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Preface 

L10 FePt has drawn a considerable research interest as a potential candidate for 

perpendicular recording system due to its high magnetocrystalline anisotropy. The 

corresponding value is 7×106 J/m3 with its easy axis along c axis. However, compared 

with single layer material, interface phenomena originated from heterostructures plays 

a more important role in modern information technology. Moreover, the challenges 

involved in understanding the physics behind the interface phenomena have made it 

become a promising area for both theoreticians and experimentalists.  

In this work, the structural and magnetic interaction in L10 FePt based nano-

heterestructures has been studied. For structural interaction, we investigated the effect 

of the interfaces and strain/stress in ultrathin FePt layer using FePt/AlN multilayer 

structure. In order to study the coupling at ferromagnetic (FM)/antiferromagnetic 

(AFM) interface, we have designed and fabricated perpendicular exchange biased 

FePt/NiO bilayer structure and “naturally” 90º FM interlayer coupled FePt/NiO/FePt 

trilayer structure. With the assistance of strong uniaxial magnetic anisotropy in 

ordered FePt, the coupling configuration at FM/AFM interface has been investigated 

through different experimental approaches. Based on our results, we find that the 

angle between FM and AFM spin at interface is not exact 90º, which may unravel the 

origin of exchange bias in coupled FM/AFM structure with compensated AFM 

interface.  
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Chapter 1 Introduction 

1.1 Magnetic recording technologies 

Magnetic storage is an extremely important technology, which is widely used to 

store computer data as well as audio and video signals and has become a necessity in 

our daily life. The history of magnetic storage could be dated to its invention by 

Valdemar Poulsen more than hundred years ago.1 In 1956 the first magnetic hard disk 

drive (HDD) was invented featuring a total storage capacity of 5 MB at a recording 

density of 2 Kbit/in2.2 From then on, HDD went on its historical stage as a dominate  

 

FIG 1-1 Development of areal density and decreasing trend of bit size in hard disk 

drives.3 

device for external storage of data, primarily used in computers, until nowadays. In 

the quest to maintain this position and keep pace with the requirement of external 

storage, the areal density of HDD has been increasing at 25-35% per year with 

decreasing the bit size (see Fig 1-1).3 In the year of 2011, Toshiba has claimed a
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recording density of 744Gb/in2, and the pursuit of higher areal densities will still 

continue. 

However, continued growth in areal density is suffering from a bottleneck 

limited by superparamagnetic effect in modern recording media. In order to push 

further out the confining limitation of media thermal instabilities, some significant 

improvements of the recording media have been achieved by using new thin film 

materials or architectures, for instance, antiferromagnetically coupled (AFC) media,4,5 

perpendicular6 and thermal assisted recording (TAR)7 et al. 

1.1.1Fundamental magnetism of magnetic recording media 

1.1.1.1 Signal to noise ratio (SNR) 

SNR is a measure of the read back voltage strength relative to the background 

noise, and is one of important parameters determining the error rate of HDD systems 

and limiting the final areal density. For current HDD system, media noise is a 

dominate effect on the SNR, which is mainly composed of DC noise and transition 

noise. The DC noise is directly caused by the granularity of the media. It produces a 

variable magnetization and signal amplitude with different grain diameter and grain 

orientation. The transition noise is generated by the transition region and increases 

linearly with the transition density, which is mainly determined by intergranular 

exchange coupling and magnetostatic interaction. 

SNR can be roughly estimated by the equation below,8 which is valid only for 

uncorrelated noise: 

2
50

2 2 2 3 2

0.31
(1 ) (1 )

read readPW BW B WSNR
D Da σ a σ

≈ ≈
+ +

           (1.1) 
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Where PW50/B = 3, α =  /D;9 σ is the normalized grain size distribution width and 

Wread is the read width of the head; a is the transition parameter, characterizing the 

magnetic width of the transitions. From Eq (1.1), it is clearly seen that SNR is 

inversely proportional to the 3rd power of grain diameter D. Therefore, by reducing 

the grain diameter, SNR can be significantly improved. 

1.1.1.2 Thermal limit 

To reduce the grain volume in the scaling process, the magnetization of grains 

will become unstable because of thermal fluctuation. As a consequence, the 

magnetization decays with time, which may cause data loss. This phenomenon, also 

referred to as superparamagnetic effect, is realized important to achieve higher 

recording densities in HDD products. 

As the weak intergranular exchange coupling, the longitudinal recording medium 

can be approximated formed by independent particles. Thus, the following simple 

model can describe these thermal effects. The energy barrier for magnetization 

reversal with an external magnetic field is given by the equation below2 

0

( , ) (1 )n
u

HE H V K V
H

= −            (1.2) 

Ku is the magnetic anisotropy and H0 is the intrinsic switching field; the index n is a 

factor depending on the easy axis orientation of the grains. When considering a 

certain temperature, the energy barrier needs to be compared to the thermal activation 

energy kBT, where kB is Boltzmann’s constant and T is absolute temperature. The 

relaxation time τ is an exponential function given by the Arrhenius-Neel law10 

0

1 exp( )B

B

E
f k T

τ =                 (1.3) 
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Here, f0 is the attempt frequency. From Eq (1.2) and (1.3), it can be seen that the 

relaxation time decreases with reducing grain volumes, which leads to potential data 

loss as the medium is thermally demagnetized. 

Theoretical11 and experimental12 analyses predict that at the thermal stability 

condition KuV > 55kBT and the drive working temperature about 340K, the signal 

stability can be sufficiently sustained over at least five years for data storage. This 

criterion sets the limitation of minimum grain volume and is the basic predictions for 

areal densities limited by thermal activation of the grains.11 

1.1.2 Chemically ordered L10 FePt media and corresponding study 

As mentioned in section 1.1.1, approaching areal density toward 1Tb/in2 by 

decreasing the grain size, the recording media is predicted to encounter the 

superparamagnetic instability. In order to overcome this issue, materials possessing 

high magnetic anisotropy (ku) must be utilized as recording media. Recently, L10 

chemically ordered FePt film with face centered tetragonal (fct) structure has drawn a 

considerable attention as a potential candidate for ultrahigh density recording media 

due to its high magnetic anisotropy and its value is 7×106 J/m3. However, when the 

FePt film is deposited at RT, it exhibits fcc structure. A high temperature annealing 

treatment is needed to trigger the phase transformation from disordered A1 to ordered 

L10 structure, namely, ordering phase transformation.  

1.1.2.1 Basic knowledge on FePt ordering phase transformation 

In most substitutional solid solutions, the two kinds of atoms A and B are 

arranged more or less randomly on the atomic sites of lattice. In this type of solution, 

the dominate effect of a change in temperature is to increase or decrease the amplitude 
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of thermal vibration.13 However, there are also some solutions which have this 

random structure only at elevated temperatures, e.g., FePt alloys. As these solutions 

are cooled down below a critical temperature Tc, the A and B atoms arrange 

themselves at certain lattice sites with periodic manner. This type of solution then 

appears to be ordered or possess a superlattice. When this periodic arrangement of A 

and B atoms persists over a long distances in the crystal, it is defined as long range 

order. If the ordered solution is heated up above Tc, the atoms of A and B rearrange 

themselves at a random manner, i.e., disordered structure. 

 

FIG 1-2 Binary phase diagram of Fe-Pt.14 

The Fe-Pt phase diagram is shown in Fig 1-2.14 The melted stoichiometric FePt 

solidifies into a disordered fcc phase (Fig 1-3a) and then transforms into an ordered 

fct phase (Fig 1-3b) near 1300ºC. This transformation shows characteristics that it 

takes place at a very high temperature and does not require a long range diffusion 

process (interface control growth).15 For ordered FePt, Fe and Pt atoms are stacked in 

alternative layers along c axis as shown in figure 1-3b. In the Fe-Pt phase diagram, the 

L10 phase region is surrounded by narrow two phase regions, indicating that the 
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ordering phase transformation of FePt may be characterized by a first order phase 

transformation.16   

To describe the state of chemical order in FePt films, an order parameter is 

quantified as follow17 

Pt Pt Fe Fe
Pt Fe

Fe Pt

r x r xS r r
y y
− −

= + = =           (1.4) 

Where xPt and xFe are the atomic fraction of Fe and Pt; rPt and rFe are the fraction of Pt 

and Fe sites occupied by the correct atom in the L10 structure; yPt and yFe are the 

fraction of correct Pt-sites and Fe-sites and both equal to 0.5 in the L10 structure. 

When the chemical order is prefect, i.e., S = 1, all Pt-sites and Fe-sites are occupied 

by the correct atoms. While for complete disorder, all sites are equally occupied by Pt 

and Fe and S = 0. From the definition of S above, it is known that the prefect order 

can obtained only at the equiatomic composition. For other cases, the maximum S 

shows a dependence on composition and can be expressed as Smax = 1-2x, in which x 

is the compositional deviation from 0.5.18 

 

FIG 1-3 Schematic drawing of FePt crystallographic structures of (a) A1 phase (b) L10 

phase. 
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For application of FePt in magnetic recording system, the main task is to achieve 

the ordered phase in reducing dimension. In such issue, some parameters determine 

the ordering phase transformation, which must be taken into account. In the following 

sections, the fundamental influential factors of composition and thickness on FePt 

ordering phase transformation in thin film will be given.  

1.1.2.2 Role of composition on ordering transformation in FePt thin film near the 

equiatomic ratio 

K. Barmak19 and D.C. Berry20 et al. have investigated the kinetics and 

thermodynamics of the A1 to L10 transformation in FePt films near the equiatomic 

ratio by using differential scanning calorimetry (DSC). Fig 1-4b shows that the 

activation energy for the transformation is in the range of 1.4 to 2.0eV and shows a 

minimum at the atomic ratio of Fe around 52%. This minimum value of activation 

energy reflects the greater ease of nucleation of the L10 phase and transport of atoms 

across the A1-L10 interface in this composition. As seen in Fig 1-4b, the kinetic 

ordering temperature decreases as the Pt content is increased and reaches a minimum 

temperature at 357ºC near 46% Pt. Through the critical point, it increases more 

rapidly for Pt-rich films than the Fe-rich films. The decrease in the kinetic ordering 

temperature suggests the increase in driving force for the transformation. Based on the  

 

FIG 1-4 (a) Kinetic ordering temperature as a function of composition for A1 to L10 

transformation in FePt,20 (b) activation energy as a function of Fe content in the films.19 
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result (in Fig 1-4b), it indicates that the largest driving force over this composition 

range is near 46% Pt. Taking into account the influence of composition on the 

activation energy and kinetic ordering temperature, the off stoichiometric Fe-rich 

films requires a relatively low temperature for the ordering phase transformation. 

1.1.2.3 Dimensional dependence of FePt ordering phase transformation  

 

FIG 1-5 Long range order parameter (filled symbols/solid lines) for various 

temperatures calculated by Monte Carlo simulations of bulk CoPt (no symbol), a 3 nm 

diameter isotropic truncated octahedral (circle), 2.5 nm (squares), and 2 nm 

(triangles).23 

 For spherical nanoparticles without considering their morphology, the ordered 

phase is inhibited by the nanoparticle dimensions. This size effect can be attributed to 

a decrease of the phase transition temperature when the particle size is below a few 

nanometers. This effect has been realized by numerous theoretical studies.21, 22 More 

recently, the influence of size and morphology on the order-disorder phase transition 

temperature of CoPt nanoparticles have been investigated both experimentally and 

theoretically by D. Alloyeau et al.23 Figure 1-5 shows the ordering parameter of CoPt 

nanoparticles as a function of temperature by using Monte Carlo simulation. The 

critical order-disorder temperature of a nanoparticle with given size was estimated 
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from the inflexion point on the curve. From this curve, it can be seen that the critical 

temperature is shifted towards lower temperatures with decreasing cluster size. For 

instance, a 3 nm diameter particle has an order-disorder transition temperature of 

175ºC lower than that of bulk, in which the phase transition occur around 650ºC. 

Besides, in this study they also provide experimental evidence that the critical 

temperature is uniquely determined by the smallest characteristic length of a 

nanoparticle. 

The effect of film thickness on the order-disorder phase transition of ultrathin 

FePt films (from 3 to 13 nm) was investigated by Michael F. Toney et al.17 The single 

layer FePt films were deposited on 1 nm Pt seedlayers at a substrate temperature of 

400ºC. With increasing thickness, the coercivity (Hc) increases quickly and then 

plateaus as shown in Fig 1-6a. A very similar tendency is also observed in Figs 1-6b 

and c. When the thickness increases, the chemically ordered fraction increases and 

hence the volume average ordering parameter also increases. From these experimental 

results, it verifies that the layer thickness has a strong effect on the order-disorder 

phase transition for ultrathin FePt films.  

 

FIG 1-6 Dependence of various parameters on FePt film thickness: (a) Hc, (b) 

volume average ordering parameter, and (c) ordered fraction.17  
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1.2 Read head associated ferromagnetic-antiferromagnetic 

interaction 

In hard disk drives, the spintronic devices with giant magnetoresistive (GMR) or 

magnetic tunnel junction (MTJ) structure are dominating applied to read heads. As 

shown in Fig 1-7, the spin valve consists of two ferromagnetic layers, one of the two 

magnetic layers being “pinned”, i.e., the magnetization in that layer is relatively 

insensitive to moderate magnetic fields.25 The other magnetic layer is named as “free 

layer”, whose magnetization can be changed by a relatively small external magnetic 

fields. The exchange bias effect26 originated from ferromagnetic 

(FM)/antiferromagnetic (AFM) interfacial coupling refers to a horizontal shift in the 

hysteresis loop, and it has been used to pin the FM magnetization in spintronic 

devices since the development of spin valves.25 Very recently, the spin-orbit torque  

 

FIG 1-7. Spin-dependent transport structures. (A) Spin valve, (B) Magnetic tunnel 

junction.24 

(SOT)-induced magnetization switching was realized in a FM/AFM bilayer 

structure,27 which may stimulate a great interest to develop modern spintronic devices 

using such structure. Although the FM/AFM structure is widely used in magnetic 

recording technology, the mechanism of exchange bias is still open to debate.28 In 
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proceeding sections, we have introduced the magnetic recording media of ordered 

FePt alloy. Owing to the large magnetocrystalline anisotropy along c axis, if the 

ordered FePt is grown as a (001) textured film, it will exhibit strong perpendicular 

magnetic anisotropy. Through using FePt(L10)/AFM structure, the feature of 

perpendicular magnetization may facilitate the theoretical study of exchange bias, 

especially the effect of AFM spins on FM spin alignment during magnetization 

switching in domain imaging experiments.29,30 In order to study the mechanism of 

exchange bias, it is highly required to understand the existing models in detail. In the 

following sections, several important models which are in the attempt to explain the 

exchange bias effect will be given. 

1.2.1 The AFM domain wall parallel to the ferromagnetic/antiferromagnetic 

interfaces31 

In FM/AFM bilayer structure, the exchange interaction JS1S2 at interface favors 

parallel alignment of the spins S1 and S2 in the FM or AFM layer, respectively. To 

simplify this interaction, the anisotropy in FM layer is assumed to be parallel to that 

of AFM layer or sufficiently small. If the AFM layer has an uniaxial anisotropy and 

exhibits a single-domain state, the FM layer is completely magnetized in the direction 

of AFM uniaxial anisotropy. In this case, to reverse the FM magnetization, a magnetic 

field Hex must be applied, which is called the effective exchange field, namely 

exchange bias field.  With JS1S2 the energy per pair of FM and AFM spins and 1/a2 

the number of pairs per unit area (a is the lattice parameter), the exchange bias field 

can be simply estimated as Hex = 2JS1S2/a2Mt, where t is the thickness of FM layer. 

