1%) with Co-based Heusler alloys.14,15 
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TABLE 5-1. The list of buffer candidates. 
Materials Space group Lattice constant a 

(nm) 
Lattice constant b 

(nm) 
Lattice constant c 

(nm) 
Min misfit 

with Si 
(%) 

Min misfit 
with CFGG 

(%) 

Si Fd-3m O2 (227) 0.543 0.543 0.543 0.0 5.4 

TaN Fm-3m (225) 0.43443 0.43443 0.43443 13.1 7.0 

AlN F-43m (216) 0.434 0.434 0.434 13.0 6.9 

TiN Fm-3m (225) 0.4236 0.4236 0.4236 10.3 4.4 

MgO Fm-3m (225) 0.42101 0.42101 0.42101 9.6 3.7 

Ag Fm-3m (225) 0.4086 0.4086 0.4086 6.4 0.7 

Au Fm-3m (225) 0.40839 0.40839 0.40839 6.4 0.6 

Al Fm-3m (225) 0.4048 0.4048 0.4048 5.4 0.3 

Pt Fm-3m (225) 0.3923 0.3923 0.3923 2.2 3.3 

Ir Fm-3m (225) 0.384 0.384 0.384 0.0 5.4 

Cu Fm-3m (225) 0.3614 0.3614 0.3614 5.9 11.0 

Ta Im-3m (229) 0.3308 0.3308 0.3308 13.8 15.3 
Ti 

Im-3m (229) 0.3276 0.3276 0.3276 14.7 14.1 

P63/mmc (194) 0.291 0.291 0.459 7.2 1.4 

Mg 
P63/mmc (194) 0.3211 0.3211 0.523 16.4 11.9 

Im-3m (229) 0.33381 0.33381 0.33381 13.1 16.3 

GaN P63mc (186) 0.3181 0.3181 0.5177 17.2 10.8 

W Im-3m (229) 0.316 0.316 0.316 16.4 10.1 

Mo Im-3m (229) 0.3096 0.3096 0.3096 14.0 7.9 

V Im-3m (229) 0.302 0.302 0.302 11.2 5.2 

Cr Im-3m (229) 0.29006 0.29006 0.29006 6.8 1.1 

NiAl Pm-3m (221) 0.2886 0.2886 0.2886 6.3 0.6 

Fe Im-3m (229) 0.28654 0.28654 0.28654 5.5 0.2 

 

5.2 Buffer material selection 

To obtain fully epitaxial growth of ferromagnetic layer on Si, a buffer material which satisfies the 

following requirement is needed: (1) Small lattice mismatch with both the Si substrate and ferromagnetic 

layer; (2) Stable enough to avoid mixture with other layer during annealing process. (3) Easy to fabricate 

via sputtering method. Therefore, selecting a suitable buffer material is the most crucial issue for the growth 

of epitaxial CPP-GMR device on Si(001) single crystalline substrate. Table 5-1 lists all the buffer material 

candidates that we have considered. After trying many materials, we found NiAl and TiN promising. 
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Ru P63/mmc (194) 0.2706 0.2706 0.4282 0.3 5.7 

Zn 
P63/mmc (194) 0.2667 0.2667 0.4939 1.8 7.1 

Ni P63/mmc (194) 0.265 0.265 0.432 2.4 7.7 

Fm-3m (225) 0.3518 0.3518 0.3518 8.4 13.3 

Co 
P63/mmc (194) 0.24933 0.24933 0.4019 8.2 13.1 

Fm-3m (225) 0.35367 0.35367 0.35367 7.9 12.9 

… 
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Fig. 5-3 Different papers about epitaxial growth of thin films on Si(100) using TiN buffer layer. 

5.2.1 TiN buffer layer 

In the previous study, there are several papers reporting successful epitaxial growth of thin films on 

Si(100) using TiN buffer layer with different fabrication methods as shown in Fig. 5-3.16–18  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Following their studies, we also try to grow epitaxial TiN layer on Si(001) single crystalline substrate 

by reactive sputtering Ti with N2 atmosphere (Ar: 16 sccm + N2: 2 sccm). Fig. 5-4 shows RHEED patterns 

and AFM results of TiN thin films sputtered at different conditions. When TiN thin film was deposited with 

elevated substrate temperature of 500 ℃ and target to substrate distance Ts=150 mm, RHEED pattern 

shows polycrystalline feature as indicated in Fig. 5-4(a). As Ts reduces from 150 to 100 mm, TiN layer tend 

to show better crystallinity, but still polycrystalline. And the surface roughness becomes worse. When 

substrate temperature increases from 500 ℃ to 600 ℃, crystallinity can be further improved but still not 
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Fig. 5-4 RHEED patterns and AFM results of TiN thin films sputtered at different conditions. 

 

Fig. 5-5 -2 XRD profiles and corresponding two-dimensional diffraction images of 50 nm thick TiN layer 

on Si(001) substrate with different sputter conditions. 

epitaxial growth. But interestingly, surface roughness becomes better in this deposition condition, which is 

different from the normal case that surface roughness increases as deposition temperature increases. 
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Fig. 5-5 shows the XRD patterns for the TiN thin films deposited with previous three conditions. As 

shown in the figure, TiN sputtered with elevated substrate temperature of 500 ℃ and Ts=150 mm displays 

only a very weak TiN0.72(101) peak, indicating insufficient nitride. When Ts reduces from 150 to 100 mm, 

TiN0.72(101) peak disappears and TiN(111) peak appears instead. For the one that deposited at 600 ℃ and 

Ts=150 mm, although strong TiN(200) peak can be seen, it is still far from nice epitaxial growth as 

indicated from the RHEED pattern. Overall, epitaxial growth could be obtained probably by depositing at 

higher substrate temperature. However, such high deposition temperature will lead to rough surface and 

cannot be practical. Therefore, better buffer material other than TiN need to be found. 

 

5.2.2 NiAl buffer layer 

From the results obtained for TiN so far, it seem that it is not a good candidate for the growth of high 

quality fully epitaxial CPP-GMR devices on Si single crystalline substrate. Hence, we shift our focus to 

NiAl. As mentioned in Chapter 3, we come to understand that NiAl is a good buffer layer which can 

provide a flat and good lattice matching interface for Heusler alloy. More importantly, NiAl holds a lot of 

merits such as high thermal stability with a melting point up to 1620C,13 relatively small lattice mismatch 

(~6%) with Si substrate. Due to these physical and chemical properties of NiAl, we try it on Si substrate for 

epitaxial growth. 

First, single NiAl layer was made with different deposition temperature changing from 300 to 600 ℃. 

