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Chapter 1 Introduction 

1.1 A brief overview of magnetic storage development 

In the past century, our life has experienced world-shaking improvements due to 

development of semiconductor industry. One of the core parts of semiconductor industry 

is complementary metal-oxide-semiconductor (CMOS) technology. Today’s CMOS 

technology is mainly electron charge-based device, and has encountered two main 

challenges as dimensional and functional scaling: power consumption and variability.1,2 A 

potential alternative solution under development is spintronic, which utilize another 

fundamental quantum property of electrons: spin. Magnetic random-access memory 

(MRAM) is one of the promising storage technology due to its non-volatility, infinite 

endurance and fast data access.3,4 Besides, the state-of-art spin-torque-transfer MRAM 

(STT-MRAM) also attracts great attention as it enables higher density at a low cost.5 

The first commercial MRAM chips started to launch on market in 2006 by Freescale.6 

Those chips just had 4Mbit storage with 35ns read/write speed. This first generation 

MRAM devices are designed on toggle-mode, where a magnetic field (induced by current) 

is used to change the spin. In recent years, MRAM technology has blossomed into second 

generation, the so-called STT-MRAM. This mode uses spin-polarized current to achieve 

switching. Many companies, such as Everspin (derived from Freescale MRAM division), 

IBM, Avalenche Technologies and Crocus, have devoted intense efforts to develop this new 

technology. Figure 1-1 shows the roadmap on the memory technology updated in 2017. In 

2016 Everspin first announced STT-MRAM prototype with perpendicular magnetic tunnel 

junction (pMTJ).7 This new design offers lower power and better scalability compared to 

previous MRAM products. Afterwards, they also demonstrates the world’s fastest solid-
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state drive based on its pMTJ STT-MRAM technology.8 If progress smooth, STT-MRAM 

technology will be commercialized in mass production around 2019.9 In all, this spintronic 

memory will stir up a wave of revolution in modern semiconductor field once widely put 

into use. 

Figure 1-1 Memory technology/produces roadmap.10 

 

1.2 Major break-throughs in MRAM  

Magnetoresistance effect describes the resistance as a function of the magnetic field 

due to Lorentz force. The magnitude of magnetoresistance in a normal metal is too small 

for real application. In 1856, anisotropic magnetoresistance (AMR) was discovered. It 

emphasizes the resistance depends on the direction of applied magnetic field. Although 

AMR sensors have successfully replaced inductive sensors in hard-disk industry, its 

resistance ratio is no more than 10 %. (Now the AMR sensors are mainly used in aerospace 

field such as A380, due to its robust resistance to cosmic radiation at high altitude). Thus, 

the most impressive results are giant magnetoresistance (GMR) and tunnel 

magnetoresistance (TMR). 
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1.2.1 Giant Magnetoresistance 

In 1988, two groups independently discovered GRM effect in Fe/Cr superlattice11,12, 

which were awarded the Nobel Prize of physics in 2007. GMR is observed in a multilayer 

consisting of at least two ferromagnetic layers separated by a non-magnetic spacing layer. 

The resistance is lower if the magnetizations of two ferromagnetic films are parallel. 

Otherwise, the resistance becomes larger. GMR effect can be interpreted by two conductive 

channel: spin-up and spin-down channel.13 When the spin of electrons is parallel to the 

magnetization direction of ferromagnetic film, electrons have weak scattering (R). 

Otherwise, electrons experience strong scattering (R). Thus in parallel magnetization 

case, two R and two R are connected in parallel, the total resistance 𝑅𝑃 for this case can 

be expressed as 
2𝑅↑↑𝑅↑↓

𝑅↑↑+𝑅↑↓
. While in antiparallel state, the resistance 𝑅𝐴𝑃 is 2(𝑅↑↑ + 𝑅↑↓). The 

resistance difference between states is given as ΔR =  𝑅𝑃 − 𝑅𝐴𝑃 = −
(𝑅↑↑−𝑅↑↓)

2

2(𝑅↑↑+𝑅↑↓)
. By this result, 

we know that the larger difference between 𝑅↑↑ and 𝑅↑↓, the larger magnetoresistance is. 

1.2.2 Tunnel Magnetoresistance 

Tunnel magnetoresistance (TMR) originates from spin-polarized tunneling in 

multilayers (consisting of two ferromagnetic layers separated by an insulating layer), 

which was discovered in 1970.14,15 This ferromagnet/insulator/ferromagnet structure is 

called magnetic tunnel junction (MTJ) cell. Similar to GMR, the resistance of this cell 

depends on the magnetization direction with respect to each other. At that time, TMR effect 

did not make an impact to magnetic head industry since the TMR ratio is only a few 

percent. The first observation of large TMR ratio (~ 10 %) was realized in 1995 with 

amorphous Al2O3 tunnel barriers.16 In 2004 TMR ratio was further increased to 70.4 % at 

room temperature using amorphous Al2O3.17  Moreover, a MTJ cell with MgO tunnel 

barriers was expected to present at least 1000 % by first-principles calculations.18,19 In 2004, 
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Fe(001)/MgO(001)/Fe(001) MTJ cell was prepared by molecular beam epitaxy, but the 

observed TMR ratio was only 180 % at 293 K (247 % at 20 K).20 TMR ratio was further 

increased to 604 % at room temperature in Ta/CoFeB/MgO/CoFeB/Ta junctions in 2008, and 

its TMR ratio measured at 4.2 K was up to 1144 %.21 All of the TMR effect mentioned above 

is in longitudinal direction. However perpendicular TMR effect attracts more interests 

recently. In perpendicular design, two ferromagnetic layers should show large 

perpendicular anisotropy, so that they can coupled in perpendicular direction. A 

perpendicular MTJ of GdFeCo/Fe/MgO/Fe/TbFeCo layers was fabricated and TMR ratio 

was measured at 64 % at room temperature.22 

1.2.3 Spin transfer effect 

In field-mode MRAM, the magnetization direction of one of the two ferromagnetic 

layers (free layer) is switched by magnetic field induced from current. Arrays of wires (bit 

lines and word lines) are orthogonal designed and their cross-point are connect by one 

MTJ cell. When current flow through two wires (bit line and word line), generating 

magnetic field, switching occurs in this cell (following asteroid curve principle). The 

required current increases with the reduction of wire size. Therefore, this field-based 

writing and reading MRAM encountered a scalability limit around 90 nm.23  

The observation of spin-torque transfer (STT) opens a new way for switching via spin-

polarized current rather than magnetic field from adjacent wires. When electrons pass 

across a metal layer, as we all know they experience scattering, which is independent of 

original spin polarization. However, when electrons pass across a ferromagnetic layer, 

spin-dependent scattering takes place. That is after leaving, a high portal of electrons are 

polarized with the same direction as the ferromagnetic layer (called as spin-polarized 

current). STT effect says if a spin-polarized electrons flow through ferromagnetic layer, the 
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magnetization of the ferromagnetic layer becomes aligned to the polarization of the current. 