However, the calculated value of Hex using this formula is too large by orders of 

magnitude if one assumes bulk values for the exchange parameter J. 
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Besides the poor interface coupling, Mauri et al. point out that the fundamental 

reason for this discrepancy is the formation of AFM domain wall reversing the spins 

at interface, and the proposed simple model is shown in Fig 1-8. The AFM layer is 

assumed to have an uniaxial anisotropy with infinite layer thickness. The FM spins all 

show same angle β with the z axis, while the AFM spins in the last layer show the 

angle α with the z axis. If α ≠ 0, a domain wall extends into the AFM layer. The total 

magnetic energy of this interface is 

*
12

2

2 (1 cos ) [1 cos( )]
cos (1 cos )F

AK A
K t HMt

δ a ξ a β

β β

= − + − −

+ + −
               (1.5) 

The first term is the energy of AFM domain wall, in which A and K are the exchange 

stiffness and crystalline anisotropy in the AFM layer, respectively, the second term is 

exchange energy at interface, and the thickness of interface region is denoted as ξ 

with A12 the exchange stiffness, the third term is the anisotropy energy in FM layer 

with anisotropy constant KF; the last term is the magnetostatic energy. The energy in 

units of 2 AK , the expression for δ is 

2

(1 cos ) [1 cos( )]
cos (1 cos )

δ a λ a β

µ β κ β

= − + − −

+ + −
                          (1.6) 

Here, the interface exchange denotes 12 2A AKλ ξ= , the anisotropy in FM layer 

is / 2FK t AKµ = , and the external magnetic field is / 2HMt AKκ = . By using λ= -

0.25 and various λ value, the magnetization curves of the FM layer are calculated 

from Eq (1.6). Extracted detailed information from this numerical calculation, some 

special features on Hex can be obtained based on this simple AFM domain wall model.  
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FIG 1-8 Magnetic model for the interface of FM/AFM structure. The uniaxial 

anisotropy of AFM layer is along the z axis. The spin structures in this figure are in 

response to an external magnetic field applied opposite to z direction. The spins of only 

one sublattice in AFM layer are shown.31 

They showed that in this simple model the exchange field can be classified into two 

distinct regimes, i.e., weak coupling ( 1λ � ) and strong coupling regime ( 1λ � ). In 

weak coupling regime, the exchange field is only determined by the interfacial 

coupling. In strong coupling regime, the exchange field is not proportional to the 

interfacial coupling but rather reaches a limit value corresponding to the formation of 

180º planar domain in AFM layer. The significance of this simple model is the 

explanation for the limit value of exchange field through the formation of AFM 

domain wall, which deepens the understanding of interfacial FM/AFM interaction.  

1.2.2 Random field arising from interface roughness in ferromagnetic/ 

antiferromagnetic structure32 

In proceeding section, we have introduced Mauri’s AFM domain wall model for 

exchange bias. However, this simple model only focuses on the spins in one AFM 

sublattice without considering the interface roughness related effect, which strongly 

affects the FM/AFM interfacial coupling. Since the atomistically perfect 

uncompensated AFM interface is unlikely in practice, a more sophisticated model is 

needed. Analogous to the classic Imry-Ma domains of the random field problem,33 
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Malozemoff proposed a random field model for the interaction at FM/AFM interface 

arising from interface roughness. 

 

FIG 1-9 Schematic illustration of FM/AFM structure with FM domain wall driven by an 

external field H.32 

The basic idea of this model is shown in Fig 1-9, where an in-plane external field 

is applied in the uniaxial direction of FM layer. If the FM/AFM interfacial energy 

differs for two FM domains, the exchange field is determined by the interfacial energy 

difference Δσ between two opposite FM configuration 

2E F FH M tσ= ∆             (1.7) 

MF and tF are the magnetization and thickness of FM layer, respectively. Assuming an 

in-plane AFM spin alignment with FM/AFM collinear coupling, the exchange field in 

the case of idealized compensated or uncompensated AFM interface can be simply 

estimated using Eq (1.7). For fully compensated AFM interface, as shown in Fig 1-

10a, the equal number of two opposite directions of AFM spins at interface lead to a 

zero interfacial energy difference before and after magnetic reversal of FM layer. As a 

consequence, the exchange field should be zero. On the other hand, for 

uncompensated AFM interface, as shown in Fig 1-10b, there is an interfacial energy 

difference favoring one FM orientation over the other. Assuming a simple cubic 

structure, Eq (1.7) gives 2/E i F FH J a M t= , where Ji is the exchange parameter across 

the interface and a is lattice constant. However, in practical case, by using relevant 

parameters, the predicted values of HE are two orders of magnitude too large. Since  
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FIG 1-10 Schematic illustration of possible spin configuration at FM/AFM interface. (a) 

Compensated AFM interface, (b) uncompensated AFM interface, (c) compensated AFM 

interface with atomic bump, and (d) a lower energy state of (c). Frustrated bonds are 

indicated by crosses. While in the case of (c) and (d), the bump should be visualized on a 

two dimensional interface.32 

any monatomic step at interface will change the sign of the interaction and 

consequently affect the interfacial energy, it is essential to study the influence of 

interface roughness. A rough AFM interface is then considered by introducing a 

single monatomic bump at compensated interface as shown in Fig 1-10c. This 

configuration gives one FM coupled spin pair across the interface replaced by five 

AFM coupled pairs, consequently a net AFM deviation of 6 away from compensation. 

If AFM spins remain fixed, after magnetic reversal of FM layer, it gives a net FM 

deviation of 6 away from compensation. Therefore, the interfacial energy difference is 

ziJi, with zi = 12 This energy difference can be reduced from generating one frustrated 

AFM spin pair under the bump as shown in Fig 1-10d. Finally, the interfacial energy 

difference after magnetic reversal of FM layer reduces to 2Ji + 2JA or roughly 4Ji, if 

Ji~JA. Here JA is the AFM exchange constant. 

In consideration of localized canting of the spins, the interfacial energy 

difference is expected to reduce somewhat further. To simplify this issue, it assumes 
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that associated with each interface irregularity is a local energy difference and its 

average value is 2zJ, where z is a number of order unit as given above, and J 

exchange constant assumed to be same at and on either side of interface. Another key 

physical insight is that if an interface is random on an atomic scale, the local 

unidirectional interface energy σl = ± zJ/a2 will also be random. Similar with the 

Imry-Ma random field problem, the average σ in a region of area L2 will 

become l Nσ σ� . Here N = L2/a2 is the number of sites projected onto the 

interface plane. Realize the random field and assume a region with a single domain in 

FM layer, giving rise to the formation of domain like region in AFM layer. 

Correspondingly, the interfacial energy can be determined by three terms: 

unidirectional interface energy, competing exchange energy in AFM layer, and AFM 

in-plane anisotropy energy. For such case, the competing exchange energy and in-

plane anisotropy energy show a tendency for the lateral dimension of AFM domain L 

to expand and contract, respectively. To balance the competing energies, it 

gives L A Kπ� . Once these domains are fixed, the energy difference per unit area 

before and after magnetic reversal of FM layer is Δσ = 4zJ/πaL. Finally, Eq (1.7) 

estimates the exchange field 

22E F FH z AK M tπ=                  (1.8) 

By using this formula, the exchange field can be plausibly estimated. On the 

other hand, the most interesting feature of this model is the extension of classic 

random field concepts to the interface roughness related exchange bias effect. 

1.2.3 Ferromagnetic/antiferromagnetic interfacial interaction at compensated 

antiferromagnetic interfaces34 

The above two classic models, which provide physical origins, have successfully 
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reduced the discrepancy between the predicted and observed exchange field. However, 

by simply assuming a collinear coupling between FM and AFM spins, what happens 

at fully compensated interfaces can be hardly addressed. Based on the results of full 

micromagnetic numerical calculations on FM/AFM structure with compensated AFM 

interfaces, N. C. Koon found that the interfacial exchange coupling is relatively strong 

with a perpendicular orientation between the FM/AFM axis directions, similar to the 

classic “spin flop” state in bulk antiferromagnets.     

To study the FM/AFM exchange interaction at compensated AFM interface, it 

assumes a simple body centered tetragonal magnetic structure with exchange 

interactions along the body diagonals, and JFF = -JAA = -JFA = 1 meV. Meanwhile, a 

simple case of (110) oriented FM and AFM layer with thickness of 15 monolayers 

each is considered, which is convenient for calculation by using relaxation methods. 

In each of FM and AFM layer all the spins are constrained to be aligned in the same 

axis, with an angle φ between the axes of two layers. The results show that, for pure 

FM or AFM films the minimum energy occurs at φ0 = 0º, while the film with 

FM/AFM interface has a minimum at φ0 = 90º. In both case, the angular dependence 

of energy can be well fitted by a polynomial of the form c(φ – φ0). In the case of film 

with FM/AFM interface c = 1.98 × 10-5 meVdeg-2, and for pure FM or AFM film c = 

2.1 × 10-5 meVdeg-2. Since c is proportional to the exchange constant J, a striking 

conclusion can be drawn: besides the 90º FM/AFM coupling configuration, the 

magnitude of effective exchange coupling is reduced by a relatively small amount 

compared to a homogeneous (FM or AFM) film with the same magnitude of 

exchange and thickness. Figure 1-11 shows the configuration of spins near the 

FM/AFM interface at minimum energy angle φ = 90º. If JFA is antiferromagnetic, the 

AFM spins will cant away from the FM direction as shown. This canting angle is 
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because of the competing interfacial energy and antiferromagnet energy,35 and decays 

rapidly as a function of distance from the interface, giving rise to a macroscopic 90º 

FM/AFM coupling. 

 

FIG 1-11 Spin configuration near the interface plane for a 15/15 ML FM/AFM structure 

with lowest energy orientation (φ = 90º).34 

It is well known that the essential pinning for exchange bias in FM/AFM 

structure comes from the uniaxial anisotropy of AFM layer. Assuming an uniaxial 

anisotropy KU along [001] axis in AFM layer, the angular θ dependence of energy per 

unit area for various AFM layer thickness has been calculated, in which θ denotes the 

angle between the FM spin and [001] axis in the (110) plane and the initial angle is θ0 

= 90º. By changing the angle θ incremented away 90º, the results of calculation show 

that for tA much less than the AFM domain wall width w [ ~ (4J/Ku)1/2 = 9 ML] the 

angular dependence of the energy is reversible and  the energy curves exhibit mirror 

symmetry about θ = 0º and 180º. However, for tA ≥ w, the energies increase smoothly 

as the FM spins rotate through θ = 0º and 180º, and the energy curves no longer have 

mirror symmetry. Further increasing the angle θ, the FM spins are blocked by an 

energy barrier for the transition to a lower energy branch until θ = θCR. Note that this 

critical angle increases with the AFM layer thickness. More importantly, the change 

of energy curves for various AFM layer thickness indicates that only for tA (θ > 90º) 

can lead to exchange bias.    
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According to the results of calculation given above, this study predicts a 

macroscopic 90º FM/AFM coupling at AFM compensated interface, which sheds a 

particular light on the complex mechanism of exchange bias. Assuming a rotation 

magnetization of FM layer, the physical picture emerging from this model is that 

exchange bias results from the formation of AFM parallel domain wall as suggested 

in section 1.2.1. With reasonable parameters the calculations predict exchange field 

comparable to those observed. Moreover, such macroscopic 90º FM/AFM coupling 

was further studied by R. L. Stamps.36 

1.3 Objectives of this study 

Realizing the background given in sections 1.1 and 1.2, we considered to do 

some theoretical study with the assistance of strong uniaxial anisotropy in L10 FePt. 

By using L10 FePt based structures, it may facilitate the understanding of an 

interesting theme, namely, the FM/AFM interfacial coupling, especially the 

mechanism of exchange bias for some particular cases. Therefore, the objectives of 

this study are as follows: 

(1) To investigate the influential factors of FePt ordering and preferred growth 

orientation in FePt/AlN multilayer structures; 

(2) With the well understanding of FePt ordering, to establish perpendicular exchange 

bias in FePt/NiO bilayer structure on MgO(001) single crystal substrate and study 

the mechanism of exchange bias in the view point of FM/AFM interfacial 

coupling configuration; 

(3) To further study the FM/AFM interfacial coupling in FePt/NiO/FePt trilayer 

structures with special design. 
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1.4 Organization of this thesis 

Chapter 1 Introduction 

The background of this study is briefly introduced. Correspondingly, two 

interesting research topics related to the magnetic storage and magnetic reading 

technologies are discussed: one is the FePt ordering phase transformation; the other is 

the mechanism of exchange effect. For the former topic, some important studies 

focusing on the influential factors of FePt ordering phase transformation are reviewed. 

For the latter topic, several classic models with respect to the explanation of the 

mechanism of exchange bias are given.  

Chapter 2 Preparation and characterization of L10 FePt based ultrathin 

structures 

The sample preparation methods and its corresponding characterization 

approaches are introduced. In order to provide a better description, the basic working 

principle of the instruments utilized in this thesis and some experimental results are 

given. 

Chapter 3 Effect of nitrogen upon structural and magnetic properties of FePt in 

FePt/AlN multilayer structures 

Experimental results on the structural and magnetic properties of FePt/AlN 

multilayer films are shown. To obtain different strain condition during FePt ordering 

phase transformation, two kinds of samples were prepared, i.e., the FePt layers 

deposited without and with nitrogen atoms. By varying the layer thickness and 

annealing temperature, the influential factors of the (111) texture evolution and 

ordering phase transformation in FePt layers are discussed.  

Chapter 4 Off-easy-plane antiferromagnetic spin canting in coupled FePt/NiO 

bilayer structure with perpendicular exchange bias  
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Owing to the strong uniaxial anisotropy of L10 FePt along c aixs, perpendicular 

exchange bias is realized in FePt(001)/NiO( 1 1 1) orthogonal exchange coupling 

structure. From magnetization measurement and magnetic domain imaging, we 

compared three different structures: FePt single layer, FePt/NiO bilayers before and 

after field cooling. Based on the obtained results, the mechanism of exchange bias 

arising from compensated AFM interface is carefully discussed. 

Chapter 5 Field cooling driven magnetic anisotropy and stripe domain evolution 

in FePt/NiO/FePt trilayer structure 

In this chapter, we further study the FM/AFM interfacial coupling through 

fabricating a FePtOop/NiO/FePtIp trilayer structure, where the magnetization of bottom 

and upper layer lies along film normal and in the film plane with in-plane isotropy, 

respectively. By performing special field cooling treatment, the changes on the 

magnetic behavior of both FM layers were observed.  In the view point of FM/AFM 

coupling configuration, the origin of observed results is carefully discussed. 

Chapter 6 Conclusions 

The achievements or findings are summarized from each chapter. 
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Chapter 2 Preparation and characterization of L10 FePt 

based ultrathin structures 

In this chapter, the preparation and characterization methods of L10 FePt based 

ultrathin structures are covered, and the content will be organized as follows. In this 

thesis, the samples were fabricated by direct current (DC) magnetron sputtering. In 

the first section, the basic information on sputtering apparatus and some experimental 

parameters are given. Then, in the second section, the characterization methods 

subdivided into structural and magnetic characterization are introduced. Since the 

structural features in ultrathin structures play a key role to determine the magnetic 

properties, many characterization methods including conventional x-ray diffraction 

(XRD), tilted angle XRD, grazing incidence in-plane XRD, XRD φ scan, and 

transmission electron microscopy (TEM) were utilized in this thesis. Some of these 

methods are selectively described in this chapter. For magnetic characterization, the 

technologies used in this thesis were vibrating sample magnetometer (VSM), 

superconducting quantum interference device (SQUID) magnetometer, and magnetic 

force microscopy (MFM), which are also introduced in this chapter. 