Fig. 5-6 shows the XRD patterns accompanied with RHEED patterns for samples with single 50 nm thick 

NiAl layers deposited on a Si(001) substrate at different temperatures. At the deposition temperature of 

Ts=300C, NiAl(011) and NiAl(022) peaks appear, indicating the NiAl layer grows with the (011) 

orientation in the out-of-plane direction, which is different from the (001) orientation of Si substrate. A very 

broad NiAl(011) peak shown in the two dimension XRD image suggests that the crystallinity is low at this 

deposition temperature. A RHEED pattern taken along the NiAl[100] azimuth gives a rings-centered 

pattern, which means a polycrystalline growth of the NiAl layer. When deposition temperature increases to 

Ts = 400C, the NiAl(011) and NiAl(022) peaks disappear; instead, the NiAl(001) and NiAl(002) peaks 



99 

 

appear. The appearance of NiAl(001) peak suggests that the NiAl has B2 ordered structure and its crystal 

orientation becomes (001) to the out-of-plane direction. The spotty peak shown in the 2D XRD image 

indicates a significant improvement in the crystallinity of the film. The RHEED pattern also becomes 

streaky, demonstrating the start of epitaxial growth. Note that there is a small satellite peak at around 33 

degree near NiAl(001) peak at this deposition temperature. The satellite peak is probably coming from the 

formation of metastatic silicide Ni3Si2 when we increase the deposition temperature, because Ni3Si2(330) 

peak has a peak position of ~33 degree. Details of how this metastatic silicide forms according to different 

deposition temperature are still unclear and need to be further studied. When the Ts further increases up to 

500 and 600C, the peak intensities for NiAl(001) and NiAl(002) become stronger and the small satellite 

peaks disappear. The streaks in the diffraction pattern become sharper and more intense. 
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Fig. 5-6 -2 XRD profiles and corresponding two-dimensional diffraction images of 50 nm 

thick NiAl layer on Si(001) substrate with deposition temperature ranging from 300 to 600C. 

Insets are RHEED patterns taken along <100> azimuth of each deposition temperature. 
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5.3 Surface roughness improvement by Ag layer 

In order to integrate CPP-GMR devices on Si substrates, it is important to control the surface roughness 

of each layer. Indeed, the bottom buffer layer, which also serves as a bottom electrode for the devices and a 

support for upper layer growth, should have a surface roughness as small as possible. Fig. 5-7 plots the 

surface roughness as a function of deposition temperature (Ts) for NiAl layer. As shown in the figure, both 

surface roughness average (Ra) value and peak to valley (Pv) value rise as Ts increase, which means higher 

deposition temperature leads to poorer layer surface roughness. Deposition temperature Ts = 500C for 

NiAl layer is the optimal condition by considering both epitaxial growth and smooth layer surface for our 

CPP-GMR devices in this study. For the sake of further improvement of bottom buffer layer surface 

roughness, Ag layer was deposited on the top of NiAl owing to its good lattice matching with NiAl. After 

the deposition of 50 nm Ag, both Ra and Pv reduce from 2.19 nm and 24.1 nm to 0.94 nm and 12.3 nm. A 

good epitaxial growth can be maintained as confirmed by the streaky RHEED pattern showing in inset of 

Fig. 5-8. According to our previous studies on CPP-GMR, applying post annealing process can 

significantly ameliorate the surface roughness of Ag layer. As shown in Fig. 5-8, both Ra and Pv fall 

strikingly as post annealing temperature (Ta) enhances. At the annealing temperature Ta = 600C, surface 

roughness starts to be deteriorated due to serious formation of silicide at the interface between NiAl and Si, 

which will be discussed from the microstructure analysis in later section. Therefore, post annealing 

temperature Ta = 500C is selected for the following growth of CPP-GMR devices. 
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Fig. 5-7 Surface roughness measured by AFM of the film stacks (a) Si(001)//NiAl(50 nm). Insets are surface 

structure of each deposition temperature. 

 

Fig. 5-8 Surface roughness measured by AFM of the film stacks Si(001)//NiAl(50 nm)/Ag(50 nm). Insets are 

sample structure illustration. 
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5.4 Si(001)-based CPP-GMR using NiAl buffer layer 

5.4.1 Experiment details 

A fully epitaxial multi-layer stack of NiAl(50)/Ag(50)/CFGG(10)/Ag(5)/CFGG(10) /Ag(5)/Ru(8) 

(thickness in nm) was deposited onto Si(001) single-crystalline substrates using the ultrahigh vacuum 

magnetron sputtering system with a base pressure lower than 5×10-7 Pa. The Si substrates were chemically 

etched using 3% HF acid water solution to remove the thin SiO2 surface layer formed from natural oxidation 

of Si. Before the deposition of thin film, substrates were heated at 600C for 30 min inside the sputtering 

chamber for thermal cleaning. The clean and smooth Si surface was confirmed by observing reconstructed 

2×1 patterns detected from reflection high-energy electron diffraction (RHEED) (see in Fig. 5-8). Firstly, 50 

nm thick NiAl was deposited on Si substrate by reactive deposition epitaxy (RDE) method19,20, i.e., by 

deposition onto a heated substrate, with an elevated temperature ranging from Ts =300 to 600C. The 

composition of NiAl alloy target is Ni0.5Al0.5. Thereafter, 50 nm thick Ag was deposited at RT on the NiAl 

layer to serve as a bottom electrode for an MR measurement. The Ag layer was in-situ annealed at 300-

600C after the deposition to improve the surface roughness. The CFGG layer was sputter deposited using an 

alloy target with a composition of Co49.3Fe24.6Ga12.9Ge13.2 measured by inductively coupled plasma analysis. 

After the deposition of a top CFGG layer, the films were post-annealed again at 350-550C inside the 

chamber for 30 min to promote the chemical order of CFGG. Finally, Ag/Ru capping layer was deposited at 

RT to avoid oxidation. 

    The surface structure of each layer was characterized by RHEED and the whole multilayer crystal 

structure was examined by 4-axis X-ray diffraction (XRD) using Cu-Kα radiation. The surface morphology 

was measured by means of atomic force microscopy (AFM). Cross-sectional transmission electron 

microscopy (TEM) and aberration-corrected scanning TEM (STEM) were employed to characterize the 

microstructure of the film stacks. For CPP-GMR measurements, the film stacks were micro-fabricated into 

elliptical pillars with dimensions ranging from 70×140 to 200×400 nm2 by electron beam lithography and Ar 

ion etching. The actual area of the pillar was measured by scanning electron microscopy (SEM) to enable the 

calculation of the resistance-area product (RA) and the resistance change-area product (ΔRA). The 
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Fig. 5-9 XRD patterns for the samples with the stack structure of Si(001) 

sub.//NiAl(50)/Ag(50)/CFGG(10)/Ag(5)/CFGG(10) /Ag(5)/Ru(8) (thickness in nm) at the as-deposited state 

and annealed at 400C, respectively. 

magnetoresistance was measured by the direct current four-probe method at 300K with a constant current of 

100 A and a magnetic field along the <110> direction of the epitaxial CFGG layer. The MR ratio was 

determined using the equation of MR = (𝑅𝑎𝑝 − 𝑅𝑝)/𝑅𝑝 , where 𝑅𝑎𝑝(𝑅𝑝) represents the device resistance 

when the two CFGG layers exhibit the antiparallel (parallel) magnetization configuration. 

 

5.4.2 Crystal structure characterization 

5.4.2.1 XRD 

Fig. 5-9 shows the XRD patterns for the samples with the stack structure of Si(001) 

sub.//NiAl(50)/Ag(50)/CFGG(10)/Ag(5)/CFGG(10) /Ag(5)/Ru(8) (thickness in nm) at the as-deposited state 

and annealed at 400C, respectively. Clear epitaxial growth with (001) orientation in the out-of-plane 

direction of each layer can be confirmed in both samples.  
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Fig. 5-10 XRD pole-figure measurements for Si(022), NiAl(011), Ag(022) and CFGG(022) peaks. 