Namely there is a spin moment transfer. This magnetization switching takes place if the 

polarized current density is larger than a threshold value, which is around in the order of 

106 – 107 A/cm2.24 First MgO-based STT-MRAM design were published in 2005. 25  

1.2 Introduction of BiFeO3 

1.2.1 Multiferroic material BiFeO3 

Multiferroic, as explains itself, adopts at least two ferroic orders (e.g. ferroelectric, 

(anti-)ferromagnetic and ferroelastic) within one material simultaneously.,26,27 Its potential 

application lies in the coupling interaction between the different orders, such as 

magnetoelectric (ME) effect. The magnetoelectric effect describes polarization 

modification upon a magnetic field (the so-called direct ME effect) and vice versa magnetic 

response to an electric field.28 Bismuth ferrite (BiFeO3; BFO) is currently the only single 

phase multiferroic material at room temperature. It was first synthesized in late 1950s, but 

its detail information such as structure and properties was in vague at that time.29 In 1970, 

the first polarization hysteresis loop of BFO was reported in liquid nitrogen, confirming 

ferroelectric nature of BFO.30 The observed polarization value was only 6.1 C/cm2 along 

<111> direction due to sample leakage. The ferroelectric Curie temperature (Tc) is around 

1100 K.31 Meanwhile structure of BFO was determined as R3c space group via single 

crystal X-ray diffractions (XRD) and neutron diffraction methods. 32 , 33  It can be 

characterized by two distorted perovskite units connected along pseudocubic <111> 

directions. In this structure FeO6 octahedral tilt from <111> by ~ 13.8 ° and Fe ions shift 

from centrosymmetric positions by 0.135 Å, leading to intrinsic ferroelectric state. 34 

Structure detail, especially variety in thin film forms, will be discussed in section 1.2.2. In 

1980s BFO magnetic nature was reported as G-type antiferromagnet (AFM) up to Néel 
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temperature (TN) ~ 658 K and was found BFO endowed a magnetic cycloidal spiral with a 

long period of 620 Å.35,36 In particular, the cycloidal spin is incommensurate with the 

crystal lattice. Thus, it permits a moment canting and results in a weak ferromagnetic 

moment, which is the so-called Dzyaloshinskii-Moriya (DM) interaction.37 ,38  The DM 

equation can be rewritten into specific form in BFO due to rhombohedral symmetry as 

E = −D ∙ (L × M), where D is DM coupling vector (Heisenberg exchange constant J in 

exchange interaction by analogy), L is antiferromagnetic vector defined as the 

magnetization differences between two FeO6 octahedral along <111> directions and M is 

magnetization addition of the above two FeO6 octahedral. Thus D, L, and M set up a right-

handed system.39 It is clear that DM interaction (weak ferromagnetism) is determined by 

the rotations of FeO6 octahedral and it is the key to magnetoelectric switching scenarios in 

BiFeO3. 40 , 41  Research about BFO did not catch too much attention since there exist 

magnitude disparity between experiment observation and theoretical expectation due to 

poor sample quality. A revival of BFO starts from 2003, where pure epitaxial thin film was 

stabilized.42 

1.2.2 Structure deviation in film form 

As we mentioned in last section, bulk BFO presents rhombohedral structure in R3c 

group (ar = 5.634 Å, αr = 59.35)43. This is often treated as two distorted pseudo-cubic units 

(apc = 3.96 Å, αpc = 89.35 ) connected along body diagonal. For simplicity and conciseness, 

people often use pseudo-cubic Miller index to label crystallographic structure and so is in 

this thesis unless indicated. Derived from this pseudo-cubic unit, BFO can take on diverse 

structures in thin film forms because of the so-called strain engineering,44 as summarized 

in Figure 1-2. In all there are 6 different structures: tetragonal, three types of monoclinic 

Mc MA and MB, (these monoclinic can also be treated as M deviations from T or R phases) 
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rhombohedral and orthorhombic. Here we will describe each structures in detail in the 

following text. 

Figure 1-2 Summary of various structures of BFO in thin film form due to strain.44 

1.2.2.1 Bulk-like rhombohedral (R) 

Bulk-like rhombohedral BFO is usually obtained on SrTiO3 substrates (a = 3.94 Å).45,46 

STO substrates can provide the smallest misfit (ε = (asubstrate – aBFO)/asubstrate ~ 0.6 %) among 

all the commercially available substrates. Evidences show what this structure starts to relax 

at 30 nm thickness.47 

1.2.2.2 Tetragonal (T) 

Induced by compressive strain, BFO can display a tetragonal phase of P4mm space 

group.48,49 The reported c-axis constant was ~ 4.062 Å with tetragonality (c/a) ~ 1.014 – 

1.032. This T-phase was stabilized on Pt/TiO2/SiO2/Si substrates. In 2009, T-phase was also 

successfully obtained on (001)-oriented LaAlO3 (rhombohedral phase with pseudo-cubic 

lattice parameter a = 3.79 Å) substrates, yielding c-axis constant ~ 4.67 Å with tetragonality 

value ~ 1.23.50 Furthermore, the rather large tetragonality can remain even if the thickness 

is increased to 100 nm.  

What is more, there exist mixed T and R phase in BFO thin films, forming 

morphotropic phase boundary. Such mixed phases can be stabilize on (001) LAO 

substrates, (110) YAlO3 substrates (orthorhombic with pseudo-cubic lattice parameter a = 
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3.69 Å),51 (001) LaSrAlO4 substrates (tetragonal with lattice parameter a = b = 3.76 Å).52 

Details about the substrates are summarized in Section 3.1.2. 

It should be noted that structure of BFO can be tailored not only by the strain imposed 

via single crystal substrates, but also by the growth conditions. For example, varying 

growth rate or substrate temperature can induce T-phase on STO substrates.53,54,55 Besides, 

pure R-phase and T-phase BFO can be grown separately on LAO substrates by a careful 

growth refinement.56  

1.2.2.3 Monoclinic 

Low symmetry monoclinic acts as structural bridge between R and T phases and is 

often found around the above-mentioned morphotropic phase boundaries.57 There are 

three reported monoclinic phases: MA, MB, MC, according to the notation by Vanderbilt and 

Cohen.58 The units of MA and MB two phases are rotated by 45  around c-axis of pseudo-

cubic cell and thus volume is doubled compared to pseudo-cubic. The monoclinic 

distortion originates from c-axis tilting with respect to that of pseudo-cubic cell, resulting 

in β < 90 . The magnitudes of polarization components of MA and MB phases are different: 

for MA, PX = PY < PZ, whereas PX = PY > PZ for MB.59 For MC phase, its unit cell almost overlap 

with that of pseudo-cubic cell but c-axis is tilted from the normal of (110) plane.  

Existence of monoclinic distortion cannot be determined merely by out-of-plane XRD. 

Peak splitting information of (103), (013) or (113) in reciprocal space mapping are usually 

carried out to obtain the monoclinic angle and lattice parameters.60,61  

BFO phase transition from T to R is not isosymmetric, but evolves from pure 

tetragonal phase  monoclinic MA  monoclinic MB  pure rhombohedral phase.57 

Therefore monoclinic phase can be obtained on almost all the above-mentioned 

substrates.58,59 
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1.2.2.4 Orthorhombic (O) 

First-principle calculations predicted that an orthorhombic BFO phase may be 

stabilized in 2 % tensile strain or beyond.47,62 This phase was first realized on (110)-oriented 

NdScO3 substrates.63 Rare-earth scandate substrates, such as GdFeO3, NdGaO3, SrRuO3, 

etc, are orthorhombic and belongs to Pbnm space group. Their (110) plane provides a 

nearly square units with c/2 = 4.000 Å and √𝑎2 + 𝑏22
/2 = 4.013 Å (in NdScO3 case) along [001] 

and [110] direction, respectively.64 The lattice parameter of this orthorhombic BFO were measured 

as: a ~ 3.99 Å, b ~ 4.00 Å and c ~ 3.89 Å. 