2.1 Preparation of L10 FePt based ultrathin structures 

The L10 FePt based ultrathin structures were prepared by utilizing DC magnetron 

sputtering in this thesis and the basic working principle is shown in Fig 2-1a. 

Compared with simple DC sputtering, magnetron sputtering, benefiting from an 

applied magnetic field above the target surface to constraint electron motions (Fig 2-

1b), possesses some admirable advantages, e.g., the higher deposition rates and stable 
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discharge at lower pressure.1 Therefore, this method can improve the film quality with 

high sputtering efficiency. 

 

FIG 2-1 (a) Schematic illustration of sputtering process, (b) applied field and electron 

motion in the planar magnetron.1 

Figure 2-2a shows a schematic illustration of DC magnetron sputtering apparatus 

used in this work. The pumping system consists of a turbo-molecular pump backed by  

 

FIG 2-2 (a) Schematic illustration of DC magnetron sputtering system. (b) FePt and Al 

(Ni) targets. 
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a rotary pump. The rotary pump firstly evacuate the chamber to a low vacuum of 

about 10-1 Pa, and then open the valve of turbo-molecular pump to obtain a base 

pressure below 5 × 10-5 Pa. There are three kinds of targets mounted on the sputtering 

guns. The upper target is fixed as FePt target composed of a Pt chip on the top of Fe 

plate and the areal ratio is 1:4.3 (Fig 2-2b). On the other hand, the bottom target is 

either pure Al or Ni target. For the deposition of FePt/AlN multilayer structures as 

shown in Fig 2-3a, the FePt layers were deposited in an atmosphere of pure Ar or Ar 

mixed with N2, while the AlN layers were deposited by reactive sputtering in a 

mixture atmosphere of Ar and N2. The Ar/N2 flow ratio was controlled by mass flow 

controller. After the film deposition, an ex situ annealing was performed in a high 

vacuum tube furnace to trigger the FePt ordering phase transformation. For the 

deposition of FePt/NiO bilayer and FePtOop/NiO/FePtIp trilayer structure as shown in 

Figs 2-3b and 2-3c, unlike the FePt/AlN multilayer structure, the FePt layer was 

deposited at elevated substrate temperature on MgO(001) single crystal substrate to 

induce epitaxial growth. The heating elements are embedded in the sample holder. By 

subsequently performing an in situ annealing, the partially ordered FePt layer was 

obtained.  Then the NiO layer was subsequently deposited on the top of partially 

ordered FePt layer at 230ºC in a mixture atmosphere of Ar and O2.  

 

FIG 2-3 Schematic drawing of L10 based ultrathin structures: (a) FePt/AlN multilayer 

structure, (b) FePt/NiO bilayer structure, (c) FePtOop/NiO/FePtIp trilayer structure. 
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2.2 Structural characterization 

2.2.1 Conventional and Grazing incidence in-plane x-ray diffraction 

The θ/2θ diffractometer is an often-used instrument for measuring the Bragg 

reflection of thin films and its working principle is visualized in Fig 2-4a. The sample 

is positioned in the center of the instrument and probing x-ray beam is directed to the 

sample surface at an angle θ. During the scan the angle of the incoming and exiting 

beam are continuously varied, but they remain equal throughout the whole scan, i.e., 

θin = θout.2 Since the angles of coming and exiting beam are always specified with 

respect to the surface plane, the out of plane crystalline interplanar distance d can be 

calculated from θ/2θ scan by using Bragg’s law 2dsinθ = nλ. The conventional XRD 

measurements in this thesis were performed on D8 Advance diffractometer with Cu 

Kα irradiation operating at 35 kV and 300 mA. As an instance, the conventional XRD 

profiles for the NiO films deposited on glass substrate with various substrate 

temperatures are shown in Fig 2-5.  

 

FIG 2-4 Schematic illustration of (a) conventional θ/2θ scan,2 and (b) grazing incidence 

in-plane XRD. 
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Grazing incidence x-ray diffraction (GI-XRD) is a scattering geometry 

combining the Bragg condition with the conditions for x-ray total external reflection 

from crystal surfaces (Fig 2-4b). In this thesis, this method is mainly used to 

investigate the in-plane crystallographic orientation of each layer in ultrathin 

structures. Since the penetration depth of x-ray inside is reduced by three orders of 

magnitude compared with the other diffraction schemes, it provides superior features 

for thin film study. The measurements were performed on D8 discover diffractometer 

using Cu Kα irradiation and operated at 50 kV, 22 mA. The incident angle Φ0 is fixed 

about 0.6-0.7º, and two types of scan were used for the measurements. One is detector 

scan, and the other is θ/2θ scan.  

 

FIG 2-5 XRD profiles for NiO(90 nm) deposited on glass substrate at various 

temperatures. 

2.2.2 Selected-area diffraction patterns 

For TEM observation, there are two primary modes, which one can choose either 

image mode or diffraction mode. Diffraction pattern (DP) corresponding to diffraction 
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mode is a powerful technique to determine the presented phase in thin film and its 

growth orientation. Figure 2-6 shows two basic operations of the TEM imaging 

system. Compared with image mode, the adjustment of the imaging-system lenses is 

that for diffraction mode, the back-focal plane of the objective lens acts as the object  

 

FIG 2-6 The two basic operation of the TEM imaging system: (a) diffraction mode, and 

(b) image mode.3 

plane for the intermediate lens. As seen in Fig 2-6a, the DP projected on the viewing 

screen/CCD contains electrons from the whole area of the specimen exposed to the 

illuminated beam. Such pattern is not very useful because the specimen will be often 

buckled. Furthermore, the direct beam is often so intense that it will damage the 
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viewing screen or saturate the CCD camera.3 Therefore, through inserting a SAD 

aperture into the image plane of the objective lenses, the selected-area diffraction 

pattern (SADP) for a specific area of the specimen can be obtained, which is a basic 

TEM operation. 

In order to determine the in-plane crystallographic orientation of each layer in 

ultrathin structures, the specimens were prepared for the in-plane TEM observation. 

The preparation method is briefly given below. Firstly, cut the sample into a 3 mm-

diameter specimen by Gatan ultrasonic cutter. Then grind the specimen from substrate 

side (opposite to the film surface) by sand paper until it is thinner than 60 μm. After 

that, move the specimen into an acid solution, which is composed of 98% H3PO4 and 

2% H2SO4. Note that in our case, the MgO substrate is soluble in the acid solution that 

we use, whereas the film containing FePt and NiO is not such sensitive to this solution. 

By heating up the solution to around 70ºC and holding this temperature for 30 min, 

the MgO substrate is partially dissolved. Finally, remove the specimen out of the 

solution and support it on the Mo grid. Figure 2-7 shows in-plane SADP for FePt/NiO 

bilayer structure grown on MgO(001) single crystal substrate. The result suggests that 

the FePt layer is partially ordered and epitaxially grown on MgO(001) substrate, 

while the NiO layer shows (111) texture with in-plane twined microstructures.  

 

FIG 2-7 SADP for FePt(2.5 nm)/NiO(21 nm) bilayer structure grown on MgO(001) 

single crystal substrate. 
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2.3 Crystal and magnetic structure of NiO 

In this thesis, the AFM material used in the ultrathin structures is NiO. Therefore, 

it is essential to have a deep understand on both crystal and magnetic structure of NiO. 

The crystal structure of NiO is of the NaCl type with the lattice constant a0 = 4.117 Å 

(Fig 2-8a). When the temperature is above Néel temperature (TN = 523 K), the NiO 

has a perfect fcc rocksalt structure. After cooling below TN, a rhombohedral 

contraction along different <111> axes occurs resulting from the magnetoelastic 

forces. While crystallographic twinning leads to so-called T domains with the spins 

lying in {111} planes, perpendicular to the contraction axes. Each T domain may 

further split into three different S domains with spins along three easy axis directions, 

e.g.,[211] , [121] , [112] (Fig 2-8b). Within each S domain the crystal exhibits a triclinic 

distortion.5, 6 Besides, another intrinsic magnetic features of NiO is the possession of 

easy plane anisotropy for {111} planes. The reported easy plane anisotropy is 4.96 × 

106 erg/cc.7 This value is 102~103 of that of the in-plane anisotropy,8, 9 which is 

sample dependent.     

 

FIG 2-8 (a) The crystal structure of NiO, and (b) the magnetic structure of NiO.4 



Chapter 2 Preparation and characterization of L10 FePt based ultrathin structures   

33 

 

2.4 Magnetic characterization 

2.4.1 Vibrating sample magnetometer  

 

FIG 2-9 Working principle of vibrating sample magnetometer (VSM).11 

Vibrating sample magnetometer (VSM) developed originally by Simon Foner10 

is an instrument for the measurement of magnetic moment, which possesses many 

advantageous, such as simplicity, ease of operation and high measuring sensitivity. 

The VSM is based on Faraday’s law: an electromotive force is induced in a conductor 

by a time varying magnetic flux. The working principle is illustrated in Fig 3-3.11 A 

sample magnetized by a homogenous magnetic field is vibrated sinusoidally at small  

 

FIG 2-9 Out-of-plane magnetic hysteresis loop of FePtOop(4 nm)/NiO(2 nm)/FePtIp(4 nm) 

trilayer structure measured at RT  
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fixed amplitude with respect to stationary pick-up coils. Inside the detection coils, 

there will be an induced voltage, which is determined by the magnetic moment of the 

sample and the sample position relative to the detection coils. For stationary pick-up 

coils in a uniform and stable external field, the only effect measured by the coils is 

that due to the motion of the sample. Thus, this induced voltage is a measure of the 

magnetic moment of the sample. In this thesis, the magnetic properties of FePt/AlN 

multilayer and FePtOop/NiO/FePtIp trilayer structures were measured by VSM at RT. 

Figure 2-9 shows the out-of-plane magnetic hysteresis loop of FePtOop(4 nm)/NiO(2 

nm)/FePtIp(4 nm) trilayer structure.  

2.4.2 Superconducting quantum interference device (SQUID) magnetometer12 

A very magnetic flux can be measured accurately by a superconducting quantum 

interference device (SQUID) magnetometer, which utilizes the Josephson effect. The  

 

FIG 2-10 Out-of-plane magnetic hysteresis loop of FePt(2.5 nm)/NiO(10 nm) bilayer 

structure measured at RT and 20 K after field cooling. The field cooling was performed 

from 540 K to the measuring temperature with a 5 kOe applied field. 

Josephson effect is the name given to the fact that the flux change in a 

superconducting circuit interrupted by an insulating layer about 50 Å thick is 
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quantized.13 Counting these flux quanta gives a very sensitive measurement of the 

flux change and therefore of the magnetization of the sample. The fact that the 

measuring apparatus must be at liquid helium temperature is clear a disadvantage, and 

a SQUID magnetometer requires a long time for each magnetization measurement, 

especially if the field is changed between readings. The magnetic properties of 

FePt/NiO bilayer structure in this thesis were characterized by SQUID magnetometer. 

Figure 2-10 shows the out-of-plane magnetic hysteresis loop of exchange biased 

FePt(2.5 nm)/NiO(10 nm) bilayer structure at RT and 20 K after field cooling. 

2.4.3 Magnetic force microscopy (MFM) 

 

FIG 2-11 (a) Geometry used in calculating the magnetic interaction, (b) frequency or 

amplitude shift in dynamic mode MFM.14 

Magnetic force microscopy (MFM) detects the force (or force derivate) acting on 

a small magnetic probe in the stray field close to the specimen, giving a resolution 

below 20 nm for the magnetic domain imaging.15 Figure 2-11a shows the 
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magnetostatic dipole-dipole interaction that leads to measurable forces and force 

gradients. The force dFmag acting on a volume element dV´ of the tip is given14 

[ ( ) ( )]T
mag rdF M r H r r dV′ ′ ′= ∇ ⋅ +             (2.1) 

Where MT(r´) is the magnetization of the volume element in the tip, and H(r + r´) the 

is sample stray field; r and r´ present the apex and internal coordinate of the tip, 

respectively.16 The total force and force gradient acting on the tip can be calculated by 

integrating Eq (2.1).  In the dynamic mode MFM, the cantilever is oscillated at or 

close to its resonance frequency. When the cantilever experience a force gradient 

produced by the tip-sample interaction, the cantilever behaves as if it has a modified 

spring constant, resulting in a shift in the resonant frequency (Fig 2-11b). 

Correspondingly, the change in the magnetic force exerted on the tip produces 

changes in resonance frequency, amplitude, and phase of cantilever oscillations, 

which are all measurable. In this thesis, using the tapping lift mode with a second scan 

separation above 10 nm and phase detection, the magnetic domain structure of 

FePt/NiO bilayers and FePtOop/NiO/FePtIp trilayers were studied by MFM. Figure 2-

12 shows the MFM image of standard sample. 

 

FIG 2-12 MFM image of standard sample (magnetic tape). 
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Chapter 3 Effect of nitrogen upon structural and magnetic 

properties of FePt in FePt/AlN multilayer structures 

3.1 Introduction 

The L10-ordered FePt films possessing a face-centered tetragonal (fct) structure 

have drawn considerable research interest as a potential candidate for ultrahigh-

density recording media because of their high magnetocrystalline anisotropy (7×106 

J/m3)1,2 and good corrosion resistance. To use FePt alloys in perpendicular recording 

media applications, the alignment of the magnetic easy axis [001] must be parallel to 

the film normal. Because FePt thin films directly deposited on polycrystalline or 

amorphous substrates prefer to grow in a (111) texture, a great deal of work has been 

devoted on the deposition of c-axis-oriented L10-ordered films. Previous reports have 

shown that the (001) texture can be obtained either by epitaxial3–5 or nonepitaxial 

methods.6–8 However, because of its simple process and low expense, the nonepitaxial 

method is more attractive for practical applications. The main task then becomes the 

suppression of the tendency for (111) oriented grain growth in the nonepitaxial 

method, and the facilitation of the (001) texture. Thus, it is important to investigate 

the evolution mechanism of the (111) texture and to understand the influential factors 

in detail.  

In magnetic recording media, a small magnetic thickness (Mrt; where Mr is the 

remnant moment and t is the magnetic layer thickness) results in the reduction of the 

transition parameter, which allows for the detection of transitions at higher linear 

densities and thereby increases the areal density.9 Since the magnetic moment in FePt 

alloys is about 3–4 times larger than the currently used CoCrPt alloys, L10 FePt films
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 can be physically thinner (~3–5 nm).10 Therefore, it is essential to study the magnetic 

and structural properties of ultrathin FePt films. In our previous work,11,12 we 

successfully fabricated metal/ceramic multilayer structures that form sharp and abrupt 

interfaces even after high-temperature annealing. Because the interface effect and 

strain/stress state are significant in such multilayer thin films owing to the structural 

interaction between the metal and ceramics layers, the structural characteristics of the 

multilayer structures provide an efficient method to study the effect of the interfaces 

and strain/stress in ultrathin metal layers. In addition, it has been reported that a small 

amount of nitrogen can exist in FePt films deposited in an argon and nitrogen 

atmosphere after high-temperature annealing,13,14 which can act as an interstitial atom 

to change the strain/stress state.  

In this chapter, the effect of the introduction of interstitial nitrogen atoms upon 

structural and magnetic properties of FePt in FePt/AlN ultrathin multilayer structures 

was studied. To understand the influence of the interstitial atoms, we vary the layer 

thickness and annealing temperature and measure induced strain and magnetic 

properties. Using the results from this systematic study, we discuss the influential 

factors of the (111) texture evolution and ordering phase transformation. 