To determine the in-plane crystallographic orientations relationships, XRD pole-figure measurements 

were performed from Si(022), NiAl(011), Ag(022) and CFGG(022)  fundamental diffractions, as shown in 

Fig. 5-10. From the figure, a 45o shift of the Ag(022) peak was observed because of the better lattice 

matching. From the XRD pole-figures, the epitaxial relationship of 

Si(001)[110]//NiAl(001)[110]//Ag(001)[100]//CFGG(001)[110] for all the layers was determined.  
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Fig. 5-11 Structure illustrations of whole CPP-GMR film stack and corresponding RHEED patterns for each 

layer. 

5.4.2.2 RHEED 

Since the NiAl (011) and CFGG (022) fundamental peaks overlap due to the almost identical out-of-

plane lattice parameters of aCFGG=0.287 nm and aNiAl=0.289 nm, we have to further verify the orientation 

relationships by RHEED. Fig. 5-11 shows the stacking structure for the whole CPP-GMR devices and the 

RHEED patterns for each layer. The RHEED patterns confirm the epitaxial relation as previously described. 

Even though a relatively large lattice mismatch of ~6% exists at the NiAl(2aNiAl=0.578 nm)/Si(aSi=0.543 nm) 

interface, a nice streaky pattern of NiAl can still be obtained. The diffraction pattern of the 50 nm Ag buffer 

layer becomes more intense after post-annealing at 500C. The top CFGG layer shows very broad streak in 

the as-deposited state; the pattern streak turns into narrow and super-lattice streak appears after post-

annealing at 400C. Such variation can be explained by the improvement of surface roughness and 

promotion of chemical ordering in the CFGG layers. 
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Fig. 5-12 Resistance of the CPP-GMR devices as a function of the inverse of CPP-GMR pillar area. 

5.4.3 Magneto-transport properties 

5.4.3.1 Measurement of the lead resistance 

The resistance of the devices was plotted as a function of the inverse of CPP-GMR pillar area (Fig. 5-

12). The lead resistance is calculated to be 0.76Ω according to the formula of Rdevice = ρ ∙ l ∙
1

A
+ Rlead, 

where the 𝜌 was the average resistivity of the pillar, 𝑙 was the thickness of the pillar and A is the area of the 

pillar. Note that the lead resistance here is higher than that in the case of MgO-based CPP-GMR device, 

simply because the bottom electrode layer of Ag is reduced from 100 to 50 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.4.3.2 Room temperature magneto-transport properties 

CPP-GMR devices were microfabricated by using film stack shown in Fig. 5-11. The magnetoresistance 

was measured by the direct current four-probe method at 300K with a constant current of 100 A and a 

magnetic field along the <110> direction of the epitaxial CFGG layer. Fig. 5-13 summarizes the MR outputs 

of resistance change-area product (∆RA) for the epitaxial CPP-GMR devices grown on a Si(001) substrate 

(red star) as a function of annealing temperature. The results of the epitaxial CPP-GMR devices on an 
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MgO(001) substrate (black square)21 and the polycrystalline CPP-GMR devices on a Si/SiO2 substrate (grey 

square, green circle and blue triangle)7 are also shown for comparison. For the CPP-GMR devices grown on 

a Si(001) substrate, the MR output enhances as the post-annealing temperature increases and reaches a 

maximum of 8.6 mΩm2 at 400C. Thereafter, the MR output descends as the post-annealing temperature 

rises above 400C. The drop of MR output at high annealing temperature stems from the formation of a 

nickel silicide layer at the NiAl/Si interface and corresponding interdiffusion through the multilayer 

structure, which will be further discussed from TEM characterization in section 5.4.4. It is important to point 

out that for the post-annealing temperature up to 400C, the CPP-GMR devices grown on a Si(001) substrate 

presents comparable MR outputs with those grown on an MgO(001) substrate. This means we can replace 

the expansive impractical MgO substrate with the Si substrate to achieve high performance epitaxial CPP-

GMR devices for practical sensor applications, which is a great breakthrough. More importantly, by 

combining this epitaxial Si/NiAl template with the wafer bonding technique9, various types of spintronic 

devices such as CPP-GMR, magnetic tunnel junctions, spin-field-effect transistors and lateral spin valves can 

be grown on a Si substrate and easily attached to other integrated circuits or magnetic shield layers, which is 

promising for next-generation spintronic applications based on epitaxial devices. MR output obtained for the 

optimal annealing temperature of 400C for the epitaxial CPP-GMR devices is about 40% higher than that 

for the polycrystalline CPP-GMR devices. Such a large discrepancy of the MR outputs between 

polycrystalline and single crystalline devices could be attributed to the existence of grain boundaries and 

inferior layer roughness in the polycrystalline devices. Recently, Du et. al.22 have reported the usage of 

(Mg0.5Ti0.5)O buffer layer to enhance the MR output in polycrystalline CFGG/Ag/CFGG device by 

controlling the crystal orientation and improving the interfacial roughness. Although they had improved the 

interfacial roughness, the enhancement of MR output was limited. Therefore, the existence of grain boundary 

may be more responsible for the discrepancy. According to the Valet-Fert model, ∆RA can be expressed by 

∆𝑅𝐴~2
𝛽2

1−𝛽2 𝜌𝐹𝑡𝐹 + 2
𝛾2

1−𝛾2 𝐴𝑅𝐹/𝑁 , where 𝛽, 𝜌𝐹 , and 𝑡𝐹  are the bulk spin asymmetry, resistivity and layer 

thickness of CFGG, and  𝛾 and 𝐴𝑅𝐹/𝑁 are the interfacial spin asymmetry and interfacial resistance at the 

CFGG/Ag interface, respectively. The existence of grain boundaries in the FM layers in the polycrystalline 
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Fig. 5-13 Annealing temperature dependence of ∆RA for epitaxial CPP-GMR devices on Si(001) substrate 

(red star), epitaxial CPP-GMR devices on MgO(001) substrate (black square)21 and polycrystalline CPP-GMR 

devices on Si/SiO2 substrate (grey square, green circle and blue triangle).7  

devices can produce a spin-independent electron scattering channel when the current is applied to the 

devices, which will degrade the spin electron selection function of the spin valve device. Since 𝛽 is closely 

related to the spin polarization of an FM layer, the MR output in polycrystalline CPP-GMR devices will 

consequently behave inferior to that in epitaxial CPP-GMR devices. Since we are able to improve interfacial 

roughness and eliminate grain boundaries in epitaxial CPP-GMR devices growth on Si substrate, the gap 

between practical low performance polycrystalline CPP-GMR devices and impractical high performance 

epitaxial CPP-GMR device can be filled in by using the Si//NiAl template. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5-14 depicts the typical MR curve at 300K of CPP-GMR device fabricated on a Si(001) substrate 

annealed at optimal temperature of 400C. Our CFGG/Ag/CFGG CPP-GMR device shows an average MR 

ratio of 27.8% and ∆RA of 8.6 mΩm2 with RAp of 29.6 mΩm2. Both the MR ratio and ∆RA value are 

nearly the same with those of the CFGG/Ag/CFGG CPP-GMR device grown on an MgO(001) substrate 

reported previously4,21, but much higher than those reported for the polycrystalline all metallic CPP-GMR 
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Fig. 5-14 Typical MR curves and pillar SEM images of CPP-GMR devices annealed at optimal temperature 