For systematic explanation of various BFO structures, published review papers can be 

referenced.65  

1.2.3 Ferroelectricity 

Ferroelectric nature of BFO is no doubt the most investigated scope since its thin film 

stabilization in 2003. The ferroelectric state is induced by a large displacement of Bi ions 

relative to FeO6 octahedral. The measured spontaneous polarization of BFO epitaxial films 

can reach to 90 – 120 C/cm2 along <111> directions.42,45,46,66 Besides T-phase exhibits a 

super large polarization ~ 150 C/cm2, which comes from an even larger relative ion 

shift.48,49,67,68,69  

As BFO exhibits rhombohedral phase, the polarization can point to either <111> 

directions, generating eight possible domain variants. 70 , 71  This corresponds to three 

possible domain boundaries: 71 , 109  and 180  domain walls. These values are actually 

rotational angle between two separating domain states. The 180  domain walls are merely 

ferroelectric type, while the other two are also ferroelastic domain walls.72 Generally, the 

different domain types can be characterized by a scanning technique called piezoresponse 

force microscopy (PFM). Its basic mechanism is to map the polarization directions in each 
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domains by applying localized electric field. By comparing in-plane and out-of-plane PFM 

images, a comprehensive domain structure can be obtained.73 

1.2.4 Antiferromagnetism 

Magnetic characterization of BFO did not receive that much attention compared to 

ferroelectric property mainly due to its small magnitude value. As we discussed previous, 

BFO is a G-type antiferromagnetic with a cycloidal order imposed on (111) planes. At first, 

many reports focused on canting or destruction of the cycloidal spin structure, which 

result in a weak ferromagnetism ~ 0.05 B per unit cell.39,74 Until 2013, Santo et al depicted 

a magnetic phase diagram of strained BFO films via Mössbauer spectroscopy in 100 % 57Fe 

films, revealing the structure dependent on spin structures.75 At low compressive strain 

range ( < 1.6 %) and low tensile strain range (< 0.5 %), BFO films present bulk-like cycloidal 

spin structures, with <1-10> and <110> propagation directions, respectively. Meanwhile, 

large strain will induce collinear antiferromagnetic order suppressing cycloidal 

structures.76 

Since the coupling between ferroelectric and antiferromagnetic order in BFO films are 

realized by FeO6 octahedral rotatio39, 71  and 109  polarization switch can lead to 

magnetic configuration change (magnetoelectric scenario) instead of 180  switching.77 

1.2.5 Devices 

Multiferroic nature of BFO enables coupling between electric and magnetic orders, 

which is quite attractive for device application, especially MRAM. 78  For example, 

quaternary (four logical states) information system can be realized utilizing co-existence 

of polarization and magnetization. 79  Furthermore a theoretical model consisting of 

multiferroic tunnel junction has been put forward to realize octal (eight logical states) data 

storage.80  
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Apart from logical encoding, electric field control of magnetization is the most 

investigated topic in BFO-based heterostructures.81,82 The first observation of electrical 

control of antiferromagnetic domain structure manipulation was reported in 2006.83 A 

domain correlation between ferroelectricy and antiferromagnetism in terms of both 

domain size and shape were found in (001)-oriented BFO films by PFM imaging and X-ray 

photoemission electron microscopy. Such coupling demonstration paves the way for 

electric control of magnetization. Since the magnetic magnitude value of BFO is relatively 

small, people often use its ordered spin structures. Generally, exotic interface effect will 

occur between two layers exhibiting different spin structures (such as (anti-)ferromanget, 

paramagnet, diluted magnetic semiconductor and so on). 84  Thus BFO/ferromagnet 

heterstructures are often prepared in the attempt to realize E-control of magnetization with 

the vision that electric signal will pass to ferromagnet through BFO layers. 

In 2010, the first reversible electric control of two distinct exchange bias was realized 

in La0.7Sr0.3MnO3/BFO heterostructures.85 Applying voltage pulse can reversible modulate 

the magnitude of exchange bias shift. However, this measurements were conducted at 5.5 

K instead of room temperature because of the low blocking temperature (~ 100 - 120K). 

Other types of electrical control of magnetic properties were also observed. Magnetic 

anisotropy direction take 90  rotation after electric field application in Py/BFO bilayers.86 

Ferromagnetic domain wall rotation upon electric poling switching in Co0.9Fe0.1/BFO 

heterstructures.87,88 The latter two effects were observed at room temperature. These BFO-

based devices with exotic functionality provide perspectives for further information 

technology. Despite of this promising application, BFO-based devices does not receive the 

same attention as BFO other characterization. Since intensive experiments have been 

concentrated on structures (phase transition) and ferroelectric properties, this part remains 

yet virgin. I think this will be a hot topic in the following years. 
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1.3 Magnetic interface effect 

Magnetic interface effect builds up the mainstay in MRAM technology. There are 

many kinds of magnetic features induced by interface effect, such as exchange bias, 

exchange spring coupling and magnetic proximity.84 In this thesis, we will merely focus on 

the following two interface effect: exchange bias and exchange-spring coupling.  

1.3.1 Exchange bias effect in ferromagnetic/antiferromagnetic bilayers 

Exchange bias probably is the mostly explored magnetic interface effect due to its 

practical application in both experimental and theoretical. As we have discussed 

previously, there needs two ferromagnetic layers in GMR/TMR cells. One is free layer, the 

other is pinned layer. As their name can self-explain, magnetization is switched in free 

layer and stay unmoved in pinned layer. Usually this pinned layer is realized by exchange 

bias phenomenon. Exchange bias phenomenon is an uni-directional anisotropy and has 

two main characters: 1) a shift of the hysteresis loop after field cooling, 2) an enhancement 

of the coercivity compared to single ferromagnetic layers. Unfortunately a clear 

understanding of exchange bias mechanism is still lacking. Here we just discuss some 

prevalent models.  

1.3.1.1 Stoner-Wohlfarth model 

The Stoner-Wohlfarth model names after the two scientists who developed it.89 This 

model describes the magnetization behaviors from analytical equations instead of 

microscale simulations.90 Although this model cannot clarify the exchange bias effect, it 

can explain the basic magnetization loop behavior dependence of azimuth angle and 

deduce the asteroid curve. In other words, this model is the starting point to understand 

the following expressions. Thus we will start from this model. 
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For a single ferromagnetic thin, the total energy per unit volume is expressed as 

following equation: 

  𝐸𝑣(β) =  −𝜇0𝐻𝑀𝐹 cos(𝜃 − 𝛽) + 𝐾𝐹𝑠𝑖𝑛
2(𝛽) (1) 

where the first term and second term is Zeeman energy and magnetic crystalline 

anisotropy, respectively. H is the applied magnetic field; MF and KF is the saturation 

moment and the volume anisotropy constant of ferromagnetic material, respectively; angle 

θ and β is shown in Figure 1-3. 

Figure 1-3 Schematic illustration of angles and vectors in Stoner-Wohlfarth mode. 

 

To satisfy energy stable conditions, there are: 

 
𝜕𝐸𝑉(𝛽)

𝜕
= 0 (2) 

 
𝜕2𝐸𝑉(𝛽)

𝜕𝛽2 > 0 (3) 

And we obtain the following equations: 

 −𝜇0𝐻𝑀𝐹 sin(𝜃 − 𝛽) + 𝐾𝐹 sin(2𝛽) = 0 (4) 

 𝜇0H𝑀𝐹 cos(𝜃 − 𝛽) + 2𝐾𝐹 cos(2𝛽) > 0 (5) 

Hysteresis loops can be deduced by solving equation 4 with constraint imposed by 

equation 5. Here people usually define two terms: longitudinal magnetization (projection 

of M along H) 𝑚∥ = cos(𝛽 − 𝜃) , and transverse magnetization (projection of M 

perpendicular to H) 𝑚⊥ = sin(𝛽 − 𝜃). Past literature has depicted the numerical-obtained 

loops at various angle difference,91 and this goes well with experiment results. Specifically, 
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hysteresis is squared loop and transverse component is 0 along easy axis. If field is applied 

long hard axis, longitudinal is a linear line and transverse is an oval shape loop.  

Besides, from equation (4) we have: 

 𝐻𝑐(θ) =  
2𝐾𝐹

𝜇0𝑀𝐹
|𝑐𝑜𝑠𝜃| (6) 

This is accordance with our common sense as well. Upon easy axis direction (θ = 0), 

hysteresis gets the broadest and Hc value reach to the largest. While the coercivity field 

decreases to zero if θ = 2/π (hard axis). Based on this model, the coercivity field dependence 

of azimuthal angle can also be deduced. This is the famous asteroid equation, which is the 

basis for writing process in first generation MRAM devices. In this thesis, we will not cover 

this part in detail. 