3.2 Fabrication of FePt/AlN multilayer films  

Multilayer films comprising substrate/AlN(5 nm)/[FePt(t)/AlN(6 nm)]5 were 

fabricated at the ambient temperature by direct current magnetron sputtering on fused 

quartz substrates. The base pressure of the system was held below 5 × 10-5 Pa, and a 

high-purity gas mixture with Ar and N2 at 0.5 Pa pressure was flowed into the 

chamber during the sputtering. For FePt deposition, a Fe target with a Pt chip on the 

top was used, and the N2 ratio (0%, 24%) was varied in the sputtering gas. The 
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composition of the FePt layers was kept as Fe53Pt47 (±2%), as determined by 

inductively coupled plasma spectrometry (ICP). The AlN layers of the wurtzite 

structure were deposited by reactive sputtering from metallic Al targets. In order to 

trigger the FePt ordering phase transformation and study the effect of stress evolution 

in FePt layer, post-deposition annealing was performed in vacuum (below 1 × 10-4 Pa) 

at different temperatures for 3 h. A vibrating sample magnetometer with a maximum 

applied field of 15 kOe was used to measure the hysteresis loops. The structural 

characterization including the preferred growth orientation, in-plane strain, and degree 

of order in FePt layer was investigated by X-ray diffraction (XRD). The layer 

thickness of multilayer films was determined by X-ray reflectivity (XRR) 

measurements. 

3.3 Structural characterization  

3.3.1 X-ray reflectivity (XRR) patterns 

 

FIG 3-1 XRR patterns of AlN(5 nm)/[FePt(4 nm)/AlN(6 nm)]5 films annealed at 600ºC 

for 3 h, where the FePt layer was deposited (a) without and (b) with nitrogen. The black 

patterns are the experimental results, while the red dashed patterns are the simulative 

results given by LEPTOS software.  
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Figure 3-1 shows typical XRR patterns for AlN(5 nm)/[FePt(4 nm)/AlN(6 nm)]5 

films annealed at 600ºC for 3 h. The layer thickness and interface roughness are 

obtained by fitting the experimental pattern using LEPTOS software with a simulated 

annealing method. Very clear XRR oscillations are observed for both samples, in 

which the FePt layer was deposited without (Fig 3-1a) and with (Fig 3-1b) nitrogen, 

respectively. Well-defined interfaces are required to produce such oscillations, 

indicating that the multilayer structure is very stable even annealed at high 

temperature. It is worth noting that this feature allows the study of FePt ordering in 

FePt/AlN multilayer structures. In consideration of interface roughness, one may also 

notice that compared with the case of FePt deposited without nitrogen, it shows a 

relatively rougher interface for that of FePt deposited with nitrogen.   

3.3.2 Conventional XRD profiles 

Figure 3-2 shows the XRD profiles of AlN(5 nm)/[FePt(4 nm)/AlN(6 nm)]5 

multilayer films containing FePt layers deposited without and with nitrogen, and 

annealed at different temperatures for 3 h. In the multilayer structures, the AlN and 

FePt layers exhibit a preferred orientation along the [002] and [111] directions, 

respectively. The FePt 111 reflections show satellite peaks around the central peak 

owing to the periodicity of the FePt/AlN multilayer structure. The intensity of the 

FePt 111 peaks increases with the annealing temperature, indicating that the 

crystallinity improves with annealing. Furthermore, the samples with FePt deposited 

with nitrogen (Fig 3-2b) exhibit shifts in the FePt 111 peak to high angles with 

increasing annealing temperature. Because the formation enthalpy of FePt is lower 

than that of the FeN alloy,13 the absence of an iron nitride peak in the films annealed 

at 500 and 600ºC indicates that no iron nitride phase exists in the FePt layers, which is 
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in agreement with previous reports.13,15 Another earlier report14 demonstrated that, 

even after annealing FePt films at 600ºC, 4% of the nitrogen remains. Thus, the 

nitrogen atoms are believed to be dissolved interstitially in the FePt layers of our 

annealed films. Because the incorporated N atoms induce lattice expansion while the 

lattice is restricted in in-plane directions by the AlN interfaces, a compressive stress is 

predicted to be induced. Therefore, the peak shift in Fig 3-2b can be attributed to the 

release of the N interstitial atoms during high temperature annealing. 

 

FIG 3-2 Conventional θ-2θ XRD profiles of AlN(5 nm)/[FePt(4 nm)/AlN(6 nm)]5 films 

annealed at different temperatures for 3 h, where the FePt layers are deposited (a) 

without nitrogen and (b) with nitrogen. The dashed lines show the peak shift. 

3.3.3 Determination of in-plane strain in FePt layer 

 To further investigate the role of in-plane compressive stress during grain 

growth, we compare the different stress states caused by N addition. Since the FePt 

ultrathin layers are highly (111) textured, it is reasonable to assume a state of equal 
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biaxial stress. The measured strain can then be expressed as16 

0 2
/ /

1 2sin
d d

d E E
ψ

ψ
ψ

n nε σ ψ
− + = = − 

 
             (3.1) 

where εψ is the measured strain, dψ and d0 are the measured and unstrained interplanar 

distance, respectively, σ// is the in-plane stress, ψ is the tilting angle of the film normal 

with respect to the x-ray incident plane, E is the Young’s modulus, and ν is the 

Poisson’s ratio. By using Eq. (3.1) with the correct values for Young’s modulus (180 

GPa) and Poisson’s ratio (0.33),17 the in-plane strain (ε) of films annealed at 600ºC is  

 

FIG 3-3 (a) Conventional θ-2θ XRD profiles of AlN(5 nm)/[FePt(4 nm)/AlN(6 nm)]5 

films annealed at 500 and 600ºC for 3 h. (b) XRD profiles by tilting (36.264º) scan of 

AlN(5 nm)/[FePt(4 nm)/AlN(6 nm)]5 films annealed at 600ºC for 3 h. 

obtained based upon the 222 and 220 peaks at different tilt angles in Figs. 3-3a and 3-

3b, with values of -0.874% and 0.083% for FePt deposited with and without nitrogen, 

respectively. To estimate ε at the temperature of the grain growth, the measured data 

was corrected by subtracting the thermal strain, which can be written as ε=ΔTΔα, 

where Δα is the difference in the thermal expansion coefficient values of the AlN and 

FePt layers. The corrected ε at 600ºC is obtained as -1.22% and -0.26% for the FePt 

deposited with and without nitrogen, respectively. It can be seen that the FePt 
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deposited with nitrogen experiences much more in-plane compressive strain during 

grain growth. 

3.3.4 Effect of in-plane strain on FePt (111) texture 

The structural change seen with the introduction of nitrogen is a weaker (111) 

texture than that of FePt deposited without nitrogen (Fig 3-3a). This change can be 

interpreted by grain-orientation-specific driving forces for grain growth. Because of 

the enhancement of the interface effect and the stress state in ultrathin multilayer 

structures, FePt grain growth is believed to progress through abnormal grain growth. 

The driving force (F) for abnormal grain growth may arise from changes in the 

interface and strain energies, following the relationship:18,19  

F Fεκ= + Γ +                      (3.2) 

where κ and Γ are the local in-plane and out-of-plane curvatures of the grain boundary, 

respectively, and Fe is the strain energy difference. Because our FePt layers exhibit 

strong (111) texture, the driving force for FePt (111) grain growth is then taken to 

be18,19 

( )0 111 2
0 111

21 ( )
gb

F M M
h

g g
κ ε

g
 −

= + + − 
 

                 (3.3) 

where γ0 and γ111 are the interface energies before grain growth and of grains with 

(111) orientation, respectively; M0 and M111 are the biaxial moduli before grain 

growth and of grains with (111) orientation, respectively; h is the FePt layer thickness; 

and γgb is the grain boundary energy. In this equation, the second and third terms 

present the change in interface energy and strain energy, respectively. For 

facecentered cubic (fcc) metals, minimization of the elastic strain energy generally 

results in a (100) texture, which is different from the (111) texture that typically 



Chapter 3 Effect of nitrogen upon structural and magnetic properties of FePt in FePt/AlN 
multilayer structures 

45 

 

occurs with surface/interface energy minimization. Therefore, the strain energy 

change and the surface/interface energy change competes to define the final texture 

resulting from grain growth.19–21 It is known that for fcc polycrystalline films, the 

maximum strain energy density corresponds to those grains with (111) planes oriented 

parallel to the film plane,22 which indicates that the third term in Eq. (3.3) should be 

negative. Therefore, as indicated by Eq. (3.3), an increase of compressive strain 

during grain growth may result in a decrease in the driving force for the (111) grain 

growth, which would explain the weaker (111) texture of FePt deposited with 

nitrogen. 

3.3.5 Grazing incidence in-plane XRD profiles 

It is known that the L10 ordering of FePt leads to a tetragonal distortion, in which 

the lattice constant a is equal to b and slightly larger than c. As a consequence, it is 

expected to observe a split of (2 2 0) and (20 2 ) peak for ordered FePt in XRD profile. 

As seen in the in-plane XRD profiles, for AlN(5 nm)/[FePt(4 nm)/AlN(6 nm)]5 

annealed at 500ºC, the unsplit (2 2 0) peak (see Fig 3-4) indicates the FePt layer is 

weakly ordered. With increasing the annealing temperature from 500 to 700ºC, it can 

be clearly observed that the fcc (2 2 0) peak splits into the L10 (2 2 0) and (20 2 ) peaks, 

which signals the presence of significant chemical order. Since both superlattice FePt 

(110) and AlN (100) peak are located around 2θ = 33º,23 the AlN (002) and FePt (111) 

texture in FePt/AlN multilayer film give rise to the overlap for this two peaks in the 

in-plane XRD profile and can hardly be distinguished. Unfortunately, we cannot 

estimate the degree of order in FePt layer by using in-plane XRD. Besides, it should 

also be noted that this measurement was conducted under the scanning type of 

detector scan, suggesting that the FePt grains are randomly distributed in the film 
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plane without certain in-plane growth direction. 

 

FIG 3-4 Grazing incidence in-plane XRD profiles of AlN(5 nm)/[FePt(4 nm)/AlN(6 nm)]5 

films annealed at different temperatures for 3 h. 

3.3.6 Calculation of long range order parameter S 24,25 

The degree of chemical ordering is defined as a long range order parameter S 

which is linearly proportional to (rα + rβ), where rα and rβ denote the α-site and β-site 

occupied by the right atom, respectively. S = 0 for a completely random arrangement, 

and S = 1 if the composition is stoichiometric and rα = rβ = 1. Expressing the linear 

dependence by S = a + b (rα + rβ), the first condition gives 0 = a + b (xA + xB) =a + b, 

and the second condition gives 1 = a + 2b. Eliminating the constants a and b, the long 

range order parameter is expressed in this form: 

1S r r r w r wa β a β β a= + − = − = −         (3.4) 

Where wα and wβ are the fraction of α-site and β-site occupied by the wrong atom. 

There are also some conditions we should note that the fraction of the sites occupied 
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by A-atoms must equal the fraction of A-atoms, and the fraction of the sites occupied 

by B-atoms must equal the fraction of B-atoms. These two equivalent conditions are 

expressed by: 

Ay r y w xa a β β+ =   By r y w xβ β a a+ =            (3.5) 

The parameter S can reach its maximum value of the unity only for a 

stoichiometric composition, for a nonstoichiometric composition even the best 

distribution of the available atoms gives a parameter value, which is less than unity. 

With this definition for S, the structure factors for the super structure reflections turn 

out to be proportional to S even for nonstoichiometric compositions, and hence a 

general parameter S2 is obtain from experiment. 

The structure factor involves a sum over all the atomic positions in the unit cell. 

This can be divided into a sum over the α-positions and a sum over the β-positions 

using the average scattering factor for each kind of site: 
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       (3.6) 

For the case of partial long range order, we now apply Eq (3.6) to the FePt 

ordered structures without assuming stoichiometric compositions. Simplification of 

the expressions is made by using Eqs (3.4) and (3.5):  

Fe-site = 0 0 0, 1/2 1/2 0; Pt-site = 1/2 0 1/2, 0 1/2 1/2; yFe = 1/2; yPt = 1/2 

( ) [ ]{ }
( ){ }

( ) exp exp ( )

( ) 1 exp

Pt Pt Pt Fe

Fe Fe Fe Pt

F r f w f i h l i k l

r f w f i h k

π π

π

 = + + + + 

 + + + + 
              (3.7) 

For the Fundamental peak, hkl are unmixed. Therefore, Ff can be expressed as: 

( ) ( ) ( )4f Pt Pt Pt Fe Fe Fe Fe Pt Fe Fe Pt PtF r f w f r f w f x f x f = + + + = +        (3.8) 

For the superlattice peak, hkl are mixed. Fs can be expressed as: 
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[ ]2 ( ) ( ) 2 ( )s Pt Pt Pt Fe Fe Fe Fe Pt Pt FeF r f w f r f w f S f f= + − + = −         (3.9) 

Reflections that are independent of the degree of the order are called 

fundamental reflections, and reflections which vanish if the order vanishes are called 

superstructure reflections. The existence of superstructure reflections is the evidence 

for ordering, and it is from the integrated intensities of the superstructure reflections 

that we measure the long range order parameter S. 

Before the determination of S, an assumption has been made in our multilayer 

structures. We suppose that the films are relatively thick with a sufficiently smooth 

surface. Therefore, the absorption correction can be regarded as no angular 

dependence and the area of a peak is expressed as: 

*( )A Km LP FF=                (3.10) 

Here K is a constant; m is multiplicity; (LP) is Lorentz-polarization factor, F and F* 

are the structure factor and its complex conjugate. By Substituting Eqs (3.8) and (3.9), 

respectively, the product of FF* for the fundamental and superlattice peak are 

represented by: 
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                          (3.12) 

Where xFe and xPt are the atomic fraction of Fe and Pt; fFe and fPt are the atomic 

scattering factor with dispersion correction; ∆Fe and ∆Pt are the imaginary parts of 

atomic scattering factor of Fe and Pt atoms; exp(-MFe) and exp(-MPt) are the Debye 

factors of Fe and Pt atoms. 
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For our FePt layers, we use superlattice peak (110) and fundamental peak (220) 

to determine the chemical order parameter S. By utilizing Eqs (3.10), (3.11) and 

(3.12), the chemical order parameter S can finally formulized as 

*
(110) (220) (220)2

*
220 (110) (110)

( )
( )

A LP FF
S

A LP FF
=                   (3.13) 

3.4 Magnetic properties of FePt/AlN multilayer films 

3.4.1 Annealing temperature dependence of coercivity and degree of FePt order 

in FePt/AlN multilayer flims  

The ordered phase of FePt is characterized by XRD scans with the film normal 

tilted by 36.264º with respect to the x-ray incident plane (denote as tilting scan), as 

shown in Fig 3-5a. Because our FePt layers exhibit strong (111) texture, the 

superlattice peaks of L10, such as (110), cannot be detected by conventional θ/2θ 

XRD. To show the quantitative results of the chemical order in the FePt layers, the 

degree of chemical order, namely, long range order parameter S is estimated by using 

Eq (3.13) and some parameters have been listed in Table (3-1). The integrated  

Table 3-1 Parameter used to estimate the long range order parameter S of FePt. 

Peak Q(Å-1) LP MFe fFe ∆Fe MPt fPt ∆Pt 

(110) 

(220) 

2.295 

4.682 

11.21 

2.06 

0.01 

0.04 

19.61 

13.54 

3.4 

3.3 

0.01 

0.04 

61.37 

47.39 

8 

7 

 

intensities of the superlattice and fundamental peaks are extracted using pseudo-Voigt 

fitting, as shown in Fig 3-5b. Note that since fcc (220) and L10 (220) and (202) cannot 
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be distinguished in Figs 3-5a and 3-5b, the calculated S here is a product of the degree 

of chemical order in the ordered regions and the volume fraction of the ordered phase. 