400C. 

device. More importantly, higher MR output of Si-based CPP-GMR device can be expected by using high 

spin-polarized Heusler alloy (e.g. CFMS3) and new spacer (e.g.In-Zn-O25). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.4.4 Microstructure 

In order to clarify the layer structure and the reason for the reduction in the MR output for the annealing 

temperature above 400C using the Si(001) substrate, cross sectional TEM observation was made. The high-

angle annular dark-field (HAADF)-STEM image in Fig. 5-15(a) shows a uniform layer structure for the 

device annealed at the optimal temperature of 400C. The nano-beam diffraction patterns and magnified high 

resolution HAADF image of tri-layer region confirm the epitaxial growth and the crystal structure of each 

layer as determined by the XRD results. Note that at the interface between Si and NiAl layers, a layer of ~10 

nm thick silicide is formed. The silicide is identified to be NiSi2 as shown in the corresponding nano-beam 

diffraction pattern. The appearance of NiSi2 is mainly because the NiAl layer was deposited while heating 

the Si substrate up to 500C, which is a temperature high enough for the reaction between Ni and Si. Fig. 5-
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Fig. 5-15 (a) (d) HAADF-STEM images together with nano-beam diffraction patterns (NBDPs) (b) (e) EDS 

mappings and (c) (f) Line scan analysis for epitaxial CPP-GMR devices on Si(001) substrate annealed at 

400C and 550C, respectively. 

15(b) and (c) show the EDS elemental mapping results for the enlarged CFGG/Ag/CFGG trilayer region. All 

the layers are well-defined and the interfaces are sharp. On the other hand, the HAADF-STEM image 

obtained from the device annealed at 550C in Fig. 5-15(d) shows that the silicide layer is twice as thick as 

that in the device annealed at 400C, suggesting the formation of NiSi2 is much more pronounced. The layer 

structure becomes messy and the roughness of the interface increases. The EDS mapping results for the 

enlarged trilayer region in Fig. 5-15(e) and (f) indicate the excess Al rejected from the NiSi2 layer diffuse 

into the bottom CFGG layer. Also the Ag spacer becomes thicker as the result of the diffusion of Ag from the 

bottom electrode layer. The diffusion of Al and Si in the bottom CFGG layer destroys the half-metallicity of 

the bottom CFGG layer, leading to a significant drop of MR output as shown in Fig. 5-13. In order to further 

improve the high temperature tolerance of CPP-GMR devices on the Si substrate, more stable buffer material 

needs to be developed. Nevertheless, a thermal tolerance of 400C is high enough to attain high MR output 

from the CFGG/Ag/CFGG pseudo spin-valves (PSVs). 
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Fig. 5-16 Illustration of CoFe insertion strategy. 

5.5 Further improvement by CoFe insertion 

So far, by using NiAl as a buffer material, we have successfully achieved fully epitaxial growth and 

obtain comparable high MR ratio on Si(001) substrate up to 400C. But serious formation of silicide and 

element diffusion prevent further improvement of MR property at higher annealing temperature. To 

overcome this problem, we come up with an idea that we may probably enhance the thermal stability of 

buffer layer by inserting a CoFe layer between Ag and NiAl as shown in Fig. 5-16 due to a good lattice 

matching with both Ag and NiAl. We also believe that CoFe insertion layer may be able to absorb or block 

Al diffusion by forming alloy. Actually, CoFe insertion layer had been widely used as a method to improve 

MR ratio in both CPP-GMR and TMR devices.23–26 

 

 

 

 

 

 

 

 

 

After the insertion, fully epitaxial was maintained as confirmed by the RHEED patterns for each layers 

shown in Fig. 5-17. Interestingly, the MR output improve significantly as shown in Fig. 5-18, especially at 

high annealing temperature of 500C. Fig. 5-19(a) summarizes the MR outputs of devices with and without 

CoFe insertion as a function of annealing temperature. Nice and uniform multilayer structure without any 

interdiffusion can be seen in Fig. 5-19(b). When we compare the microstructure of these two devices 

with/without CoFe insertion layer in Fig. 5-19(b) and (c), to our surprise, we found that CoFe insertion 

layer can just acted as a diffusion barrier and suppressed the formation of silicide at NiAl/Si interface 

instead of absorbing Al element to form CFA alloy during the high-temperature annealing!  
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Fig. 5-18 Magneto-transport properties of CPP-GMR device on Si(001) substrate with CoFe insertion layer 

annealed at 500C. 

 
Fig. 5-17 Structure illustrations of whole CPP-GMR film stack and corresponding RHEED patterns for each 

layer. 
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Fig. 5-19 (a) Annealing temperature dependence of ∆RA for different epitaxial CPP-GMR devices. (b) and (c) 

HAADF-STEM images together with EDS mappings for devices w/wo CoFe insertion layer, respectively. 
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5.6 Summary of this chapter 

In this chapter, we investigated the use of a NiAl buffer layer for the integration of CPP-GMR devices 

on a Si(001) single crystalline substrate. The summaries are as follow: 

1) By undertaking a NiAl deposition on silicon at a temperature of 500C, a smooth and epitaxial B2-NiAl 

layer with highly (001)-orientation was demonstrated. 

2) The surface roughness of NiAl was further improved by depositing Ag on the NiAl layer and applying 

subsequent post-annealing process.  

3) High quality epitaxial CPP-GMR device on Si(001) substrate was realized by using NiAl buffer layer 

for the first time. 

4) The epitaxial CPP-GMR of CFGG/Ag/CFGG structure grown on the NiAl-buffered Si(001) substrate 

exhibited a high MR ratio of 27.8% and ∆RA of 8.6 mΩm2, which is comparable with those of the 

devices grown on an MgO(001) substrate. Such results demonstrated the feasibility of growing epitaxial 

CPP-GMR on Si wafers, which can exhibit much higher MR output than polycrystalline devices that are 

deposited on amorphous buffered industrially standard chemical-mechanical-polished substrates. This 

gives a potential for developing industrially viable single crystalline CPP-GMR devices on Si wafer for 

allowing higher temperature annealing in combination with the wafer bonding technology. 

5) Thermal stability and MR property of CPP-GMR device on Si(001) substrate were further improved by 

CoFe insertion.  

6) CoFe insertion layer can act as a diffusion barrier and suppressed the formation of silicide at NiAl/Si 

interface during the high-temperature annealing. 