 1.3.1.2 Meiklejohn and Bean model 

The exchange bias effect was first discovered in 1956 by Meiklejogh and Bean when 

studying Co particles embedded in CoO.92 They have an acuminous understand of this 

phenomenon and attribute this as unidirectional anisotropy.93 Soon after a model was 

proposed to illustrate such anisotropy phenomenon.94 There are two types of M&B model: 

ideal case and realistic case. The main difference between the two cases is the assumption 

of magnetic rigidness in antiferromagnetic layer. In ideal case, AF is rigid and remain 

unchanged during ferromagnetic rotation. On the contrary, in realistic case AF is allowed 

to rotate as a whole, leading to addition of antiferromagnetic anisotropy term in total 

energy. Since the basic idea for the two cases are the same, we will focus on ideal M&B 

model. 

Similar to S&W model, the total energy per unit area is expressed as: 

 E = −𝜇0𝐻𝑀𝐹𝑡𝐹 cos(𝜃 − 𝛽) + 𝐾𝐹𝑡𝐹𝑠𝑖𝑛
2(𝛽) − 𝐽𝑒𝑏cos (𝛽) (7) 

Where Jeb is the interfacial exchange energy per unit area (J/m2).  
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From physical understanding, the anisotropy directions of F and AF, that is KF and 

KAF, are assumed to be oriented parallel to the field cooling direction, that is H. This means 

θ = 0. As AF is rigid and thus AF spin direction remains the same the whole magnetization 

reversal process. Thus the new schematic view of angles and vectors in ideal M&B model 

is shown in Figure 1-4. 

Figure 1-4 Schematic illustration of angles and vectors in ideal Meiklejohn & Bean 

mode. 

 

Then equation 7 is simplified as following: 

 𝐸𝐴 = −𝜇0𝐻𝑀𝐹𝑡𝐹 cos(−𝛽) + 𝐾𝐹𝑡𝐹𝑠𝑖𝑛
2(𝛽) − 𝐽𝑒𝑏 cos(𝛽) (8) 

 
𝜕𝐸𝐴

𝜕𝛽
= −𝜇0𝐻𝑀𝐹𝑡𝐹 sin(𝛽) + 2𝐾𝐹𝑡𝐹 cos(𝛽) + 𝐽𝑒𝑏 sin(𝛽) = 0 (9) 

There are solutions for equation (9),  

 β = 𝑐𝑜𝑠−1 (
𝜇0𝐻𝑀𝐹𝑡𝐹−𝐽𝑒𝑏

2𝐾𝐹
) for 𝜇0𝐻𝑀𝐹𝑡𝐹 − 𝐽𝑒𝑏 ≤ 2𝐾𝐹 (10) 

 β = 0, π for 𝜇0𝐻𝑀𝐹𝑡𝐹 − 𝐽𝑒𝑏 ≥ 2𝐾𝐹 (11) 

solution (11) corresponds to positive and negative saturation, respectively. Thus we 

can deduce coercivity fields Hc1 and Hc2 from this solution. 

 𝐻𝑐1 = − 
2𝐾𝐹𝑡𝐹+𝐽𝑒𝑏

𝜇0𝑀𝐹𝑡𝐹
  (12) 

 𝐻𝑐2 = 
2𝐾𝐹𝑡𝐹−𝐽𝑒𝑏

𝜇0𝑀𝐹𝑡𝐹
  (13) 

Based on equation (12) and (13), coercivity field and exchange bias field are given as: 
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 𝐻𝑐 =
|𝐻𝑐1|+|𝐻𝑐2|

 2
= 

2𝐾𝐹

𝜇0𝑀𝐹
 (14) 

 𝐻𝑒𝑏 =
𝐻𝑐1+𝐻𝑐2

2
= − 

𝐽𝑒𝑏

𝜇0𝑀𝐹𝑡𝐹
 (15) 

Now we have finished the basic derivation process of ideal M&B model. Although the 

experiment values are usually several orders of magnitude smaller than this theoretical 

results, this model can still provide us a glimpse of this bias phenomenon. First, it indicates 

the exchange bias field is always in negative direction. Then it points out exchange bias 

field value is proportional to the inverse of F thickness. This is easy to understand, since 

exchange bias is an interface effect. The thinner the F is, the larger the effect is.  

1.3.1.3 Malozemoff random field model 

In 1987 Malozemoff proposed a new model, the so-called random field model. 95 

Enlightened by Neel’s AF domain wall concept96, Malozemoff assumed that in realistic 

bilayers interface roughness will exert lateral variation effect on F and AF layers. Such 

random field causes AF to break into several magnetic domains to minimize the total 

energy. Different from contemporary models, this model focus on the interface mesoscopic 

scale instead of microscopical and macroscopic scale. By taking interface roughness into 

consideration, this model successfully deal with the large discrepancy between theory and 

experiment results. 

Malozemoff starts from the exchange field imposed on AF by two F domains. In the 

final equilibrium condition, we have  

 𝐻𝑒𝑏 = 
∆𝜎

2𝑀𝐹𝑡𝐹
 (16) 

Where Δσ is interfacial energy. If the interface is ideally compensated, then the 

exchange bias field will be zero. In other words, “uncompensated” spin configuration 

across the interface is the prerequisite of existence of hysteresis loop shift. Further interface 
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energy can be expressed as ∆σ = 
2𝐽𝑖

𝑎⁄ . Ji is exchange coupling constant across the 

interface and a is lattice parameter of AF layer. Thus we have 

 𝐻𝑒𝑏 = 
𝐽𝑖

𝑎𝑀𝐹𝑡𝐹
 (17) 

Now the prediction of Heb are still two order of magnitude larger than experiment 

results.97,98 Now Malozemoff introduced a parameter z called number of order unity from 

physical understanding. This implies atomic roughness can frustrate AF spin pairs and 

increase energy difference by 2JA, where JA is AF exchange constant. Thus the total energy 

difference at the interface will be 2Ji + 2JA or 4J assuming exchange constants are similar at 

the both interface sides (JA ≈ Ji ≈ J). Then AF domain energy is taken into consideration. AD 

domain wall energy has the value ~4√𝐴𝐴𝐹𝐾𝐴𝐹, where AAF and KAF are exchange stiffness 

and uniaxial anisotropy of AF layer, respectively. Then the exchange bias field can be 

extracted as following: 

 𝐻𝑒𝑏 = 
2𝑧√𝐴𝐴𝐹𝐾𝐴𝐹

𝜋2𝑀𝐹𝑡𝐹
  (18) 

Till now, the theory and experiment agreement is excellent.  

1.3.1.4 Phenomenological explanation of exchange bias effect 

Although the mechanism of exchange bias effect is unsolved, we can understand this 

effect from phenomenological aspect. We first assume both FM and AFM are in a single 

domain state. Demonstrated in Figure 1-5 (assuming in-plane exchange bias), the whole 

process start from field cooling treatment.  

That is first raise the temperature to T, where TNéel < T < TCurie. (Here there is a 

prerequisite of the two layers: TNéel < TCurie) At this temperature, spin direction of FM aligns 

along one direction, while spin direction of AFM is random (shown in Figure 1-4-1 state). 

Then add external magnetic field and cool down. This is the so-called field cooling 

treatment. Afterwards, the first monolayer spin is fixed by the FM layer (Figure 1-4-2). As 



Chapter 1 Introduction 

18 

 

external field is reversed (from positive to negative), FM spin will try to re-orient 

themselves. Because of the interface coupled exerted by AFM to FM, more energy 

(magnetic field) is needed to total flip the FM spins compared to single FM layer. In the 

ascending branch (negative to positive), similarly the FM spins require smaller energy 

(field) to rotate back to its original states. In all, the magnetization hysteresis loop is shifted 

along negative field. The larger interface coupling effect/exchange bias effect, the more 

shift (HEB) is. In this assumption, AFM spin state is simplified to be rigid.  