Figure 3-5c depicts the dependence of the in-plane coercivity (Hc) and the long-range 

order parameter (S) upon the annealing temperature for AlN(5 nm)/[FePt(4 

nm)/AlN(6 nm)]5 films, where the FePt layer is deposited without nitrogen. When the 

annealing temperature increases from 500 to 700ºC, S rapidly increases from 0.337 to 

0.743, which is similar to the annealing temperature dependence of Hc. It has been  

 

FIG 3-5 (a) XRD profiles by tilting (36.264º) scan and (b) Pseudo-Voigt fitting curves of 

AlN(5 nm)/[FePt(4 nm)/AlN(6 nm)]5 films annealed at different temperatures for 3 h, 

where the FePt layers are deposited without nitrogen. (c) The long-range order 

parameter and in-plane coercivity as a function of the annealing temperature. 

previously demonstrated that the coercivity of FePt films increases with the volume 

fraction of the ordered phase with respect to the disordered phase.15,26 These results 
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prove that Hc can be used to qualitatively estimate the ordering of FePt. Because the 

introduction of nitrogen results in a weaker (111) texture and more randomly oriented 

grains, the XRD by tilting scan is not sufficient to evaluate S for entire layers in this 

case. Therefore, we mainly use coercivity to qualitatively estimate the ordering for 

FePt deposited with and without nitrogen. 

3.4.2 Effect of nitrogen on magnetic properties for FePt layer in FePt/AlN 

multilayer films 

 

FIG 3-6 (a) Magnetic hysteresis loops of AlN(5 nm)/[FePt(4 nm)/AlN(6 nm)]5 films 

annealed at 500 and 600ºC for 3 h. (b) In-plane coercivity of AlN(5 nm)/[FePt(t 

nm)/AlN(6 nm)]5 films annealed at 500 and 600ºC for 3 h as a function of FePt layer 

thickness. (c) Pseudo Voigt fitting curves of AlN(5 nm)/[FePt(4 nm)/AlN(6 nm)]5 films 

annealed at 600ºC for 3 h, where the FePt layers are deposited without and with 

nitrogen. 

Figure 3-6a shows the magnetic hysteresis loops of AlN(5 nm)/[FePt(4 
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nm)/AlN(6 nm)]5 films annealed at 500 and 600ºC for 3 h. After annealing, the 

coercivity is enhanced and increased with the annealing temperature owing to the 

ordering of FePt. For comparison, collecting the data from Figs 3-6a, 3-7, 3-8, 3-9, 

and 3-10, the in-plane coercivity of FePt deposited with and without nitrogen for 

various layer thicknesses are summarized in Fig 3-6b, where the multilayer films are 

again annealed at 500 and 600ºC for 3 h. It can be observed that, in the entire 

thickness range, the Hc of FePt deposited with nitrogen is lower than that deposited 

without nitrogen. One possible explanation for the enhanced coercivity of the FePt 

thin films is the presence of pinning sites, including pinning at the boundaries 

between fcc and fct phases26 or at planar defects.27 It has been reported that a more 

random structure would result in a large-angle grain boundary, which can act as a 

pinning site.15 However, as seen in Fig. 3-6a, the FePt deposited with nitrogen 

possesses much more randomly oriented grains. Therefore, the relatively lower 

coercivity of FePt deposited with nitrogen is more likely owing to the smaller volume 

fraction of the ordered phase. 

 

FIG 3-7 In-plane hysteresis loops of AlN(5 nm)/[FePt(t nm)/AlN(6 nm)]5 films with 

varying FePt layer thickness. The multilayer films were annealed at 500ºC for 3 h and 

FePt layer was deposited without nitrogen.  
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FIG 3-9 In-plane hysteresis loops of AlN(5 nm)/[FePt(t nm)/AlN(6 nm)]5 films with 

varying FePt layer thickness. The multilayer films were annealed at 600ºC for 3 h and 

FePt layer was deposited without nitrogen.  

 

FIG 3-8 In-plane hysteresis loops of AlN(5 nm)/[FePt(t nm)/AlN(6 nm)]5 films with 

varying FePt layer thickness. The multilayer films were annealed at 500ºC for 3 h and 

FePt layer was deposited with nitrogen.  
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FIG 3-10 In-plane hysteresis loops of AlN(5 nm)/[FePt(t nm)/AlN(6 nm)]5 films with 

varying FePt layer thickness. The multilayer films were annealed at 600ºC for 3 h and 

FePt layer was deposited with nitrogen.  

It is well known that the disorder–order transformation in FePt is a first-order 

reaction, proceeding from a nucleation and growth mechanism.28,29 In addition, 

Takahashi and Hono reported that the ordering of FePt thin films was thought to 

progress by abnormal grain growth below a Tm/2 (where Tm is the disorder–order 

transformation temperature in the solid Fe–Pt binary system) of ~600ºC.30 Because of 

the characteristics of ultrathin multilayer structures, the ordering of FePt in our case is 

also thought to progress by abnormal grain growth for films annealed at 500 and 

600ºC. The driving force may arise from the excess free energy associated with grain 

boundaries, interface energy and strain energy. Because our FePt layers exhibit a 

strong (111) texture, recrystallization chiefly progresses via (111) oriented grains 

consuming unfavored grains. For FePt deposited with nitrogen, a decrease of the 

driving force for (111) grain growth can be expected, and some L10-ordered regions 

may not continue to grow owing to the lack of a driving force, which can be 

confirmed by the weaker superlattice peak seen in Fig. 3-6c. This effectively explains 
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the smaller volume fraction of the ordered phase with N addition. Since abnormal 

grain growth is dominant for low-temperature ordering in FePt continuous films,30 a 

larger discrepancy of coercivity can be observed in films annealed at 500ºC, as shown 

in Fig. 3-6b. Meanwhile, Hsiao et al. also reported that the large initial compressive 

stress suppresses the ordering of FePt,31 and they attributed the decrease of the 

chemical order to an increase in the activation energy of the ordering phase 

transformation. 

3.5 Summary 

In summary, the changes in the structural and magnetic properties of FePt/AlN 

multilayer structures with the addition of N during growth are studied, and the 

mechanism of the N effect is discussed. The nitrogen atoms are believed to exist as 

interstitial atoms in the FePt layers, which induce a large in-plane compressive strain 

during grain growth and ordering phase transformation. The results suggest that this 

strain creates a weaker FePt (111) texture and a smaller volume fraction of the 

ordered phase because of the decrease in the driving force for (111) grain growth. 

Because the changes in the strain and surface/interface energies compete to define the 

final texture, one promising way to achieve a (001) texture and low-temperature 

ordering via the nonepitaxial method would be to reduce the surface/interface energy 

and to introduce a large in-plane tensile strain during the ordering phase 

transformation. 
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Chapter 4 Off-easy-plane antiferromagnetic spin canting in 

coupled FePt/NiO bilayer structure with perpendicular 

exchange bias  

4.1 Introduction 

The interface interaction between ferromagnetic (FM) and antiferromagnetic 

(AFM) layers leads to the well-known exchange bias effect.1 Although intensive 

research attention has been paid to explain the mechanism for this phenomenon since 

its discovery half a century ago,2 the origin of exchange bias is still under debate. It 

firstly assumes a perfectly uncompensated AFM interface with collinear FM/AFM 

exchange coupling at the interface,3 and Mauri et al. pointed out that exchange bias 

occurs due to the formation of AFM planar domain wall as the FM magnetization is 

reversed.4 The reason for large discrepancy between actual and predicted value was 

further studied with the recognition, such as coupling frustration at FM/AFM 

interface,5,6 only a small percentage of uncompensated AFM spins contributing in the 

real cases,7,8 or partial wall formed in soft FM layer at the interface.9 Recently, 

orthogonal FM-AFM exchange coupling was realized in Fe/CoO10,11 and Fe/NiO12,13 

structures as confirmed by AFM spin switching study using x-ray magnetic linear 

dichroism (XMLD), and this “spin flop” coupling has already been proposed from 

theoretical calculation for compensated AFM interface.5,14 Since the absence of 

unidirectional anisotropy,15 the mechanism of exchange bias in such coupling system 

cannot be explained by Maui’s model. While based on results of numerical simulation, 

the AFM spins should deviate slightly away from the easy axis direction (i.e., the
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 angle between FM and AFM spin is not exact 90º) due to the competing 

antiferromagnetic exchange between the two sublattices and ferromagnet.5,14,16 

However, to our knowledge, this small deviating angle has rarely been considered or 

proved in real orthogonal FM-AFM coupling system. From recent studies, it is known 

that for the application of exchange bias effect in advanced spintronic devices, 

perpendicular exchange bias (PEB) is much more desirable.17-19 The out-of-plane 

alignment of FM spins can also facilitate the theoretical study of exchange bias, 

especially how the AFM spins affect the FM spin alignment during magnetization 

process in domain imaging experiments.8,20  

In this chapter, we present the study of perpendicular-exchange-biased FePt/NiO 

bilayers on MgO(001) single crystal substrate in which the L10 FePt exhibits strong 

perpendicular magnetic anisotropy. In this structure, any deviation of Fe spins from 

the normal direction may be considered caused by FM/AFM coupling. On the other 

hand, the interfacial spin configuration of NiO can be “visualized” through the 

magnetization of FePt. This means our structure and experimental approach offer a 

way to study the interfacial spin structure between FM and AFM.  By comparing FePt 

single layer, FePt/NiO bilayers before and after perpendicular field cooling (FC), we 

observed that only the bilayer before FC experiences a small-angle magnetization 

rotation as it is magnetized near to saturation in normal direction. Meanwhile, after 

FC the bilayer shows a significant enhancement of perpendicular magnetic anisotropy. 

These findings provide experimental evidence that, for FM/AFM orthogonal coupling, 

the angle between FM and AFM spin is not exact 90º as predicted by theoretical 

calculation,5,14 which is expected to induce a unidirectional anisotropy in FM layer 

after FC.  
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4.2 Preparation of FePt/NiO bilayer structure on MgO(001) single 

crystal substrate  

MgO(001) single crystal substrates were cleaned in ultrasonic baths of acetone 

and methyl alcohol and surface thermal cleaning was implemented in an ultrahigh 

vacuum system by annealing at 840 K for 90 min. Then samples of FePt(2.5 nm) 

single layer and FePt(2.5 nm)/NiO(21 nm) bilayers were grown epitaxially on 

MgO(001) substurates. The 2.5 nm thick FePt layer was grown by DC magnetron 

sputtering on top of MgO(001) substrate held at 620 K, followed by an in situ 

annealing at 840 K for 3 h to induce the L10 ordering. Our two-step preparation 

method is expected to prevent the island growth of FePt at high substrate 

temperatures.21 For FePt/NiO bilayers, a NiO(21 nm) layer was subsequently 

deposited on top of FePt layer at 500 K by DC reactive sputtering in a mixture 

atmosphere of Ar and O2 gases (2% O2). The structure of FePt single layer and 

FePt/NiO bilayers was characterized by X-ray diffraction (XRD) and X-ray 

reflectivity (XRR). Microstructural characterization was carried out by transmission 

electron microscopy (TEM). The magnetic properties were characterized by 

superconducting quantum interference device (SQUID) magnetometer. The magnetic 

domain imaging was performed at 300 K by magnetic force microscopy (MFM). 
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4.3 Determination of crystallographic orientation of FePt/NiO bilayer 

structure 

4.3.1 Preferred growth orientation and chemical order in FePt layer 

 

FIG 4-1 (a) Conventional θ/2θ XRD profiles of FePt(2.5 nm) single and FePt(2.5 

nm)/NiO(21 nm) bilayer structure grown on MgO(001) single crystal substrate. The 

XRD profiles are normalized to the FePt(002) peak. (b) Grazing incidence in-plane XRD 

profile of FePt(2.5 nm)/NiO(21 nm) bilayer structure and the x-ray scattering plane is 

nearly perpendicular to the FePt(200) plane. 

Figure 4-1a shows conventional θ/2θ XRD profiles of FePt(2.5 nm) single and 

FePt(2.5 nm)/NiO(21 nm) bilayer structure. For the FePt layer either in single or 

bilayer structure, the FePt(001) and FePt(002) peaks can be only observed, indicating 

a  strong (001) texture. While for the NiO layer in FePt/NiO bilayer structure, a (111) 

texture is identified by the observed NiO(111) and NiO(222) peaks. In addition, the 

appearance of FePt(001) superlattice peak shows evidence of FePt ordering. The 

degree of order was estimated via ratio of integrated intensity of FePt(001) peak to 

that of (002) peak, and its value is 0.51 and 0.53 for the FePt in single and bilayer 

structure, respectively, suggesting that these two systems should possess same 

uniaxial magnetic anisotropy (Ku).22 To further study the growth orientation of FePt 
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layer, the in-plane XRD measurement was carried out as shown in Fig 4-1b. The 

absence of FePt(001) peak indicates that the c axis of FePt layer is well aligned in the 

film normal direction. This can also be confirmed by the relatively low 2θ position of 

FePt(200) peak compared with that of FePt(002) peak in Fig 4-1a. 

4.3.2 In-plane crystallographic orientation of FePt/NiO bilayer structure and the 

cross-section TEM image 

 

FIG 4-2 (a) Low magnification TEM micrograph of cross-sectional FePt/NiO bilayer 

structure. (b) Corresponding high resolution TEM image taken with MgO [110] as zone axis. 

(c) Plan-view selected-area electron diffraction pattern of FePt/NiO bilayer structure taken 

with FePt [001] as zone axis  

 Figure 4-2a shows a low magnification cross-section TEM image of FePt(2.5 

nm)/NiO(21 nm) bilayer structure, which reveals that a continuous FePt layer with 

sharp FePt/NiO interface was formed.  The interface condition was further confirmed 

by the corresponding high-resolution TEM image, and there is no sight of interface 
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diffusion or Fe oxidization as shown in Fig 4-2b. The electron diffraction shows that 

NiO(111) has been grown on FePt(001), which is in accordance with XRD results. 

From plane-view electron diffraction pattern taken with FePt[001] as zone axis shown 

in Fig 4-2c, the epitaxial relationship between FePt and NiO is established: 

(001)[110]FePt//(111)[110]NiO. In the film plane NiO has two epitaxial orientations 

with the 6-fold {110} rotated by 30º (or 90º) against each other.  

4.3.3 Further confirmation of in-plane epitaxial relationship 

 

FIG 4-3 (a) XRD 180º φ-scan plot for FePt(2.5 nm)/NiO(21 nm) bilayer structure. (b) In-

plane grazing incidence XRD profiles of FePt/NiO bilayer structure. The red profile 

corresponds to the x-ray scattering plane perpendicular to the MgO(220) plane. While 

the black profile corresponds to the film rotated around to its surface normal by 60º. 
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To further confirm the in-plane crystallographic orientation of FePt/NiO bilayer 

structure, the XRD 180º φ-scans were performed. The φ-scan plots for {113} family 

of FePt and {113} family of NiO are shown in Fig 4-3a. It is seen that 2 symmetrical 

peaks from FePt {113} reflections located at same φ angle as MgO {113} reflections, 

suggesting the FePt layer well epitaxially grown on MgO(001) substrate. On the other 

hand, for NiO layer, it exhibits 6 peaks with an azimuthal interval of 30º, indicating 

an in-plane 12-fold symmetry. Obviously, this result suggests the same epitaxial 

relationship as SADP. To provide more evidences on the in-plane epitaxial 

relationship, the in-plane grazing incidence XRD measurement was also carried out as 

shown in Fig 4-3b. When the x-ray scattering plane is nearly perpendicular to the 

MgO(200) plane, the {220} reflections from MgO, FePt and NiO can be all observed. 