 

Citation of this part can be referred to: 

Jiamin Chen, J. Liu, Y. Sakuraba, H. Sukegawa, S. Li and K. Hono 
“Realization of high quality epitaxial current-perpendicular-to-plane giant magnetoresistive pseudo 
spin-valves on Si(001) wafer using NiAl buffer layer” 

APL Materials. 4, 056104 (2016) [http://dx.doi.org/10.1063/1.4950827] 
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Chapter 6 Fabrication of Single Crystalline Magnetoresistive Sensors on 

Polycrystalline Electrode using Three-Dimensional Integration Technology 
6.1 Introduction 

As discussed in last several chapters, a CPP-GMR device inherently possesses low RA due to its all-

metallic structure; however, the MR ratio used to be too small for any applications. Recently, substantially 

large MR ratios (>80%) and ultralow RA of 0.05 m2, which satisfy the requirements for >2 Tbit/in2,1 have 

been realized in CPP-GMR devices with Co-based Heusler alloys such as Co2MnSi and Co2Fe(Ga0.5Ge0.5) 

(CFGG)2,3 that exhibit half-metallic behavior. However, the following three critical issues still hinder 

practical applications of the CPP-GMR devices. First, MR ratios > 30–50% have been achieved only in 

(001)-oriented epitaxial CPP-GMR devices grown on unpractical MgO(001) substrates. Secondly, epitaxial 

device cannot be grown on permalloy shield with current read head sensor fabrication process. Thirdly, high-

temperature annealing over 500°C for Heusler alloy is indispensable to obtain the high MR ratios. Such high-

temperature annealing is not compatible with the conventional fabrication processes of read heads because it 

damages the permalloy magnetic shield and destroy layered structure of polycrystalline devices.  

The first problem was successfully solved by using NiAl buffer layer for high quality epitaxial growth 

of CPP-GMR devices on Si(001) single crystalline substrate as described in chapter 5. In this chapter, we 

describe how to overcome the remaining two critical issues by developing new three-dimensional integration 

technology concept. This concept is based on direct wafer bonding and backside silicon removal process, 

which enable integration of high-performance epitaxial CPP-GMR devices on polycrystalline electrode for 

sensor applications. 

 

6.2 Epitaxial CPP-GMR device on Polycrystalline electrode (Ta-Au bonding) 
6.2.1 Experimental detail 

Epitaxial CPP-GMR devices and polycrystalline electrode are fabricated on two different wafers, 

respectively. Fully epitaxial CPP-GMR devices with layer structure of 

NiAl(50)/CoFe(10)/Ag(50)/CFGG(10)/Ag(5)/CFGG(10)/Ag(5)/Au(5) (unit in nm) were deposited onto a 2 

inch single-crystal Si(001) wafer using the ultrahigh vacuum magnetron sputtering system. On the 8 inch 

counter thermally-oxidized Si wafer, a poly-crystalline multilayer was deposited to simulate permalloy 

bottom electrode. Direct wafer bonding of the epitaxial CPP-GMR film with polycrystalline electrode were 

performed by using the room-temperature bonding apparatus (MWB-12ST Mitsubishi Heavy Industries). For 

the first trial, a Ta cap layer was deposited on the permalloy layer to obtain strong adhesion at the bonded 

interface. Surface oxide layers on the Ta cap layers were sputter-etched in situ by Ar ion beam, and the 

wafers were immediately bonded in a high vacuum. Details of whole process are shown in Fig. 6-1.  
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Fig. 6-1 Wafer bonding process in this study. Epitaxial CPP-GMR film on 2inch Si(001) substrate was bonded 
on poly-crystalline permalloy film deposited on 8 inch Si/SiO2 wafer. 

 

Fig. 6-2 Principle of the surface-activated bonding (SAB)4. 

 

 

 

 

 

 

 

 

 

6.2.2 Room-temperature direct wafer bonding 

The room –temperature wafer bonding method that used in this study is called “surface-activated 

bonding” (SAB) 4. Surface of the wafer is firstly sputter etched by Ar ion beam and then bonded at room 

temperature in vacuum as shown in Fig. 6-2. The etching can remove surface contamination, which make 

surface atoms stable. After etching, the surface atoms reach active state and their reactivity enables inter-

atomic bond formation at RT.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6-3 depicts the detail structure of sample used for wafer bonding. Fig. 6-4(a) and (b) show the 

thickness distribution and scanning acoustic microscope image of the bonded wafers, respectively. Both the 

small total thickness variation and the image without visible voids suggest a successful bonding.  

 

6.2.3 Removal of backside Si substrate 

The thinning process flow is shown in Fig. 6-5. The 2inch side Si wafer was removed by a high-speed 

but less damage process. First, coarse grindings were performed using 321- grit wheel until remaining 

thickness of around 75 m. Then fine grindings were performed using 8000- grit wheel until remaining 

thickness of around 15 m. Fig. 6-6 shows image of sample right after fine grinding. Next, the residual Si 
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Fig. 6-4 (a) Thickness distribution of 2 inch wafer with 8 inch wafer after wafer bonding. (b) Ultrasonic 
microscopy image of 2 inch wafer after bonding. 

 

Fig. 6-3 Structure of sample used for wafer bonding 

was selectively removed by wet etching with alkaline solution. To remove Si, tetramethylammonium 

hydroxide (TMAH)-based solution, which exhibited a high etching selectivity to NiAl layer, was used. 

Although some edge areas are not perfectly bonded, and point defects can be found in the sample after 

removing the top Si substrate (see Fig. 6-7), most of the areas in the sample are clean enough for the 

subsequent micro-fabrication of CPP-GMR devices. 
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Fig. 6-5 Thinning process flow. 

 

Fig. 6-6 Image after fine grinding. 
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Fig. 6-7 Photos for the sample after grinding and wet etching of top Si substrate. 

 

Fig. 6-8 Photos for the sample (a) after Si etching with TMAH+additive and (b) after NiAl/CoFe etching with 
30% H3PO4. 

  30%H3PO4with . 
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Fig. 6-9 Microstructure analysis of the stacking film after bonding and bonding interface by HR-HAADF 
STEM. Epitaxial CPP-GMR film is successfully bonded on Ta capping layer without any remarkable defects 

at the interface. 

6.2.4 Removal of redundant layer 

Redundant NiAl and CoFe layer, which are original buffer layer of the epitaxial CPP-GMR film, were 

removed by H3PO4 acid with a concentration of 30%. Fig. 6-8 shows image of the sample before and after wet 

etching of NiAl and CoFe layer, respectively. 

6.2.5 Epitaxial CPP-GMR device on Polycrystalline electrode 

After removal of redundant layer, TEM observation of sample was conducted to check the bonding 

interface condition and surface condition. Microstructure of the bonding interface was analyzed by high-

resolution HAADF-STEM and EDS mapping (Fig. 6-9). Clean and flat Ag sample surface can be observed, 

which indicate a successful removal of NiAl and CoFe layer after wet etching. Smooth Ta/Au bonding 

interface without any voids is observed. In the magnified HAADF image of bonding interface region, a clear 

bonding is obtained while keeping the single-crystal structure of Au layer on top of amorphous-like Ta layer. 

The appearance of amorphous-like Ta layer is probably coming from damage of Ar ion beam etching before 

bonding. Interestingly, such kind of damage was not observed in the Au layer side. Note that this is first 

demonstration for direct bonding epitaxial MR multilayer film on top of amorphous layer. The EDS mapping 

images show that the Au/Ta interface is sharp without any oxidation, which means the epitaxial CPP-GMR 

film is successfully bonded on top of the permalloy bottom electrode. 
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Fig. 6-10 Magneto-resistance measurement results for bonded sample after microfabrication. 