Figure 1-5 Phenomenological model of exchange bias effect in FM/AFM bilayers. 

 

1.3.2 Exchange coupling effect 

In the hard disk magnetic recording technology, information is stored in “bit”. Each 

bit consists of tens of grains. To ensure a relative large signal-to-noise ratio (SNR), a 

number of grains are needed. On the contrary, grain size is reduced (as well as 

perpendicular recording) for higher areal density. According to K1V > kbT thermal stability 

requirement, materials such as L10 CoPt with large K1 value are great candidate as 
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perpendicular magnetic recording media. However, there is a main issue concerning the 

high writing field, as it is proportional to K1/Ms. This is a well know magnetic recording 

trilemma. One possible solution is through exchange coupling effect.99 This is usually 

achieved by depositing another soft magnetic layer on the hard magnetic material (L10 

ordered FePt or CoPt). Thus the soft region responds to magnetic field first and then it will 

apply a magnetic torque to help the hard region switch. With proper coupling, the 

coercivity can be reduced to half of that original value. This method is also called as 

dynamic tilted media.100 

1.4 Outlines of this thesis 

The related background knowledge of this thesis study is briefly introduced in this 

Chapter, including MRAM development, multiferroic BiFeO3 material and magnetic 

interface effect.  

Chapter 2 explains experimental details including film preparation, microstructure 

and magnetic characterization and other conducted measurements in this study. Besides, 

the results of systematic BiFeO3 film growth exploration is also presented. This can give us 

a brief image of how sensitive BiFeO3 is to the growth conditions, especially to substrate 

mismatch. 

Chapter 3 presents BiFeO3 growth results on TiN conductive under layers. After 

carefully revising growth conditions, BiFeO3 epitaxial growth can be obtained on TiN 

layers using MgO (001) substrates. 

Followed by film preparation, chapter 4 mainly focuses on macroscopic magnetic 

properties of BiFeO3/L10 ordered CoPt layered structures. A magnetic field-mediated 

exchange coupling effect is observed in this films. That is two magnetic states (two-step 

switching and one-step switching shape in hysteresis loops) can be repeatedly switched 



Chapter 1 Introduction 

20 

 

by orthogonal external magnetic field. Both XRD and TEM results indicate epitaxial 

growth. Element mapping suggests there exist two additional layers across the interface: 

Co-deficient CoPt layers (~ 1.5 nm) and Co-doped BiFeO3 layer (2 nm). This exact 

discrepant Co-distribution leads to exchange coupled and decoupled states. 

Chapter 5 demonstrates magnetic properties of Co2FeSi/BiFeO3 layered structures. 

Co2FeSi is a half-metallic ferromagnet with high Curie temperature and large saturation 

moment. Exchange bias effect is observed in this layered films. The antiferromagnetism of 

BiFeO3 has a pinning effect to the ferromagnetism of Co2FeSi layers, leading to a coercivity 

enlargement (from ~ 20 Oe to 80 Oe) after field-cooling treatment. 

Conclusions from each chapters are summarized in chapter 6. 
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Chapter 2 Preparation and 

Characterization of BiFeO3 films 

In this chapter, thin film preparation and characterization are explained. This thesis 

involves several materials, such as BiFeO3, TiN, CoPt alloy, Pt, Co2FeSi. All of these films 

were fabricated by magnetron sputtering method. Out-of-plane and in-plane X-ray 

diffraction were conducted to reveal film structure information and relative orientation 

relationship. Cross-section transmission electron microscopy were also used to determine 

interface structures. Magnetic properties were measured by vibrating sample 

magnetometer. Detail experiment set up will be introduced in this chapter.  

2.1 Thin film preparation 

Sputtering is a widely-used method to prepare films. Atoms or clusters are ejected 

from solid targets to substrates by bombarding their surfaces with energetic ions.1 Besides, 

vacuum condition is also a prerequisite. Rotary pump and turbo-molecular pump work 

together to guarantee our base pressure is always lower than 5*10-5 Pa. Since this method 

is a world-wide popular technique, no more information about sputtering working 

mechanism is introduced here. 

Our sputtering machine has a max target capacity of six (Figure 2-1), which means six 

kinds of layers can be deposited in one experiment without breaking the vacuum state. 

This can greatly reserve the interface state, benefiting the magnetic interface 

characterization. In the following experiment, we will my experiment benefit a lot from 

this unique adventage. There are several major categories: direct current (DC), radio-

frequency (RF) alternative current (AC) and reactive magnetron. All of the mentioned 
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categories were used in this thesis, which will be introduced in each material cases 

following.  

Figure 2-1 Sputtering chamber picture 

 

For BiFeO3 film growth, we use Bi-rich target to compensate the Bi loss during 

deposition, due to the low vapor pressure of Bi metal. Typical a nominal composition of 

Bi1.1FeO3 target is used in literature,2,3 and so is in our experiment. Different from BFO, Bi-

rich target presents a bright red color, as shown in Figure 2-2 (a). According to our 

experience, this Bi-rich target deteriorates with deposition and a new target will expire 

after around 10 hour-deposition. Our target size is 2 inch in diameter and RF power is fixed 

at 100 W with growth rate ~ 4 nm/min. Substrate temperature varies from 400 to 700 C as 

needed. O2/Ar gas ratio (volume) is varied from 1:4, 1:7 to 1:10 as needed. The deposition 

pressure is kept 0.1 or 0.2 Pa. Figure 2-2 (b) is a photo, which is taken at BFO deposition. 

The plume color shows a bit purple compared to others, probably due to oxygen existence 

in working gas.  
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Figure 2-2 (a) Photo of a new Bi1.1FeO3 target (b) BFO deposition plume 

 

2.2 Structure characterization 

X-ray diffraction (XRD) measurement is the most common method to detect material 

structures due to its non-destructive property. For each sample in this thesis, out-of-plane 

 -2 XRD scan is conducted to first confirm the existence of expected phase. If needed, 

further in-plane scan, pole figure profile and transmission electron microscopy (TEM) are 

also recorded. 

2.2.1 X-ray diffraction (XRD) 

X-ray diffraction is a well-known nondestructive structure characterization method, 

and we will briefly introduce it in this section. Constructive interference occurs as long as 

Bragg’s law is satisfied. The Bragg equation is expressed as 2dsin = , where d is some 

index inter-planar distance, 2 is diffraction angle (angle between incident beam and 

detector) and  is incident wavelength (~ 1.541 Å for Cu Kα1).  

For every sample, we first conduct  -2 scan in Bragg-Brentano geometry, where the 

diffraction vector is always normal to the surface of films. In -2 mode, incident beam is 

fixed and sample rotates at  degree/min while detector rotates at 2 degree/min. For 

epitaxy sample, only [00L] peak can be detected in this scan. 

If needed, further in-plane scan or φ-scan are recorded. 90 °C in-plane scan is the same 

to out-of-plane scan expect that sample rotates 90  in chi () axis. Besides, pole figure 
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measurement is an indispensable method to find orientation relationship between films 

and substrate. The sample is first adjusting 2 and  angles while keeping  -2 

configuration. Then diffraction intensity is collected with  rotation.  

We use Bruker D8 Discovery HR machine to conduct in-plane or pole figure with 

area (2D) diffraction. In in-plane scan, this can distinguish texture sample or epitaxy, since 

area diffraction also include chi () information. In pole figure, this method can also collect 

reciprocal space mapping information due to a wide angular range. A schematic 

illustration of typical XRD geometry set up is depicted in Figure 2-7.  

2.2.2 Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) is a powerful tool for atomic structure 

observation. A high energy beam penetrate through a thin sample and information coming 

from interaction between atoms and electrons is collected.  

Figure 2-7 A schematic illustration of typical X-ray diffraction geometry set up. 