After rotating the film around its surface normal by 60º, only NiO(220) peak can be 

observed. Since the in-plane twined microstructures of NiO have the same feature, the 

results from in-plane XRD also prove that the epitaxial relationship determined by 

SADP is very reliable.   

4.4 Discussions on the relationship between the magnetic structure of 

NiO and epitaxial strain   

In epitaxial thin film, the anisotropy of NiO is dominated by magnetoelastic 

effect resulting from epitaxial strain.12,23 While at FePt/NiO interface in our sample, 

the epitaxial misfits along NiO [112] and [110] axis obtained from in-plane XRD are 

-6.7% and +7.5%, respectively. With the consideration of recently reported 

FePt(001)/CoO(111) structure, such an in-plane anisotropic strain in CoO leads to the 

out-of-plane [ 1 1 1] stacking direction favorable, consequently forming a fully 

compensated AFM interface.24 This provides a useful reference for our FePt/NiO 
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structure. Since the Ni spins are aligned along <112> directions within {111} planes 

in the bulk,25, 26 it is reasonable to expect that the initial AFM spin alignment at 

FePt(001)/NiO(111) interface will be in the film plane containing fully compensated 

spins.    

4.5 Magnetic hysteresis loops and initial magnetization curves 

Figures 4-4a and 4-4b show the perpendicular hysteresis loops of FePt single 

layer, FePt/NiO bilayers before and after FC. FC treatment for bilayer structure was 

performed in a low vaccum (1.33 Pa) with a perpendicular magnetic field of 5 kOe 

from 530 K (above the Néel temperature 523 K of NiO) to room temperature. 

Because for Fe/NiO bilayer structure, the XPS spectra do not show a significant 

change in chemical state of Fe up to a heat treatment temperature of 540 K.27 While 

during the FePt ordering, the Pt atoms show a tendency of surface segregation,28,29 

forming a Pt terminated surface. Thus, the magnetic properties of FePt are considered 

not affected by our FC treatment.24 From perpendicular hysteresis loops, we can 

observe that all three samples possess strong perpendicular magnetic anisotropy. The 

resulting hysteresis loop after FC shows an exchange bias field of -41 Oe at 300 K 

and increases to -301 Oe at 20 K (Fig 4-4b).  Figure 4-4c shows the initial in-plane 

magnetization curves obtained at 300 K. The greatly increased saturation field for the 

bilayers after FC indicates that the Fe spins become more stable along the film normal 

direction. In order to clarify the influence of NiO on the perpendicular magnetization 

process, the perpendicular initial magnetization curves for as grown FePt single layer 

and FePt/NiO bilayers were measured at 300 K as shown in Fig 4-4d. The non-zero 

magnetization at starting point is because that a 200 Oe field was applied to center the 

sample position in SQUID chamber before the measurement. At the first stage, the 
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magnetization of FePt/NiO bilayers rapidly increases. However, when it is close to 

saturation, the magnetization becomes harder and finally intersects with the 

magnetization curve of FePt film. This observation suggests that the deposition of 

NiO induces a pinning effect to the magnetization of FePt layer in the as grown 

bilayer structure as it is magnetized close to the saturation.   

 

FIG 4-4 Magnetic properties of FePt single layer and FePt/NiO bilayer sturctures. (a) 

Perpendicular hysteresis loop measured at 300 K for FePt single layer, and bilayers as 

grown and after FC. (b) Perpendicular hysteresis loop for bilayers measured at 20 K 

after FC. The Inset shows the enlarged loop around coercive field for bilayers. (c) Initial 

magnetization curve at 300 K measured along in-plane direction. (d) Perpendicular 

initial magnetization curve at 300 K. The inset in panel (d) shows the enlarged curve 

around cross point.  
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4.6 Magnetic domain imaging 

 

FIG 4-5 Magnetic domain structures in FePt single layer and FePt/NiO bilayers for different 

remanence. The MFM measurements were performed at 300 K. [(a) and (b)] MFM images 

of as grown FePt single layer (a) and bilayers (b). [(c) and (d)] MFM images of FePt single 

layer (c) and bilayers (d) after magnetizing in film normal direction with a field of 5 kOe. (e) 

MFM image of bilayer structure after perpendicular FC with 5 kOe external magnetic field. 

[(f)-(h)] A partially demagnetizing field was applied along in-plane direction with a field of 

15 kOe to (c)-(e). The corresponding domain images were recorded as (f)-(h).   

To further elucidate the impact of NiO on FePt layer, we imaged magnetic 

domain structures in different remanent states. Figure 4-5 shows MFM images of FePt 

single layer and FePt/NiO bilayers that were subjected to different field sequences. 

For as grown structures (see Figs 4-5a and 4-5b), both two samples exhibit stripe 

domains. The increase of domain width for bilayer structure is due to the induced 
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anisotropy from FM/AFM coupling, which will be discussed below. After 

magnetizing along normal direction with 5 kOe applied field, only small unreversed 

domain can be observed for FePt single layer (see circles in Fig 4-5c). While for 

bilayers, a faint stray field contrast is visible, indicating the existence of FM 

magnetization fluctuation slightly off the film normal direction (Fig 4-5d). In the case 

of bilayer structure after FC, FM layer was saturated and a single domain structure 

was formed as shown in Fig 4-5e. Subsequently applying a 15 kOe in-plane field to 

partially demagnetize films, an inhomogeneous nucleation bubble domains in 

coexistence with irregular stripe domains appears in FePt single layer (Fig 4-5f). 

However, for bilayers after FC, only bubble domains are observable as shown in Fig 

4-5h. Interestingly, for as grown bilayers, the faint stray field contrast is enhanced 

(Fig 4-5g). From the MFM results presented above, following conclusions can be 

drawn: (i) During magnetization process, compared with the structure of stripes 

coexisting with bubble domains, the bubble domain structure is closer to the uniform 

domain structure (saturation).30-32 Therefore, an enhancement of perpendicular 

magnetic anisotropy for FePt/NiO bilayer structure can be expected after FC. Such 

enhancement was also reported in orthogonal CoO/Ni coupling structure.33 (ii) For as 

grown FePt/NiO bilayer structure, the faint stray field contrast observed in Figs 4-5d 

and 4-5g reveals that a small angle rotation of magnetization is needed to be further 

magnetized to saturation. Both these two findings are in good agreement with the 

results from magnetization curves. 

4.7 Proposed interfacial AFM spin of NiO canting mechanism 

Here, we turn to discuss the AFM spin configuration at FePt/NiO interface with 

the consideration of lowest energy coupling configuration proposed from numerical 
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simulation.5,14,16 The idea is that at fully compensated AFM interface, the coupling 

frustration results in the AFM spin deviate slightly from its easy axis to generate a net 

magnetic moment. Consequently, the FM spin aligns antiparallel to this induced 

moment, orienting perpendicular to AFM easy axis. The resulting configuration is 

shown in the inset of Fig 4-6. Figure 4-6 shows the out-of-plane canting of AFM spins 

against adjacent FM spin in different cases. In principle, owing to the large easy plane 

anisotropy, the Ni spins should be constrained in the (111) plane,34 forming a stable 

coupling configuration with FM spin in plane (1). It is known that FC treatment 

results in the repopulation of AFM magnetic domains,35 and the alignment of AFM 

spins depends on the local FM order.25,36 For as grown FePt/NiO bilayers, since  

 

FIG 4-6 Out-of-plane canting of AFM spins response to the adjacent FM spin. Blue arrows 

represent the AFM spins. Plane 1 and plane 3 represent the FM/AFM interface plane and 

normal plane, respectively. The inset shows lowest energy coupling configuration, where the 

deviation of FM/AFM coupling angle from 90° is somewhat exaggerated. 

deposition temperature of NiO (500 K) is close to its Néel temperature (TN=523 K), 

following the deposition of NiO on top of FePt, the competition among strong 

perpendicular magnetic anisotropy of FePt, FM/AFM coupling and NiO easy plane 
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anisotropy leads to the out-of-plane canting of Ni spins. Consequently, the Ni spins lie 

in plane (2). In this configuration, an induced extra uniaxial anisotropy in FePt layer 

can be expected, which is titled slightly from the normal direction also in plane (2). 

As the Fe spins equally align either up or down to the interface during cooling, no 

unidirectional anisotropy can be obtained. However, for bilayer structure after FC, 

during FC treatment, the magnetic field is large enough to confine the Fe spins in a 

certain direction along the film normal as confirmed by MFM measurement (Fig. 4-

5e), giving rise to the Ni spins align in the normal plane [plane (3)] to form a lowest 

energy coupling configuration. It can be easily understood that this type of twist in 

NiO layer will induce a unidirectional anisotropy in FePt layer as well as an 

enhancement of perpendicular magnetic anisotropy.  

4.8 Calculation of stripe domain width in ultrathin FePt layer 

In order to confirm the validity of our proposed mechanism above, the stripe 

domain width of FePt in as grown FePt single layer and FePt/NiO bilayers (Figs 4-5a 

and 4-5b) was quantitatively analyzed. The formation of magnetic domain is due to 

the competing energy of the magnetic exchange interaction, magnetocrystalline 

anisotropy and magnetic dipolar interaction.37 After NiO deposition, the exchange 

coupling between NiO and FePt layer can be regarded as an induced uniaxial 

anisotropy Ksf.33 Assume that both induced Ksf and Fe spins are sufficiently close to 

the film normal direction. This assumption is quite reasonable because of the large 

perpendicular magnetic anisotropy of FePt layer and high NiO deposition temperature. 

By using Yafet’s model38 and making the same approximation as Y. Z. Wu et al., 39 

the total energy per unit area can be calculated from magnetic domain structure 
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where A and Ku stand for the exchange stiffness and uniaxial anisotropy constant of 

FePt layer, respectively. t (2.5 nm) is the thickness of FePt layer. / /a (2.74 Å) and 

a⊥ (3.72 Å) are the FePt in-plane and out-of-plane lattice parameters, respectively. 

( )2
0 / /2 2s M t a aπ ⊥Ω =  is the short range part of dipolar interaction, where M0 is 

saturation magnetization of FePt. ( )22 2
0 / /2 2L M t a aπ ⊥Ω =  is the long range part of 

dipolar interaction. Subsequently, minimizing this energy in relation to the stripe 

domain width (L) and domain wall width (w), respectively, the L in FePt layer can be 

written  
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Taking the value of M0 = 1100 emu/cc, A = 1×106 erg/cm,22 and adjusted Ku = 1.4×107 

erg/cc, we estimated L of FePt film LFePt = 0.15 μm. This value well agree with the 

experiment value of LFePt = 0.10-0.17 μm. Notice that the Ku value used in this 

calculation is slightly smaller than the experimental value (1.5×107 erg/cc) in Ref. 22, 

which is considered because of the magnetoelastic anisotropy resulting from the 

epitaxial strain in our ultrathin FePt layer. Introducing the anisotropy energy Ksf = 

0.12 erg/cm2 induced by the orthogonal coupling between Fe and NiO,13 the stripe 

domain with L of FePt in FePt/NiO bilayer film was obtained LFePt/NiO = 0.17 μm, 

which is very reasonable compared with the experimental value LFePt/NiO = 0.15 – 0.22 

μm. 
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4.9 Summary 

In summary, we have studied the magnetic properties of FePt/NiO bilayer 

structure grown on MgO (001) single crystal substrate. The results have demonstrated 

that, for as grown bilayer structure, the out-of-plane canting of Ni spins induces an 

extra uniaxial anisotropy slightly off the film normal direction, giving rise to a small 

angle magnetization rotation when the magnetization is close to saturation along the 

film normal direction. After FC, the realignment of Ni spins leads to the formation of 

lowest energy FM/AFM coupling in normal plane as indicated by theoretical 

calculation, which induces a unidirectional anisotropy and an enhancement of 

perpendicular magnetic anisotropy. Furthermore, the calculation results of stripe 

domain width also support our proposed Ni spin canting mechanism. This finding will 

shed a particular light on the mechanism of exchange bias, especially, for recent 

intensively studied orthogonal FM/AFM coupling structures.  
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Chapter 5 Field cooling driven magnetic anisotropy and 

stripe domain evolution in FePt/NiO/FePt trilayer structure 

5.1 Introduction 

Exchange bias effect originated from interfacial coupling between ferromagnetic 

(FM) and antiferromagnetic (FM) layers has received considerable attention in the last 

five decades because of its application in magnetic devices.1 Although several models 

were developed to explain this effect,2-6 the complexity of FM/AFM interface in real 

system renders it difficult to present a general theory for FM/AFM interfacial 

interaction. Recently, it was experimentally proven that the FM and AFM spins can 

be coupled orthogonally at compensated AFM interface, for instance, Fe/NiO(001)7,8 

or Fe/Co(001)9,10 coupling structures. However, due to the absence of unidirectional 

anisotropy, the mechanism of exchange bias in such coupling structures remains a 

mystery. Thus, in order to address this issue, a detailed study on FM/AFM coupling 

configuration at compensated AFM interface is highly required.   

Realizing that at FM/AFM interface the AFM order can induce various types of 

magnetic anisotropy,11 or even change the perpendicular magnetic anisotropy in 

adjacent FM layer,12 An alternative approach to investigate the FM/AFM coupling 

configuration is to study how the FM layer responses to the change of AFM order in 

AFM layer. It was found recently that in Py/FeMn/Ni trilayers,13 the in-plane Ni 

enhances the Py fourfold anisotropy. The authors speculated that the reason for this 

enhancement is a slight increase of FeMn spin in-plane component caused by direct 

coupling between Ni and FeMn spins. This result indicates that in such trilayer 

structure the low anisotropy of FM layer makes it very sensitive to the modification of 
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AFM spin structure, which may offer an opportunity to make a detailed indirect 

observation on the FM/AFM coupling configuration. On the other hand, the study of 

interlayer exchange coupling (IEC) of two FM layers across a non-FM insulating 

spacer layer has been stimulated since the discovery of tunneling magnetoresistance.14 

Among insulating spacer based structures, it possesses particular interest for the case 

of FM layers separated by a antiferromagnetic insulating spacer due to its unexpected 

behavior.15 For NiO spacer, the occurrence of a 90º in-plane IEC has been observed in 

Fe3O4/NiO/Fe3O4,16 Ni80Fe20/NiO/Co,17 and Co/NiO/Fe structures.18 This anomalous 

interlayer coupling was explained by contradictious mechanisms, either the formation 

of 90º spiraling spin structure in AFM spacer going from one FM/AFM interface to 

the other,16 or the collinear and orthogonal FM/AFM coupling separately presented at 

two FM/AFM interface17 resulting from the interface roughness. The focus of all 

works mentioned was to puzzle out the 90º IEC mechanisms. Moreover, it is well 

accepted that field cooling (FC) could lead to the repopulation of AFM magnetic 

domains,19 and realign the AFM spins depending on the local FM order.20,21 Recalling 

the various results and points of view in this paragraph, it is interesting to propose a 

trilayer structure, in which regardless of NiO spacer, the interlayer coupling between 

two FM layers is “naturally” constructed as a 90º coupling. Through a certain FC 

treatment to realign the AFM spins in NiO layer, it may raise an issue, i.e., whether 

the modification of AFM spin structure can influence the magnetic behavior of 

adjacent FM layers. 

In this chapter, we present an investigation on FePt/NiO/FePt trilayer structure, 

in which the bottom and top FePt layer is partially ordered and disordered, 

respectively. The fascinating feature of this structure is that the strong perpendicular 

magnetic anisotropy in bottom layer and magnetic dipolar anisotropy in top layer give 
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rise to a 90º interlayer coupling between two FM layers, while the in-plane magnetic 

anisotropy of disordered FePt layer can be hardly influenced by the ordered one. 