By using the successful bonded sample, we try to fabricate CPP-GMR device by microfabrication. 

However, sample right after removal of redundant layer is not directly suitable for CPP-GMR device 

fabrication. The remaining 50 nm thick Ag surface layer, which is original buffer layer, is too thick for pillar 

fabrication because redeposition problem may occur at the side wall of the pillar which will significantly 

degrade MR property of the device. Therefore, reverse sputter needs to be applied to the sample to thin the 

remaining Ag layer. In addition to that, due to the microfabrication process limit in our lab, EB lithography 

resist (maN-2403) that we used for making pillar can only work with sample with Ru surface. Hence, before 

microfabrication, Ru capping layer is necessary right after thinning of Ag layer. We first reverse sputter the 

bonded sample to reduce Ag layer  thickness to around 5nm, then deposit 8nm Ru capping layer without 

breaking vacuum. Finally, CPP-GMR devices were fabricated by microfabrication process that we always 

use as described in Fig. 2-3 in chapter 2. Unfortunately, no MR output was obtained for the 1st trial sample of 

CPP-GMR devices, and for the 2nd trial sample, only one normal MR loop can be obtained from total 224 

devices as shown in Fig. 6-10. We speculated that the problem may come from very thin Ag/Au capping 

layer in the epitaxial CPP-GMR multilayer side. 
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Fig. 6-11 Microstructure of sample before microfabrication and after Ru capping layer deposition. 

In order to clarify what is the reason for the loss of MR output in the devices, microstructure analysis is 

employed. TEM characterization of sample before microfabrication and after Ru capping layer deposition is 

shown in Fig. 6-11. The tem image shows that interface between Ru and Ag layer is pretty rough. This is 

probably due to the reverse sputtering, because reverse sputter normally will deteriorate surface roughness of 

the sample. From the EDS mapping results, some areas of Ag spacer contained CFGG can be seen as 

indicated as the red dash line in the figure. In the Au layer, some regions mixing with Ag can be found as 

well. We also checked the microstructure of the pillar after microfabrication showing in Fig. 6-12. In the 

pillar, similar problem can be found and the inter mixing between Ag and Au becomes more serious as 

shown by the dash circle in Fig. 6-12. These microstructures are totally different from the nice multilayer 

structure that shown in Fig. 6-9 right after removal of redundant layer. The reason for such big difference 

could be attributed to solid solution between Ag and Au. Silver and gold are well known to from 

substitutional solid solution easily for all concentrations even at room temperature due to the same FCC 

crystal structure and similar lattice constant. During the reverse sputtering or the Ar milling process, sample 

can get unavoidable heated, which will promote the solid solution of Ag and Au layer. Inter mixing between 

Ag and Au will lead to the degradation of CFGG/Ag/CFGG trilayer structure, which is the key part for CPP-

GMR device, resulting in the loss of MR output. Therefore, more stable capping materials combination 

maybe needed to reproduce MR output of epitaxial CPP-GMR device even after wafer bonding and 

microfabrication. 
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Fig. 6-12 Microstructure of pillar from sample after microfabrication. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

6.3 Effect of material selection on bonding interface 
After realizing Ag/Au capping is not a good choice for obtaining stable bonding interface, we decided 

to systematically investigate bonding interface condition dependence on different capping materials for 

direct wafer bonding processing.  

6.3.1 Experimental detail 

Epitaxial multilayers was fabricated on 2inch Si(001) single crystalline substrate with three different 

capping layers (Ta, Au and Ta/Au) to represent epitaxial device (see Fig. 6-13). To simply the sample 

preparation, trilayer structure of CFGG/Ag/CFGG is removed in all samples. All the samples are epitaxial 

growth as confirmed by RHEED patterns and show smooth surface as indicated by AFM results. The reason 

why we choose Au and Ta as candidates is because Au and Ta can represent soft and hard material, 

respectively. On an 8 inch counter wafer, again, a polycrystalline electrode multilayer was stacked. The 2 

inch Epi-multilayer and 8 inch Poly-electrode were bonded by a room-temperature bonding apparatus as 

shown in Fig. 6-14. 
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Fig. 6-13 Epitaxial multilayers on 2inch Si(001) single crystalline substrate with three different capping layers 
(Ta, Au and Ta/Au) and related surface RHEED patterns and surface roughness. 

 

Fig. 6-14 Illustration of Epitaxial multilayers bonded with polycrystalline bottom electrode with different 
capping layer combinations. 
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Fig. 6-15 Microstructure analysis of sample with Ta-Au bonding interface. 

6.3.2 Ta-Au bonding 

Here Ta-Au bonding means wafer bonding is conducted between epitaxial multilayer with Ta capping 

layer on 2inch wafer and polycrystalline electrode with Au capping layer on 8 inch wafer. Fig. 6-15 shows 

microstructure of sample with Ta-Au bonding interface. As shown in the low magnification HAADF image, 

all the layers look uniform. The bonding interface between Ta and Au is clear and well-attached. Note that 

there is a very thin grey contrast at the Ta/Au bonding interface. This thin grey contrast originated from the 

amorphous-like Ta damage layer, which is around 5 nm as shown in the high magnification HAADF image. 

Surface of Ta capping layer changes from single crystalline to amorphous-like after bonding. The bonding 

interface in this case looks similar with the one that shown in Fig. 6-9. No element interdiffusion is observed 

from the EDS mapping results. Damage at Ta surface is not preferable because it mays cause unexpected 

electron scattering when current flow through the bonding interface in the device. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.3.3 Au-Ta bonding 

Here Au-Ta bonding means wafer bonding is conducted between epitaxial multilayer with Au capping 

layer on 2inch wafer and polycrystalline electrode with Ta capping layer on 8 inch wafer. Fig. 6-16 shows 

microstructure of sample with Au-Ta bonding interface. As shown in the low magnification HAADF image, 

the bonding interface between Ta and Au is also clear and well-attached. Again, a very thin grey contrast 

which is coming from amorphous-like Ta damage layer at the Au/Ta bonding interface is observed. It is 

important to point out that such kind of surface damage can only be observed from Ta side but not in Au side, 

as confirmed from Fig. 6-9, Fig. 6-15 and Fig. 6-16. From the EDS mapping results, a serious intermixing 

between Ag and Au layer can be found, which makes Ag/Au interface unclear. Surprisingly, recrystallization 

seems to occur in both Ag and Au layers, which varies both layers from single crystalline before bonding 

(confirmed by RHEED pattern in Fig. 6-13) to polycrystalline after bonding as indicated by two sets of 
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Fig. 6-16 Microstructure analysis of sample with Au-Ta bonding interface. 

different nano-beam diffraction patterns. The origin of intermixing and recrystallization may be related the 

solid solution behavior between silver and gold and the pressure introduced during the bonding process. Note 

that in the sample that we failed to obtain MR loop after bonding shown in and Fig. 6-12, similar Ag and Au 

intermixing issue occurred. Therefore, this capping materials combination shown in Fig. 6-16 is not suitable 

to obtain stable multilayer structure after bonding process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.3.4 Au-Au bonding 

Here Au-Au bonding means wafer bonding is conducted between epitaxial multilayer with Au capping 

layer on 2inch wafer and polycrystalline electrode with Au capping layer on 8 inch wafer. Fig. 6-17 shows 

microstructure of sample with Au-Au bonding interface. As shown in the low magnification HAADF image, 

the bonding interface between Au and Au looks perfect. The interface is so well-attached that it is hard to 

distinguish where it is in low magnification image. In this Au-Au bonding case, no damage grey contrast is 

observed at the bonding interface. From the high magnification HAADF image, we can clearly see 

polycrystalline Au is successfully bonded with epitaxial Au. The bonding interface is free of damage and 

exhibit grain-boundary-like interface. The fast Fourier transform (FFT) filtering image of horizontal 

direction reveals no out-of-plane dislocation at the bonding interface. All the layers are sharp and uniform. 