 

There are mainly two categories of TEM operation: imaging mode and diffraction 

mode. Imaging is further divided into dark-field and bright-field depending on which 

beam (direct beam or diffracted beam) passes through aperture. Different from traditional 

dark field image, high-angle annular dark-field imaging (HAADF) captures electrons 
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scattered at high angles in scanning TEM (STEM). STEM uses a convergent electron beam 

to scan the sample. When electrons imping on the sample, it will emit X-ray which can be 

used to do chemical analysis (element mapping in certain interested area). HAADF 

method collects information via incoherently scattered electrons, and thus is sensitive to 

atomic number of atoms. As for the diffracted mode, diffraction pattern containing 

structure information can be obtained.  

To observe TEM, a thinning process is needed. Here I just briefly introduce two kinds 

of thinning method we use in this thesis: ion milling and focused ion beam (FIB). For ion 

milling technique, prerequisite steps such as grinding, polishing and dimple are needed 

to reduce sample thickness. Then high energy ions (usually Ar gas) is used to bomb the 

sample surface. In FIB a focused Gallium ions probe is operated and small probe current 

is used to remove atoms from specimen surface. 

In this thesis, two types of TEM machines are applied: one is conventional TEM (JEM-

3010; JEOL); the other is Cs-corrected scanning TEM (FEI Titan G2 80-200) equipped with 

energy dispersive X-ray spectroscopy (EDS) and electron energy-loss spectroscopy (EELS). 

2.3 Thickness determination 

In this thesis, we conduct two methods to measure sample thickness for mutual 

confirmation.  

2.3.1 Step profiler 

As the name can self-explain, this method operates a probe to scan the profile of the 

samples. The height difference between the whole sample and substrate is the film 

thickness we want. Step profiler is an effective method and easy to get thickness. However, 

this method can only corresponds to whole films and cannot distinguish each layers in 
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heterostructure systems. Thus X-ray reflection is a suitable way to measure thickness of 

each layers.  

2.3.2 X-ray reflection (XRR) 

X-ray reflection is a useful technique to characterize film thickness and interface 

roughness. Similar to XRD, information is obtained via interaction between X-ray and 

atomic planes. Figure 2-8 shows a typical XRR profile and how does useful information is 

extracted. This figure explain every detail information we can obtain from XRR profile. In 

brief, oscillation period width is related to film thickness, and oscillation decay rate at 

higher angles corresponds to interface roughness. Actually, information mentioned in the 

Figure 2-8 is collected by simulation and thus initial parameters are needed to perform 

simulation. This means we should have a rough impression (thickness, roughness or 

density) about the sample in advance in order to get a more precise information. This is 

why two techniques are used together.  

Figure 2-8 Information provided by X-ray reflectivity profile. Retrieved from Ref. 4 
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2.4 Magnetic characterization 

The magnetic hysteresis loops are first measured by vibrating sample magnetometer 

(VSM). Some samples are further cut into small pieces and measured by higher accuracy 

VSM machine, such as physical property measurement system (PPMS)-VSM or 

superconducting quantum interference device (SQUID). The fundamental mechanism of 

VSM are given in following section. 

2.4.1 Vibrating sample magnetometer (VSM) 

The fundamental mechanism of VSM is Faraday induction deprived from Maxwell 

equation. According to U =  ∬
∂

∂t
 �⃗�  𝑑𝑆, induced voltage depends on the change rate of 

induction B. And thus the electromotive force generated in the pick-up coils is proportional 

to the magnitude of magnetic moment of the sample. Figure 2-9 briefly draws a VSM 

schematic diagram.  

Figure 2-9 A sketch of VSM operation 

 

As indicated in the sketch, the relative movement is realized by sinusoidally vibrating 

sample in transverse configuration (vibration perpendicular to the field).5 This induce 

voltage in the pick-up coils, which is measured by a lock-in amplifier.  
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VSM machine used in this work is VSM Model BHV-50HTI by Riken Denshi Co., Ltd. 

The max magnetic field available in this apparatus is 15000 Oe. The magnetic moment 

measuring range is 0.005  250 emu and sensitivity is  2*10-6 emu. Even the sample size is 

10*10mm, no cutting is needed for VSM measurement.  

2.4.2 VSM with SQUID 

The superconducting quantum interference device (SQUID) can be used in VSM. 

Different from conventional VSM, samples vibrate inside pick-up coils. The pick-up coils 

are connected to another input coil, which coupled to a SQUID. Because of flux 

quantization in superconducting rings, flux change in pick-up coils leads to voltage 

response in SQUID. And this voltage is measured by lock-in amplifier. Although the 

SQUID VSM has a high sensitivity (> 10-11 Am2 for MPMS SQUID VSM by Quantum 

Design), the narrow space inside pick-up coils limit the measurement size of specimen, 

which means 10 * 10 mm size sample needs to be cut into small pieces.  

2.4.3 Field cooling process 

Field cooling process is done in VSM high/low temperature mode by Riken Denshi 

Co., Ltd. The same was VSM measurement, no sample cutting is needed. The temperature 

range in this apparatus is -196 C – 700 C. The high temperature range is realized by 

heating while the low temperature by liquid nitrogen. The static magnetic field applied in 

field cooling is 5000 Oe.  

2.5 Other measurements 

2.5.1 Ferroelectric measurement 

For BFO ferroelectric measurement, top electrode and bottom electrode are both 

required. The buffer layer TiN owns a resistivity ~ 10-6 m and can be used as bottom 
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electrode. After film preparation, BFO is corroded by acid to reveal TiN as bottom 

electrode. 10 % mass concentration hydrochloric acid is first prepared in fume hood. Then 

one part of BFO/TiN sample is dipped in acid for corrosion for 2 minutes. Afterwards, 

ultrasonic cleaning is followed, first in ethanol liquid for 5 minutes then another 5 minutes 

for distilled water. Finally, sample is baked on hot plate at 70 C until complete dry. After 

wet corrosion, 10nm CoPt is sputtered by mask at the top. Before sputtering, sample 

temperature is raised to 300 C in vacuum chamber to remove surface contamination. 

There are three kinds of size in the mask pattern, as shown in the Figure 2-10 (a). The 

circular size parameter r1, r2, r3 is 0.2 mm, 0.1 mm and 0.05 mm, respectively. Figure 2-10 

(b) and (c) show sample before and after CoPt deposition, respectively. As indicated in 

Figure 2-10 (b), a corner of the BFO sample has been corroded in acid revealing TiN bottom 

layer, that presents TiN characteristic goldish color. Clearly CoPt pattern can be seen in 

Figure 2-10 (c).  

Figure 2-10 (a) A photo of shadow mask with dimension labeled by ruler. Inset is the 

pattern arrange, where three kinds of size exist. (b) A photo of sample after acid 

corrosion revealing TiN bottom layer at one corner. (c) A photo of sample after CoPt 

deposition on the top via shadow mask. 
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The ferroelectic loops in this thesis are measured by TF 1000 Analyzer FE-Module (aix 

ACCT Co.) ferroelectric test system. The voltage range is  15 V and maximum hysteresis 

excitation frequency is 1000 Hz. 

2.5.2 Atomic force microscopy (AFM) 

Atomic force microscopy (AFM) is a non-destructive technique for studying sample 

surface at nanoscale. AFM uses a cantilever with an atomic size tip to scan over sample 

surface. A laser beam is used to detect cantilever deflection and profile the film surface. 

There are several conventional working modes: image mode, contact mode (also called 

static mode) and tapping mode (also called dynamic mode). We use Microscope Probe 

Unit (AFM51100N mode) manufactured by HITACHI company. From this measurement, 

both surface morphology and surface roughness can be obtained.  

2.5.3 Auger electron spectroscopy (AES) depth profile 

Auger electron spectroscopy (AES) is a surface analysis method. Emitted auger 

electrons from sample surface (~ 1nm) after electron beam irradiated can be detected. From 

the kinetic energy and intensity of Auger peak, the elemental identity and quantity of a 

detected element can be determined. AES depth profile is a chemical content analysis as a 

function of depth. Each AES measurements are obtained by a sequence of Ar ion etch, as 

shown in Figure 2-11. 