Through an in-plane FC with 500 Oe external fields to realign the Ni spins, we find 

that in-plane magnetic anisotropy in disordered upper FePt layer and the stripe 

magnetic domain structure in ordered bottom FePt layer were significantly changed. 

Based on our experimental results, the interfacial FM/AFM coupling configuration 

has been carefully discussed.  

5.2 Details on FePt/NiO/FePt trilayer structure preparation 

Reference FePtOop(4.5 nm)/NiO(4 nm) bilayers (S1) and FePtOop(4.5 nm)/NiO(t 

nm)/FePtIp(3.5 nm) trilayers were sputtered on single crystal MgO(001) substrate. The 

preparation conditions for bilayers has been described in chapter 4, and the only 

difference is that in order to trigger the L10 phase transformation (perpendicular 

magnetic anisotropy) for relatively thicker FePt layer, an elevated 723 K substrate 

temperature was used. For trilayer structure, a FePt(3.5 nm) layer was subsequently 

deposited on top of bilayers at 373 K. With this substrate temperature the top FePt 

layer remains disordered and the Fe magnetization of FePt layer is in the film plane. 

The thicknesses of NiO layer were chosen as 2 (S2) and 4 nm (S3). Finally, the 

trilayer samples were capped by 2 nm of NiO sputtered at RT. An additional sample 

of FePtIp(3.5 nm)/NiO(4 nm)/FePtIp(3.5 nm) (S4) was also prepared. In this trilayer 

structure, the two FePt layers were grown in the same condition as the top disordered 

FePt layer in samples of S2 and S3. Besides that, the other preparation conditions 

were as same as samples of S2 and S3. The FePt/NiO/FePt trilayer structures grown 

on MgO(001) single crystal substrate give rise to an extraordinary epitaxial 

relationship. The structure of the sample was characterized by X-ray diffraction 
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(XRD). To understand the influence of FM/AFM coupling configuration on two FM 

layers, the samples were cooled through Néel temperature (TN~ 523 K) in a low 

vacuum (1.33 Pa) by using two different FC treatments: i. In-plane FC with 500 Oe 

external fields along MgO [100] axis to saturate the disordered FePt layer; ii. Out-of-

plane FC in 8 kOe fields along film normal direction to align the magnetization of 

ordered FePt layer in normal direction. The average magnetic properties were 

measured by vibrating sample magnetometer (VSM) at RT and the flexible sample 

holder allows the measurements conducted along different in-plane directions. The 

room temperature domain imaging was performed by magnetic force microscopy 

(MFM). 

5.3 Structural characterization  

5.3.1 X-ray diffraction profiles 

It is well known that at NiO interface the FM/AFM coupling configuration is 

dominated by magnetoelastic effect resulting from epitaxial strain.7,22 This strain is 

mainly related to the epitaxial relationship. At first, the structure of different samples 

was characterized. The XRD patterns for samples of S1, S3 and S4 are shown in Fig 

5-1. The unlabeled peaks are from MgO(001) single crystal substrate. For 

FePtOop/NiO bilayers, apart from the NiO and MgO reflections from NiO spacer and 

substrate, only FePt(001) and FePt(002) peaks are observable, suggesting a strong 

FePt(001) texture. The appearance of FePt(001) superlattice peak indicates the 

ordering of FePt layer and the degree of order calculated from XRD pattern is 0.52. 

Correspondingly, the FePt(001) and FePt(002) peaks observed in FePtOop/NiO/FePtIp 

trilayers are from bottom partially ordered FePt layer. Note that the ordered and (001) 



Chapter 5 Field cooling driven magnetic anisotropy and stripe domain evolution in 
FePt/NiO/FePt trilayer structure 

80 

 

textured FePt film possesses a strong perpendicular magnetic anisotropy, leading to 

the magnetization of bottom FePt layer along film normal direction. In the case of 

 

FIG 5-1 (a) The XRD θ-2θ scans of FePtOop(4.5 nm)/NiO(4 nm) bilayers (S1) (black pattern), 

FePtOop(4.5 nm)/NiO(4 nm)/FePtIp(3.5 nm) trilayers (S3) (blue pattern), and FePtIp(3.5 

nm)/NiO(4 nm)/FePtIp(3.5 nm) (S4) (red pattern). 

FePtIp/NiO/FePtIp trilayers, the absence of (001) and relatively low angle (002) FePt 

peak means that the bottom FePt layer remains disordered. As mentioned above the 

structural properties of NiO plays a crucial role to determine the interfacial FM/AFM 

coupling configuration. Thus, it is important to realize the structure of NiO spacer. 

Compared with bilayers, it is surprising that for both trilayers there exists split NiO 

peak at NiO (111) 2θ position, which should be originated from lower sandwiched 

and upper protective NiO layer. Taking the FePt/NiO bilayers as a reference, the low 

angle (111) peak corresponds to the sandwiched NiO layer. The nearly same 2θ 

position indicates the sandwiched NiO layer experiences almost same strain as that in 
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bilayers, and this strain as given from our proceeding chapter will be an in-plane 

anisotropic strain. On the other hand, an out-of-plane compressive strain could result 

in the XRD peak shift to high angle site. The peak shift in NiO protective layer is 

considered caused by a compression along film normal direction. Since the natural 

exchange striction leads to a compression along <111> direction,23 the NiO protective 

layer should favor a [111] stacking direction. Consequently, the NiO easy plane will 

be coplanar with the (111) interface, possessing a fairly low in-plane anisotropy.22 In 

consideration of low in-plane anisotropy and free upper surface, the influence of 

protective NiO layer on adjacent FePt layer should be negligible small. Moreover, 

besides all the peaks discussed above, an additional FePt(111) peak can also be 

observed in both trilayers. It seems that other than bottom FePt layer, the upper FePt 

follows the same epitaxial relationship as sandwiched NiO spacer.    

5.3.2 X-ray diffraction 180º φ-scan plots 

To understand the in-plane orientations of two FePt layers in FePtOop/NiO/FePtIp 

trilayer structure, the XRD 180º φ-scans were carried out. The φ-scan plots for {113} 

family of FePtOop and {113} family of FePtIp are shown in Fig 5-2. It is seen that 2 

symmetrical peaks from FePtOop {113} reflections located at same φ angle as MgO 

{113} reflections, suggesting the bottom FePt layer well epitaxially grown on 

MgO(001) substrate. Due to the weak signal from NiO layer, the in-plane orientations 

of NiO could not be obtained by φ scans. However, from our pervious study for 

FePt/NiO bilayers,24 it has shown that the NiO( 1 1 1) layer exhibits a 12-fold 

symmetry along the film normal axis and the epitaxial relationship between FePt and 

NiO is established: FePt(001) // NiO(111); FePt[110] // NiO[110]. For such epitaxial 

relationship, an in-plane anisotropic strain will be induced, giving rise to a [111] NiO 
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stacking direction. As a consequence, the Fe and Ni spins should be orthogonally 

coupled. Shown in the top panel of Fig 5-2, for disordered FePt layer, it exhibits 6 

peaks with an azimuthal interval of 30º, indicating an in-plane 12-fold symmetry. 

These results show that the upper FePt layer follows the same epitaxial relationship as 

NiO spacer. Finally, the entire epitaxial relationship in FePtOop/NiO/FePtIp trilayer 

structure is established as follows: MgO(001) // FePtOop(001) // NiO( 1 1 1) // 

FePtIp(111); MgO[110] // FePtOop[110] // NiO[110] // FePtIp[110]. 

 

FIG 5-2 XRD 180º φ-scan plots for FePtOop(4.5 nm)/NiO(4 nm)/FePtIp(3.5 nm) (S3) trilayer 

structure. 
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5.4 Magnetic hysteresis loops 

5.4.1 Out-of-plane Magnetic hysteresis loops 

Figure 5-3 shows the hysteresis loops taken at RT for samples of S1, S3, and S4, 

and the magnetic fields were applied perpendicular to the film surface. It is seen that 

the FePtOop/NiO bilayers exhibit a sharp square loop with 1.46 kOe coercive field as  

 

FIG 5-3 Hysteresis loops along film normal direction for (a) FePtOop(4.5 nm)/NiO(4 

nm)/FePtIp(3.5 nm) (S3), and (b) FePtIp(3.5 nm)/NiO(4 nm)/FePtIp(3.5 nm) (S4) trilayers. (c) 

Perpendicular hysteresis loop of extracted FePt bottom layer (red loop) and that of 

FePtOop(4.5 nm)/NiO(4 nm) bilayers (S1) (black loop). The extracted loop was obtained from 

samples of S3 and S4, through the following relationship: Mbottom = MS3-MS4/2. 
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shown in Fig 5-3c (black loop), while for FePtIp/NiO/FePtIp trilayers, along the same 

direction a remanent magnetization of almost 0% is observed in Fig 5-3b. The strong 

perpendicular magnetic anisotropy in ordered FePt and magnetic dipolar anisotropy in 

disordered FePt support that in FePtOop/NiO/FePtIp trilayer structure, owing to the 

“force of nature”, the magnetization of bottom and upper FePt layer will be restrained 

along film normal and in-plane direction, respectively. Assuming no direct coupling 

between two FePt layers, through subtracting the contribution of disordered FePt layer 

(data of Fig 5-3b), the perpendicular hysteresis loop for bottom FePt layer was 

extracted from Fig 5-3a as shown in Fig 5-3c (red loop). Compared with the loop of 

FePtOop/NiO bilayers, the similar square shape for extracted loop confirms that the 

two FM layers in FePtOop/NiO/FePtIp trilayer structure exhibit a 90º interlayer 

coupling. On account of the differences, a slight decrease of coercive field can be 

observed in extracted loop, which is considered resulting from the FM layer coupling 

mediated by NiO spacer and mainly related to the interfacial FM/AFM coupling 

configuration.    

5.4.2 In-plane magnetic hysteresis loops for FePtIp/NiO/FePtIp structure 

After the verification of 90º interlayer coupling in FePtOop/NiO/FePtIp trilayers, 

the influence of AFM spin alignment of NiO within the (111) easy plane on the in-

plane anisotropy of disordered FePt has been subsequently studied. Figure 5-4a shows 

the in-plane hysteresis loops of FePtIp/NiO/FePtIp trilayers. The magnetic field was 

applied along MgO [100] and [010] axis, respectively. Worth mentioning that the fcc 

CoPt possesses a cubic magnetocrystalline anisotropy with easy axis along <111> 

directions and its value25 is Kmc ~ 6×105 erg/cm3, a similar value is expected in the 

case of disordered FePt.26 The typical square easy axis loops with nearly same 
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remanent magnetization are observed in two orthogonal measuring directions, 

indicating that both bottom FePt(001) and upper FePt(111) layer possess magnetic 

isotropy along these two directions. It is well accepted that the FC treatment could 

modify the AFM spin structure.19 The experimental evidence shows that, for 

Fe/Co/MgO(001) bilayers, in-plane uniaxial magnetic anisotropy in Fe layer can be 

induced by FC treatment.10,27 However, due to the low NiO anisotropy in (1 11) 

plane,22,28 there is no significant change on hysteresis loop after in-plane FC along 

MgO [100] axis, especially for the remanent magnetization as shown in Fig 5-4b. The 

almost 100% remanent magnetization in both hysteresis loops strongly suggest that at  

 

FIG 5-4 In-plane hysteresis loops of FePtIp(3.5 nm)/NiO(4 nm)/FePtIp(3.5 nm) (S4) trilayers 

(a) before, and (b) after in-plane FC. The FC was performed along MgO [100] axis and 

measurements were conducted with the field along bottom FePt layer [100] and [010] axis, 

respectively. The inset shows the measurement geometry, in which the angle α denotes the 

angle between magnetic field and MgO [100] axis in the film plane.  
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two FePt/NiO interfaces, the FM/AFM coupling should be the same type, i.e., either 

collinear or perpendicular coupling. Since the layer thickness of NiO layer is thinner 

than 6 nm, no exchange bias exists in this work.29 Besides, among hysteresis loops in 

Fig 5-4a the slight differences of coercive field may also be concerned. Generally, in 

FM/AFM bilayers the enhancement of coercive field can be understood originated 

from coupling at FM/AFM interface with rotatable AFM spins.30 The winding and 

unwinding of the AFM NiO domain walls8 during the FePt magnetic switching 

process may account for these differences, whose analysis is beyond the scope of this 

work. 

5.4.3 In-plane magnetic hysteresis loops for FePtOop/NiO/FePtIp structure 

 

FIG 5-5 In-plane hysteresis loops of upper disorder FePt layer in FePtOop(4.5 nm)/NiO(4 

nm)/FePtIp(3.5 nm) (S3) trilayers (a) before, (b) after in-plane FC along MgO [100] axis, and 

(c) subsequent out-of-plane FC along MgO [001] axis. The measurements were conducted 

with the field along bottom FePt layer [100] and [010] axis, respectively. In this small 

magnetic field range, due to the large perpendicular magnetic anisotropy, the magnetization 

contribution from bottom ordered FePt layer is negligible. 
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To investigate the influence of NiO spacer on magnetic behavior of FePt layer in 

FM/AFM/FM trilayers, a particular case is a “naturally” 90º interlayer coupling 

structure as mentioned above. In FePtOop/NiO/FePtIp trilayers, to distinguish the 

magnetization of bottom and upper FePt layer from the hysteresis loop measurement, 

a relatively small magnetic field of 850 Oe was applied to saturate the upper 

disordered FePt layer, whereas the magnetization contribution from bottom ordered 

FePt layer is fairly small because of the strong perpendicular magnetic anisotropy. By 

using this approach, the in-plane hysteresis loops of upper FePt layer can be obtained 

as shown in Fig 5-5. For as grown trilayers, along both in-plane directions of 

measurement, the hysteresis loops exhibit a remanent magnetization of almost 100% 

with same coercive field in Fig 5-5a. After FC with the external field along MgO [100] 

axis, it is surprising that a different hysteresis behavior appears which is not observed 

in the case of FePtIp/NiO/FePtIp trilayers. For magnetic field along the direction of the 

field during FC, the remanent magnetization is reduced to 72% with enlarged coercive 

field of 182 Oe, while for its orthogonal direction, an even smaller remanent 

magnetization of 60% and a reduced coercive field of 130 Oe are observed as shown 

in Fig 5-5b.  These results show clearly that the modification of AFM spin structure 

through in-plane FC induces in-plane magnetic anisotropy in disordered FePt layer. 

By subsequently performing an out-of-plane FC, the hysteresis loops for both two 

directions recover to square easy axis loop as shown in Fig 5-5c, which are same as 

the loops of as grown upper FePt layer. Since the FM/AFM interfacial conditions 

including roughness and defects determine the types of interfacial coupling,31,32 the 

recovery of hysteresis loops after out-of-plane FC indicates that the heat treatment 

during FC will not give a significant consequence on the FM/AFM interface, namely, 

not affect the type of FM/AFM interfacial coupling. To clarify the mechanism of 
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induced in-plane anisotropy in Fig 5-5b, the FM/AFM interfacial coupling 

configuration must be realized. Taking the case of FePtIp/NiO/FePtIp trilayers as a 

reference, in FePtOop/NiO/FePtIp trilayers, the FM/AFM coupling should exhibit the 

same type at two FM/AFM interfaces. As discussed in chapter 4, the in-plane 

anisotropic strain in NiO leads to the out-of-plane [111] stacking direction favorable, 

forming a compensated AFM interface. As a consequence, an orthogonal coupling 

configuration can be expected at FM/AFM interface. However, in such coupling 

configuration, the perpendicular Fe in bottom FePt layer has no effect on in-plane 

anisotropy of upper FePt layer. This is understood that the bottom FePt layer cannot 

provide extra pinning for the in-plane rotation of Ni spins. Thus, similar results should 

be expected as Fig 5-5b.  Obviously, a new FM/AFM coupling configuration should 

be proposed to explain the induced in-plane anisotropy of upper FePt layer in 

FePtOop/NiO/FePtIp trilayers.   