No interdiffusion was found to occur after bonding as demonstrated by the EDS mapping results. Among 

three bonded samples, Au-Au bonding shows the best bonding interface condition as shown in Fig. 6-18.  
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Fig. 6-17 Microstructure analysis of sample with Au-Au bonding interface. 

 

Fig. 6-18 Microstructure comparisons of samples with ①Ta-Au bonding interface, ②Au-Ta bonding interface 
and ③Au-Au bonding interface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.4 Epitaxial CPP-GMR device on Polycrystalline electrode (Au-Au bonding) 
After understanding that Au-Au bonding can provide the best condition, we apply the Au-Au bonding 

process to the sample with CFGG/Ag/CFGG trilayer structure for CPP-GMR device fabrication. The 

microstructure is shown in Fig. 6-19. Uniform multilayer structure is presented as expected. The essential 

CFGG/Ag/CFGG trilayer structure remains continuous even in large range of region as confirmed in the low 

magnification HAADF image. With this nice structure, we did microfabrication to make CPP-GMR device 

and measure its MR property. Finally, similar MR output of Epi-CPP-GMR device is successfully 

reproduced after bonding process by using Au-Au bonding (see Fig. 6-20)! This result for the first time 

demonstrates the possibility of integrating epitaxial multilayer device on polycrystalline electrode vertically, 

which is a promising technology not only for utilizing epitaxial CPP-GMR device for ultrahigh-density hard 
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Fig. 6-19 Microstructure of CPP-GMR device with Au-Au bonding interface. 

 

Fig. 6-20 Typical MR curve of CPP-GMR device after Au-Au bonding. 

disk drives (HDDs) read head sensor5, but also for 3D stacking of epitaxial magnetic tunneling junction 

(MTJ) in ultrahigh-density MRAM6. 
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Fig. 6-21 Resistance of the CPP-GMR devices as a function of the inverse of CPP-GMR pillar area. 

Although ∆RA shows similar value, the MR ratio for the device after bonding is much lower than the 

one that before bonding if we compare Fig. 5-18 with Fig. 6-20. The reason for that is much higher bottom 

electrode resistance in the bonded CPP-GMR device compared with the device before bonding due to the 

usage of high resistivity materials and complicated multilayer structure. As shown in Fig. 6-21, lead 

resistance is estimated to be 1.81 Ω, which is almost 4 times larger than the convention 100 nm thick Ag 

bottom electrode that we always use. In this study, we didn’t focus on optimizing polycrystalline bottom 

electrode with simple structure to achieve flat surface together with low resistance. If one can improve this 

part, MR ratio can be further enhanced. Devices resistance presented in Fig. 6-21 looks pretty scatter. 

Because of the scattering device resistance, large estimation error may occur if subtracting lead resistance to 

calculate the real MR ratio so we didn’t calculate here. To understand the origin of device scattering, 

microstructure was analyzed. By looking at the TEM image shown in Fig. 6-22, we come to know that such 

device scattering is mainly because of the inhomogeneous surface morphology, which is caused by the Ar 

milling process during the removal of redundant NiAl/CoFe and part of Ag layer. Due to the process limit in 

our lab, Ar milling or reverse sputtering is the only method we can apply to remove redundant layer, during 

which deterioration of surface roughness is unavoidable. If wet etching process which can produce 

homogeneous surface is available, better device property can be expected. 
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Fig. 6-22 Microstructure of CPP-GMR device after removal of redundant layer and deposition of 8nm Ru. 
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6.5 Summary of this chapter 
In this chapter, fabrication of Single Crystalline Magnetoresistive Sensors on Polycrystalline Electrode 

using Three-Dimensional Integration Technology was successfully achieved. The summaries are as follow: 

 

1) Integration of epitaxial CPP-GMR device on top of a polycrystalline bottom electrode was realized for 

the first time by Three-Dimensional Integration Technology based on direct wafer bonding and backside 

silicon removal process. 

2) Bonding interface condition dependence on different capping materials for direct wafer bonding 

processing was systematically investigated. Among three bonded samples, Au-Au bonding shows the 

best bonding interface condition. The bonding interface looks perfect, free of damage and grain-

boundary like. All layer structure remains uniform after bonding. In the case of Ta-Au bonding, layer 

structure seriously deteriorates in 2inch side because of mixing between Ag and Au layer. Damage can 

be always seen at the bonding interface of Ta side but not in Au side in both Au-Ta bonding and Ta-Au 

bonding. 

3) Similar MR output of Epi-CPP-GMR device is successfully reproduced after bonding process by using 

Au-Au bonding, which is a promising technology not only for utilizing epitaxial CPP-GMR device for 

ultrahigh-density hard disk drives (HDDs) read head sensor, but also for 3D stacking of epitaxial 

magnetic tunneling junction (MTJ) in ultrahigh-density MRAM. 

4) Better device property after bonding can be expected if further process optimization is available. 
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Chapter 7 Summary and future perspectives 
Current-perpendicular-to-plane (CPP) giant magnetoresistance (GMR) device has been considered to be 

next generation read head sensor for future ultra-high density hard disk drives (HDD) exceeding 2Tbit/in2 

owing to its intrinsic low device resistant. A lot of progress has been carried out in this field but further 

efforts to promote development in fundamental studies and build up a “bridge” between fundamental studies 

and practical applications are still strongly desired. For that purpose, this thesis was conducted to develop 

high performance and practical applicable Heusler-alloy-based CPP-GMR device by investigating new 

materials and new concept of processing. The specific objectives are (1) To establish a fabrication process 

for (110)-oriented epitaxial CPP-GMR devices and investigate its crystallographic orientation dependence of 

MR output, (2) To search for new highly spin-polarized Heusler alloy with high driving force for L21-order 

even at low annealing temperature for CPP-GMR device application, (3) To grow high quality epitaxial 

CPP-GMR device on Si(001) wafer by selecting appropriate buffer materials, and (4) To fabricate single 

crystalline CPP-GMR device on polycrystalline electrode using wafer bonding technology. These four 

missions are described from Chapter 3 to Chapter 6, respectively. The results are summarized as follow: 

1) The fabrication process of (110)-oriented epitaxial CPP-GMR device was established.  