Figure 2-11 Schematic illustration of AES depth profile.6 
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In this work, AES depth profile is measured by JEOL JAMP-9500F. Analysis energy 

range is 0~ 2500 eV and energy resolution is E/E is 0.05 ~ 0.6 %.  

 

2.6 BiFeO3 film growth exploration 

According to previous reported literature, growth window of BFO films is quite 

narrow and sensitive to environment. Since this is our first time to examine BFO films, 

plenty of preliminary work has been done on various substrates. This section work aims 

only to get familiar with BFO growth condition in our sputtering machine, so we have paid 

all the attention to phase information by XRD method (sometimes followed by surface 

roughness by AFM).  

2.6.1 Experimental details 

Basic information, such as BiFeO3 chamber and target, are described in section 2.1. 

Here we only list the growth conditions used in this chapter.  

Determination of initial sputtering parameter comes from reported papers. At first 

stage, we compensate Bi loss using Bi metal in BFO target. Although this method seems 

success, it cannot last long due to the difficulty to remain Bi-rich situation for too long. 

Thus this part experiment is not mentioned in this thesis. Here we only listed repeatable 

experiment results. Three kinds of substrates has been tried in this chapter. That is 

amorphous-SiO2 substrates (a-SiO2), MgO (001) substrates (mismatch  ~ -6.6 %) and STO 

(111) substrates ( ~ 1.4 %). Table 3-1, table 3-2, table 3-3 list the sputtering parameters of 

BFO growth on a-SiO2 (including post annealing process), MgO (001) and STO (111), 

respectively. Parameter variates are indicated in purple color in the below tables. Substrate 

bias (-50, -100, -150 V) is applied using a-SiO2 substrates in the attempt to increase film 
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crystallinity.7 Experiments have proved that applying substrate bias (usually at the range 

of -50 ~ -300 V) can improve film adhesion, increase film density (e.g. Cr), significantly 

reduce resistivity of metal films (e.g. Ta, W, Ni) and change the film properties as well. 

Pictures of bias power supply panel are shown to indicate that bias is indeed applied 

successfully to the substrates, as shown in Figure 2-12.  

Figure 2-12 Substrate bias power supply panel of 50, 100, 150 V. 

 

Table 2-1 BFO growth parameters on a-SiO2 substrates.  
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Table 2-2 BFO growth parameters on MgO (001) substrates.  

 

Table 2-3 BFO growth parameters on STO (111) substrates. 

 

2.6.2 Phase analysis 

BFO phase existence is checked mainly by XRD measurements. Figure 2-13 

demonstrates phase information of as-deposited sample prepared at 500, 550, 600 and 650 

C, respectively. And Figure 2-14 shows their post annealed results. Grey background 

indicates Fe2O3 peak position and blue corresponds to BFO peak. As we be seen, film is 

amorphous at low Ts (Ts ≤ 550 C) while Fe2O3 phase emerge at high Ts (Ts ≥ 600 C) for 

as-deposited samples. And there is no sign of crystal BFO phase existence. This is probably 

due to formation of amorphous phase. After post-annealing, Bi-deficient phase Bi2Fe4O9 
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and Fe2O3 phase crystalize at low Ts. One excited thing is a BFO (001) peak emerges at 650 

C deposition with 700 C post annealing. Despite of existence of BFO, Fe2O3 phase cannot 

be eliminated, indicating easy formation of amorphous Bi oxide and/or Bi loss on a-SiO2 

substrates. 

Figure 2-13 XRD profiles of BFO/a-SiO2 substrates at Ts = 500, 550, 600 and 650 C, 

respectively. 

Figure 2-14 XRD profiles of previous sample (deposited on a-SiO2 substrates at various Ts 

as shown in Figure 2-13) post-annealed at 700 C respectively. 
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The Bi-deficiency problem is further confirmed by Auger electron spectrum, a semi-

quantitative method. At 500  C as-deposited sample, Bi/Fe atom ratio is 16/19 ~ 0.84, while 

600  as-deposited sample, the ratio is further decreased to 3/22 ~ 0.27. 

Based on this results, we fix the substrate temperature to 500 C and apply substrate 

bias in the attempt to increase film crystallinity. Figure 2-15 demonstrates the XRD profiles. 

One can see from the results from even with -150 V substrate bias, no crystal BFO phase 

can be detected. Instead, peaks attributed to Bi2Fe4O9 seems to emerge. 

Figure 2-15 XRD profiles of BFO grown at 500 C on a-SiO2 substrates with various 

substrate bias (-50, -100, -150 V).  

 

Due to missing of crystallized BFO phase on a-SiO2 substrates, we decide to give up 

a-SiO2 substrates and select MgO (001) substrates instead. Despite of this failure, we get 

the impression that BFO phase tends to grow under high temperature, which helps a lot 

for MgO substrate growth. 

Figure 2-16 illustrates XRD profiles of samples deposited at various gas ratio O2 : Ar ~ 

1:10, 1:7 and 1:4, respectively. Under low oxygen partial pressure (O2 : Ar ~ 1:10 and 1:7), 

secondary phase Bi2Fe4O9 comes into being. Bi2Fe4O9 is a common secondary phase when 
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fabricating BFO in both film and bulk form. From its element stoichiometry, we can expect 

the existence of Bi2Fe4O9 mainly results from Bi deficiency while keep the same oxygen 

concentration with that of BFO phase. There is another secondary phase, which we will 

encounter later, and that is Bi24Fe2O39. This phase usually forms when people deliberately 

increase Bi concentration in the source too much. As a result, precisely control Bi ratio 

(neither too little nor too huge) is pre-requirement for BFO film growth. Back to this 

experiment results, further increase gas ratio to 1:4, Bi2Fe4O9 phase disappear and BFO 

phase appears. Besides, BFO phase shows (001) (110) and (111) three growth orientations, 

forming polycrystalline-like growth. 

Figure 2-16 XRD profiles of BFO/MgO (001) at various gas ratio O2 : Ar ~ 1:10, 1:7 and 1:4, 

respectively. The Ts is fixed at 600 C. 

 

Figure 2-17 shows XRD profiles of samples deposited at different Ts = 550, 600 and 650 

C, respectively. As one can see clear, Ts = 600 C is a critical point, whereas both poor 

crystalized Bi2Fe4O9 and BFO phases exist when Ts < 600 C. Increasing Ts above 600 C, 

only textured-BFO phase exists. Thus the optimal growth condition for BFO films on MgO 

substrate is at Ts = 600 C and gas ratio ~ 1:4. 
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Now we can get the conclusion that pure BFO phase can be obtained on MgO (001) 

substrates. Early than this, no paper about BFO directly grow on MgO has been reported. 

People usually inset a buffer layer, such Pt 8 , 9  or SRO 10  to cushion the large lattice 

mismatch (~ -6.6 %) between MgO and BFO. Besides, Nd-doped BFO is reported to be 

directly grown on MgO.11 Different from our results, the doped BFO adopts 45  in-plane 

rotation with respect to MgO substrates. Clearly none of the reported results are the same 

as the results we got in this work. 

Figure 2-17 XRD profiles of BFO/MgO (001) at Ts = 550, 600 and 650 C, respectively. Gas 

ratio is fixed at O2: Ar ~ 1:4. 

 

The optimal growth conditions on MgO is 600 C substrate temperature with O2: Ar 

ratio ~ 1:4. Furthermore we tried STO (111) substrates, which is a popular substrates for 

epitaxial BFO growth as we mentioned. Figure 2-18 demonstrates XRD profiles of 

BFO/STO (111) with  = 0 and 54.7 , respectively. Epitaxial growth of BFO, which is cube-

on-cube structure, is indicated from XRD pattern and pole figures (shown in Figure 2-19). 