5.5 Discussions on interfacial FM/AFM coupling configuration 

As given from chapter 4, we have shown experimental evidence that at 

compensated AFM interface for spin flop coupling configuration the angle between 

FM and AFM spins may be not exact 90º. In fact, such spin flop has already been 

predicted from theoretical calculation. A more detailed description is that at fully 

compensated AFM interface, the coupling frustration results in the AFM spins deviate 

slightly from its easy axis to generate a net magnetic moment. Consequently, the FM 

spin aligns antiparallel to this induced moment, orienting perpendicular to AFM easy 

axis as shown in the inset of Fig 5-6a.4-6 For FePtOop/NiO bilayers, due to this spin 

flop coupling, the perpendicular Fe magnetization leads to a slightly slanted Ni spins 

at the interface off the (111) easy plane as shown in Fig 5-6a (dashed green arrows).24 
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Correspondingly, the Fe magnetization will also deviate slightly from the film normal 

direction. Following the idea of FM and AFM spin alignment in spin flop coupling as  

 

FIG 5-6 (a) Schematic drawing of spins canting in FePtOop(001)/NiO(111)  bilayers, the 

blue arrow and dashed green arrow present the FM and AFM spin, respectively. The 

inset shows spin flop coupling configuration, where the deviation of FM/AFM coupling 

angle from 90° is somewhat exaggerated. (b) The proposed in-plane projection of net 

magnetic moment generated from AFM spins before and after in-plane FC. (c) The 

remanent magnetization (square symbol) and coercive field (triangle symbol) versus 

measuring angle α for upper disordered FePt layer in FePtOop(4.5 nm)/NiO(2 

nm)/FePtIp(3.5 nm) (S2) trilayers. And α denotes the angle between measurement 

direction and in-plane FC MgO [100] direction. 

given above, this FM/AFM coupling geometry will provide an extra pinning effect on 

the rotation of AFM spins in the film plane. For FePtOop/NiO/FePtIp trilayers, it is 

reasonable to assume the same FM/AFM coupling configuration as FePtOop/NiO 
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bilayers. In this case, the in-plane FC can enhance the coupling at NiO/FePtIp 

interface by canting the AFM spins closer to the (111) NiO plane. This will induce 

effectively stronger in-plane anisotropy in disorder upper FePt layer because of the 

pinning provided by the out-of-plane aligned Fe spins in bottom FePt layer, which 

cannot be expected by exact 90º FM/AFM coupling configuration. 

To further account for the FC induced in-plane anisotropy in upper FePt layer, 

we investigated the angular dependence of remanent magnetization of upper FePt 

layer. Here, the angle refers to the angle between direction of the field during the in-

plane FC and measurement direction. In order to enhance the pinning from bottom 

FePt layer and avoid the formation of spiral domain wall in NiO, we decreased the 

NiO spacer thickness to 2 nm. It is known that magnetic ordering temperature of 

AFM thin films strongly decrease as the film thickness decrease.33,34 For the case of 

NiO thin film, the Néel temperature going from 520 K for the bulk to 295 K for 5 

monolayer film has been reported.35 Therefore, the NiO spacer of 2 nm used in this 

work should keep the AFM order at RT. In addition, the measurement sequence was 

randomly arranged to eliminate the contribution from possible training effect. As seen 

in Fig 5-6c, with increasing the angle α, both remanent magnetization and coercive 

field show strong tendency to decrease, indicates the in-plane anisotropy of upper 

FePt layer. Then the data was quantitatively analyzed. For spin flop coupling 

configuration, as explained in last paragraph, the induced in-plane anisotropy in upper 

FePt layer is mainly related to the projection of net magnetic moment generated from 

AFM spins. In the following, we will focus on this in-plane component. Since the 

NiO spacer shows twelvefold symmetry around film normal direction, twelve 

equivalent in-plane components of AFM net moment can be expected. Each direction 

is perpendicular to one of six easy axis directions in the NiO(111) plane. The idea is 
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that the in-plane FC could induce a modification of Ni spin structure,19 leading to 

those twelve components tend to be along two directions (stable contribution), which 

are close to the FC direction as shown in Fig 5-6b. Meanwhile, an increase for the in-

plane projection can also be expected. Due to the thermal fluctuation at RT, another 

contribution from randomly distributed in-plane components (unstable contribution) 

should also exist. Based on this idea, the renmanent magnetization of upper FePt layer 

should follow the expression 

2
0

2 cos cos cos
2 6 6r s s

b cI I d I
π π πa a a a

π
    = + − + +        

∫         (5.1) 

where Ir and Is are remanent magnetization and saturation magnetization, respectively; 

α denotes the angle between measurement and direction of the field during in-plane 

FC; b and c are the portion of induced anisotropy from stable and unstable 

contribution, respectively. By fitting the data in Fig 5-6c (square symbol), we find that 

Eq. (5.1) well describe the experimental data. The b and c values obtained from data 

fitting are 90% and 11%, respectively. Notice that the sum of b and c values is 1% 

larger than unit. Since the perpendicular Fe magnetization in bottom FePt layer 

slightly deviate from film normal direction, this discrepancy may be attributed to the 

in-plane projection of bottom Fe magnetization. 

5.6 Magnetic domain imaging for FePtOop/NiO/FePtIp structure 

The magnetic domain structure of FePtOop(4.5 nm)/NiO(4 nm) bilayers and 

FePtOop(4.5 nm)/NiO(4 nm)/FePtIp(3.5 nm) trilayers was studied by magnetic force 

microscopy (MFM) at RT. For FePtOop/NiO/FePtIp trilayers, the in-plane 

magnetization of ultrathin upper FePt layer generates a fairly weak stray field, which 

is hardly detected by the magnetized tip. Thus, it is reasonable to expect that the 
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observed domain structure is from the bottom FePt layer. As shown in Fig 5-7a, the 

FePtOop/NiO bilayers exhibit stripe domain structure with random alignment, which is 

the feature of out-of-plane aligned magnetization. With the deposition of upper 

disordered FePt layer, no significant change can be observed unless a minute decrease 

of stripe width from approximately 147 nm to 134 nm [Fig. 6(b)]. To study the effect 

of the modification of AFM spin structure on domain structure, we performed in-

plane FC on the sample of S3. Note that the FC temperature (525 K) is well below the 

reported Curie temperature (700 K) of partially ordered FePt film.36 Thus, regardless  

 

FIG 5-7 Magnetic domain structure at remanence in (a) FePtOop(4.5 nm)/NiO(4 nm) (S1) 

bilayers, (b) FePtOop(4.5 nm)/NiO(4 nm)/FePtIp(3.5 nm) (S3) trilayers. (c) Image of 

FePtOop(4.5 nm)/NiO(4 nm)/FePtIp(3.5 nm) trilayers after in-plane FC. (d) Rotating the 

scanning direction of (c) around film normal direction by 90º. 

of influence from NiO spacer and upper FePt layer, the FC treatment should have no 

effect on domain structure of bottom FePt layer. Figure 5-7c shows domain structure 

of bottom FePt layer in FePtOop/NiO/FePtIp trilayers after in-plane FC. It is clearly 
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seen that the stripes tend to be parallel to the direction of the field during FC. After 

rotating the scanning direction around MgO [001] axis by 90º, the alignment of stripe 

structure also changes its direction by 90º, which is a strong indication that the Fe 

magnetization slightly deviate from film normal direction. Moreover, comparing with 

the as grown FePtOop/NiO/FePtIp trilayers, the stripe width decreases to an even 

smaller value (107 nm). Taking into account the FM/AFM spin flop coupling 

configuration used in this work, the observed decrease of stripe width can be well 

explained. For the sample of S3, the in-plane Fe magnetization in upper FePt layer 

aligns the AFM spin of NiO slightly closer to the film plane. Consequently, the in-

plane component of net magnetic moment generated from AFM spins will be 

enhanced. It is known that an in-plane magnetization in coupled magnetic layers leads 

to a decrease of perpendicular magnetic anisotropy in the other layer, in which the 

magnetization is out-of-plane aligned.37 Therefore, compared with the case of 

FePtOop/NiO bilayers, it is not surprising for the decrease of stripe width in 

FePtOop/NiO/FePtIp trilayers. As discussed in proceeding section, the in-plane FC 

could results in a further enhancement of in-plane projection from AFM spins. This 

explains why the modification of AFM spin structure in NiO spacer through in-plane 

FC could affect the stripe width in bottom FePt layer. 

5.7 Summary  

In summary, we have studied structural and magnetic properties of 

FePtOop/NiO/FePtIp trilayer structure, where the bottom and upper FePt layer are 

partially ordered and disordered, respectively. Magnetic hysteresis loop measurement 

shows that the Fe magnetization in upper FePt layer is in the film plane, while that in 

bottom layer is parallel to the film normal. This feature gives rise to a “naturally” 90º 
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interlayer coupling, regardless of NiO spacer. The merit of our study is that we only 

modify the NiO spin structure through FC to affect the magnetic behavior of two FM 

layers. For as grown FePtOop/NiO/FePtIp trilayers, the upper FePt layer exhibits an in-

plane isotropy. However, after in-plane FC, we find that the remanent magnetization 

is dependent on the measuring angle relative to the FC direction, which is an 

indication of in-plane anisotropy. Realizing the effect on upper FePt layer, the bottom 

FePt layer was further studied by magnetic domain imaging. After in-plane FC, the 

stripe domain shows realignment and tends to be parallel to the FC direction, 

confirming the existence of small deviation angle of Fe magnetization from film 

normal direction. While a decrease of stripe width can also be observed. In 

consideration of FM/AFM interaction, the interesting results observed in this work 

can be well explained by spin flop coupling configuration, in which the angle between 

FM and AFM spin is not exact 90º. 
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Chapter 6 Conclusions 

The ferromagnetic (FM)/antiferromagnetic (AFM) interfacial coupling especially 

at compensated AFM interface has been studied in L10 FePt based ultrathin structures. 

To accomplish this objective, the influential factors (e.g., internal stress) for FePt 

ordering phase transformation were firstly investigated by introducing nitrogen gas 

during FePt deposition. With the well understanding of FePt ordering process, we 

have successfully fabricated perpendicular exchanged biased FePt/NiO bilayer 

structure with high structural quality. Comparing three different structures: FePt 

single layer, FePt/NiO bilayers before and after field cooling, we find that the angle 

between FM and AFM spin at compensated AFM interface may be not exact 90º. 

Taking into account the favorable FM/AFM coupling configuration, the obtained 

experimental results and origin of exchange bias can be well understood through our 

proposed AFM spin canting mechanism. To further verify this finding, we designed a 

special FePtOop/NiO/FePtIp trilayer structure, in which the bottom and upper FePt 

layer are partially ordered and disordered, respectively, giving rise to a “naturally” 90º 

FM interlayer coupling configuration. By performing an in-plane field cooling to 

modify the Ni spin, the magnetic behavior changes on both FePt layers have been 

observed. Through this approach, it offers a sensitive way to study the FM/AFM 

coupling. 

For each L10 based FePt ultrathin structure, the detail results and main findings 

are summarized as follows: 

6.1 The FePt/AlN multilayer structure 

The preferred growth orientation and ordering of FePt has been controlled
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through introducing interstitial nitrogen atoms during FePt deposition. In both two 

cases, i.e., the FePt deposited with and without N, the FePt layers show strong (111) 

texture and the crystallinity is improved with increasing annealing temperature. 

However, compared with these two cases, for the FePt deposited with N, it exhibits a 

weaker (111) texture and experiences much more in-plane compressive strain during 

grain growth, e.g., at 600ºC the calculated strain is -1.22% and -0.26% for the FePt 

deposited with and without N, respectively. Taking into account the grain-orientation-

specific driving forces for grain growth, the stress condition will definitely affect the 

preferred growth orientation of the film. In this viewpoint, a decrease in the driving 

force for the (111) grain growth can be expected in the case of FePt deposited with N. 

For the FePt deposited without N, as the annealing temperature increases from 

500 to 700ºC, the degree of order rapidly increases from 0.337 to 0.743, which shows 

the same tendency as annealing temperature-dependent coercivity. Making 

comparison with FePt deposited with N, for the film annealed at 500 or 600ºC, it 

shows a larger coercive field, indicating a more pronounced ordering in this case. 

Since the ordering transformation is a recrystallization process, same as (111) texture 

evolution, a decrease of driving force is supposed to be the reason for the weaker 

ordering of FePt deposited N. 

6.2 The FePt/NiO bilayer structure  

The perpendicular exchanged biased FePt/NiO bilayer structure has been 

successfully established. After perpendicular field cooling (FC), for Fe(2.5 

nm)/NiO(21 nm) film the exchange field is -41 Oe at RT and increases to -301 Oe at 

20 K. Besides, this bilayer structure shows interesting structural features. For FePt 

layer, it is well epitaxially grown on MgO(001) single crystal substrate with a strong 
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(001) texture. While the NiO layer exhibits a strong (111) texture and twined 

microstructures in the film plane, which experiences in-plane anisotropic strain. This 

stress condition is considered to give rise a compensated AFM interface in FePt/NiO 

bilayer structure.  

Through performing initial magnetization curve measurement and magnetic 

domain imaging, the results show that for as grown bilayer structure, the FePt layer 

experiences a small-angle magnetization rotation when it is magnetized near to 

saturation in film normal direction. After field cooling, the bilayer structure shows a 

significant enhancement of perpendicular magnetic anisotropy, indicating the field 

mediated coupling between the spins across FePt/NiO interface. According to Koon’s 

theoretical calculation on the basis of lowest energy ferromagnetic/antiferromagnetic 

coupling configuration for compensated spins at antiferromagnetic side, the Ni spins 

at the interface is considered to slightly deviate off the ( 1 1 1) easy plane. 

Consequently, this spin configuration stabilizes the coupling between FePt and NiO 

and result in the observed exchange bias. This consideration was further confirmed by 

stripe domain width calculation.  

6.3 FePt/NiO/FePt trilayer structure 

A ferromagnetic interlayer coupled FePt/NiO/FePt trilayer structure has been 

fabricated, in which the bottom and upper FePt layer are partially ordered and 

disordered, respectively. Owing to the strong perpendicular magnetic anisotropy for 

ordered FePt and dipolar anisotropy for disordered FePt, this structure shows 

interesting features that regardless of antiferromagnetic (NiO) layer, it gives rise to a 

“naturally” 90º ferromagnetic interlayer coupling. From structural characterization, it 

is noticed that the bottom FePt layer is well epitaxially grown on MgO(001) substrate 
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with (001) texture, whereas the upper FePt exhibits the same crystallographic 

orientation as NiO layer. 

Performing field cooling to only modify the NiO spin structure, the 

corresponding effects on two FePt layers were studied. For upper FePt layer, the in-

plane field cooling induces an in-plane magnetic anisotropy, showing a dependence of 

remanent magnetization on the angle between the directions of the measurement and 

the field during field cooling, which is not observed in as grown trilayers. It is worth 

noting that this interesting phenomenon also cannot be observed in FePt/NiO/FePt 

trilayers with two disordered FePt layers. For bottom FePt layer, after in-plane field 

cooling, the magnetic stripe domain changes from random distribution to a tendency 

of aligning along the direction of the field during field cooling with decreased stripe 

width. In the viewpoint of coupling at FePt/NiO interface, the underlying mechanism 

of observed results can be well explained by the FM/AFM coupling configuration 

proposed from FePt/NiO bilayer structure. 
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