For Ag and Cu spacer, fully epitaxial CPP-GMR devices with a (110)-oriented CFGG Heusler alloy and 

a (111)-oriented spacer were developed, and the MR properties are compared with those reported for the 

CPP-GMR devices with a (001)-oriented CFGG layer. Significant degradation of the MR output is 

observed for the (110)-oriented devices with the (111)-oriented Ag spacer compared with the (100)-

oriented devices. In contrast, the (110)-oriented device exhibits a higher MR output with a (111)-

oriented Cu spacer, suggesting that an improvement of the GMR ratio can be obtained by selecting an 

appropriate orientation relationship to tune the lattice mismatch between the FM layer and the spacer. 

The (110)-oriented PSVs demonstrate a ΔRA value of 4.1 mΩ·μm2 with a Cu spacer at 350°C and 3.7 

mΩ·μm2 with an Ag spacer at 450°C. 

For NiAl spacer, The spin-valve with all-B2 CFGG/NiAl/CFGG trilayer were successfully fabricated in 

both (001) and (110) orientations with a spacer thickness of 2 and 5 nm. Two different oriented devices 

with the same trilayer structure show the same magneto-transport properties, indicating there is no or 

very small orientation dependence of band matching on MR output. A thinner NiAl spacer can lead to a 

slightly higher value of ΔRA due to the short spin diffusion length but further improvement is not 

available because of the appearance of the strong interlayer exchange coupling. BCC structure spacer 

with longer spin diffusion length will be an effective way to enhance the MR output for the CPP-GMR 

read head in the future. Negligibly small dead layer thickness from magnetization property measurement 

and flat and strain free interface from TEM observation show that the interface condition is good for 

CFGG/NiAl combination regardless of the orientation of the film. 

2) A series of Heusler alloys, Co2(Fe1-xTix)Si ( 10  x ) were fabricated, and their electronic states, 

crystal structure, and spin-dependent transport properties were systematically investigated. First-
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principles calculations of DOS predicted that the minority-spin DOS forming CB edge of half-metallic 

gap is located near Fermi level in Co2FeSi, which shifts toward higher energies with increasing x, 

suggesting the improvement of spin-polarization at room temperature by the substitution of Fe with Ti.  

The improvement of spin-polarization at RT were qualitatively confirmed by the sign change of AMR 

ratios of Co2(Fe1-xTix)Si with x=0 to x=0.1 and the suppression of the temperature dependence of ∆ 

with increasing x. We also evaluated the spin polarization of CFTS by measuring non-local spin signals 

of the NLSV devices with CFTS thin films wires. The one-dimensional model fitting of the spin signals 

suggested that the spin-polarization at room temperature increases from 0.61 for Co2FeSi to 0.70 for 

Co2Fe0.8Ti0.2Si. We also confirmed that the kinetic L21-ordering temperature decreases from 650 ºC for 

Co2FeSi to 400 ºC for x > 0.2, which is promising feature for various spintronic applications that have a 

limitation for annealing temperature. 

3) The use of a NiAl buffer layer for the integration of CPP-GMR devices on a Si(001) single crystalline 

substrate was realized. By undertaking a NiAl deposition on silicon at a temperature of 500C, a smooth 

and epitaxial B2-NiAl layer with highly (001)-orientation was demonstrated, indicating that NiAl can 

act as a template for epitaxial CPP-GMR devices. The surface roughness of NiAl was further improved 

by depositing Ag on the NiAl layer and applying subsequent post-annealing process. The epitaxial CPP-

GMR of CFGG/Ag/CFGG structure grown on the NiAl-buffered Si(001) substrate exhibited a high MR 

ratio of 27.8% and ∆RA of 8.6 mΩm2, which is comparable with those of the devices grown on an 

MgO(001) substrate. This work demonstrated the feasibility of growing epitaxial CPP-GMR on Si 

wafers, which can exhibit much higher MR output than polycrystalline devices that are deposited on 

amorphous buffered industrially standard chemical-mechanical-polished substrates. This gives a 

potential for developing industrially viable single crystalline CPP-GMR devices on Si wafer for 

allowing higher temperature annealing in combination with the wafer bonding technology. 

4) Integration of epitaxial CPP-GMR device on top of a polycrystalline bottom electrode was realized for 

the first time by Three-Dimensional Integration Technology based on direct wafer bonding and backside 

silicon removal process. Bonding interface condition dependence on different capping materials for 

direct wafer bonding processing was systematically investigated. Among three bonded samples, Au-Au 

bonding shows the best bonding interface condition. The bonding interface looks perfect, free of 

damage and grain-boundary like. All layer structure remains uniform after bonding. In the case of Ta-

Au bonding, layer structure seriously deteriorates in 2inch side because of mixing between Ag and Au 

layer. Damage can be always seen at the bonding interface of Ta side but not in Au side in both Au-Ta 

bonding and Ta-Au bonding. Similar MR output of Epi-CPP-GMR device is successfully reproduced 

after bonding process by using Au-Au bonding, which is a promising technology not only for utilizing 

epitaxial CPP-GMR device for ultrahigh-density hard disk drives (HDDs) read head sensor, but also for 

3D stacking of epitaxial magnetic tunneling junction (MTJ) in ultrahigh-density MRAM. 

 



137 

 

This study shows great potential of future application of Heusler-alloy-based CPP-GMR device as read 

head sensor in ultra-high density hard disk drive. However, current research status in this field is still far 

from practical application level. Therefore, further development of new materials and new processing are 

required. From the study in chapter 3 of this thesis, we come to know that spacer material with good lattice 

and band matching with ferromagnetic layer material is essential to achieve high interfacial spin scattering 

asymmetry  as indicated in Valet-Fert model. Recently, new spacer materials such as Ag-alloy1,2 and 

semiconductor3,4 have been reported, sending message that there is still a large room to improve MR output 

by new spacer material searching. Ag-Alloy, semiconductor material and nonmagnetic Heusler alloy are all 

promising direction for spacer materials investigation. For the ferromagnetic layer material, Heusler alloy is 

definitely a good candidate to obtain large bulk spin scattering asymmetry , which is a key factor for MR 

output enhancement. In chapter 4, Co2(Fe1-xTix)Si Heusler that we have studied show impressive feature of 

low L21 ordering temperature down to 400 ºC, which is promising for practical application. But 

unfortunately, spin polarization of Co2(Fe1-xTix)Si is still lower than previous reported high spin-polarized 

Heusler alloy such as CFGG and CFMS. Better Heusler alloy needs to be developed. Actually, there are still 

a lot of unexplored materials hiding inside the Heusler alloy family. Up to now, only small amount of 

quaternary Heusler alloys have been systematically studied and there is little report about quinary Heusler 

alloy. Thus, more investigations in this filed could be promising for realizing higher MR output. From the 

practical point of view, epitaxial growth of CPP-GMR device on Si substrate described in chapter 5 enable 

us to develop industrially viable high performance single crystalline CPP-GMR devices without relying on 

unpractical expensive MgO substrate. It is also interesting to use NiAl buffer layer for developing epitaxial 

MTJs on Si substrate for next generation MRAMs application. Currently, annealing temperature in read head 

fabrication process is mainly limited by the thermal stability of soft magnetic shield layer (typically 

permalloy). Three dimension integration technology described in chapter 6 has provided us a new concept of 

processing to solve the problem of annealing temperature limit, so that more freedom of material selection 

can be obtained to achieve higher CPP-(G)MR output. Actually, this technology can also be extended to 

various spintronic application based on single crystalline devices. 
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