In summary, BFO growth is quite sensitive to substrates, especially the lattice 

mismatch. No pure BFO phase can be grown on a-SiO2, while BFO present texture 

crystalline structure on MgO (001) substrates. And epitaxial BFO is easily obtained on STO 
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(111) substrates. Besides, Bi2Fe4O9 secondary phase is the most prone to appear because of 

the high vapor pressure of Bi element and it is characterized by 28  peak position in XRD 

profiles. 

Figure 2-18 XRD profiles of BFO/STO (111) with  = 0 and 54.7 , respectively. The growth 

condition is 600 C with O2: Ar ratio ~ 1:4. 

 

Figure 2-19 Pole figure maps of {200} and {201} reflections of STO substrates and BFO 

films. 

2.7 Summary 

Experiment details are explained and summarized in this chapter. Besides, 

preliminary works about BFO film preparation are also prepared on three kinds of 
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substrates: a-SiO2, MgO (001) and STO (111). I need to specify that we use magnetron 

sputtering to prepare BFO films, which is different from popular method pulsed laser 

deposition. Sputtering allows us to grow complex heterostructures with smooth interfaces. 

From our results, no crystal BFO films can be obtained on a-SiO2 even after high 

temperature annealing treatment or applying substrate bias, as the same with reported 

literatures. Poly-crystal like BFO films is grown on MgO substrate (exerting ~ 6.6 % tensile 

strain), while epitaxial BFO on STO substrates (~ 1.4 % compressive strain). The difference 

may suggest that the first atomic layer of BFO film is quite critical for film growth. 

Amorphous substrates can only induce amorphous films, while single crystal substrates 

can lead to crystalline growth of BFO films. Besides, it also indicates BFO growth is quite 

sensitive to the mismatch provide by substrates.  

Our work may be the first report about successful preparation of BFO films directly 

grown on MgO substrates. 
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Chapter 3 Epitaxial BiFeO3 growth on 

TiN conductive under layers 

3.1 Introduction 

BiFeO3 (BFO) is the only single-phase multiferroic at ambient conditions and has the 

potential to exert marvelous properties, as we introduced in chapter 1.2. In this chapter, 

we report epitaxial BFO growth on TiN conductive under layers. 

3.1.1 BiFeO3 structure details 

We know that BFO can take on various structures deprived from R3c under strain. 

However, there are no standard structure information. First we list calculated structure 

information, which can be used as a reference in the following experiments. In this section, 

we present detail structure information calculated by Diamond – Crystal and Molecular 

Structure Visualization (Demo 4.3.2 Version).  

3.1.1.1 Rhombohedral  

Rhombohedral (R3c) is BFO bulk structure. The detail structure information has been 

revealed in late 19s,1 and is listed in Figure 3-1 (a). Figure 3-1 (b) depicts the corresponding 

atomic structure with two Fe atoms coordinated by distorted octahedral oxygen cages. 

Figure 3-1 (c) and (d) present diffraction peak details and diffraction pattern, respectively. 

One thing to be noticed is that diffraction index uses hexagonal unit. 

3.1.1.2 Pseudo-cubic 

As we discussed in section 1.2.2, pseudo-cubic and rhombohedral is actually two 

aspects of the same structure. Rhombohedral is BFO original structure, however, for 

conciseness and simplicity, rhombohedral is split into two distorted perovskite units  
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Figure 3-1 Rhombohedral phase of BFO. (a) Detail structure information; (b) 

Rhombohedral unit cell schematic structure; (c) Calculated diffraction peak information; 

(d) Calculated diffraction pattern. 
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Figure 3-2 Pseudo-cubic phase of BFO. (a) Detail structure information; (b) Pseudo-cubic 

unit cell schematic structure with inset depicting derivation from rhombohedral unit  to 

pseudo-cubic unit; (c) Calculated diffraction peak information; (d) Calculated diffraction 

pattern.  
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Figure 3-3 Tetragonal phase of BFO. (a) Detail structure information; (b) Tegregonal unit 

cell schematic structure; (c) Calculated diffraction peak information; (d) Calculated 

diffraction pattern. 
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connected along body diagonal direction, as shown in Figure 3-2 (b). If we compare 

diffraction pattern of rhombohedral and pseudo-cubic phase, their small index peaks 

match with each other, such as (012) set of rhombohedral and (001) set of pseudo-cubic, (-

120) set of rhombohedral and (011) set of pseudo-cubic. In most cases, pseudo-cubic Miller 

index are used although rhombohedral phase is labeled, especially in single crystal growth 

and epitaxial films. And so is in this thesis.  

3.1.1.3 Tetragonal 

Tetragonal phase evolves from pseudo-cubic phase under tensile strain. Figure 3-3 

lists tetragonal information containing parameter details (Figure 3-3 (a)), schematic 

structure (Figure 3-3 (b)), diffraction information (Figure 3-3 (c)) and diffraction pattern 

(Figure 3-4 (d)). 

3.1.2 BiFeO3 film growth 

3.1.2.1 BiFeO3 preparation method 

Almost all kinds of thin film preparation methods have been used to grow BFO. The 

most popular method is no doubt pulsed laser deposition (PLD), by which the first BFO 

film was realized.2 PLD method can prepare epitaxial BFO films on various substrates 

regardless of structures3,4,5,6 and many BFO-based heterostructures are also prepared by 

PLD due to the high quality of BFO7,8,9. Besides, many BFO films are also reported by 

sputtering method, which is believed to grow complex oxide films with extremely smooth 

surfaces10 and compatible with the semiconductor technology. Under optimal conditions, 

epitaxial BFO can be obtained on single crystal substrates by sputtering.11,12,13,14 Other 

method such as chemical solution deposition (CSD)15 , 16 , metalorganic chemical vapor 

deposition (MOCVD)17,18 can also prepare BFO films without secondary phases.  
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As far as we know, all of the BFO-based heterostructure or devices use PLD method 

to prepare BFO layer and no other methods have been reported. This indicates that high 

quality BFO films growth is quite sensitive growth method. However, considering BFO 

practical application, sputtering is the best growth choice without question.  

3.1.2.2 Substrate selection 

Single crystal substrates or at least crystalized buffer layer is needed to growth BFO 

films no matter which growth method is used. Thus, mismatch strain between substrates 

and BFO films is inevitable. The magnitude of mismatch is defined as ε = (as - aBFO)/as, 

where as is the lattice parameter of the substrate and aBFO is the lattice parameter (~ 3.96 Å) 

of pseudo-cubic phase. Generally, by choosing an appropriate substrate, fully coherent, 

epitaxial films with little defects can be obtained. Figure 3-4 shows lattice constants of some 

commercial single crystal substrates. In section 1.2.2, we have briefly summarized the 

substrate selection for different BFO phases. 

Figure 3-4 A number line showing (pseudo-)cubic or (pseudo-) tetragonal in-plane lattice 

constants of BFO films (above line) and of substrates or common buffer layers. 

 

Although epitaxial BFO films can be realized on various substrate, theses listed 

substrates is of high cost and quite a few is compatible with Si-based technology. The 

cheapest substrate above is MgO (001)-orientation with at least 3000 JPY. Only LaNiO3 

layer is reported to be buffered on Si wafer.19 Besides, conductive property of substrate or 
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buffer layer is needed in order to input electric signal to BFO films, from practical point of 

view. Currently Nd-doped STO substrates20 and SRO21,22,23 or Pt layers23,24 are placed to 

solve this problem. Therefore an alternative buffer layer is needed to satisfy both Si-

compatible and conductive for epitaxial BFO film growth.  

 

3.1.3 Objectives in this chapter 

For application aspect, BFO needs to be grown with efficient cost (especially the single 

crystal substrate cost) and reduced deposition temperature. Thus we aim to achieve well 

crystallized BFO film with no secondary phase. To achieve this target, we propose to use 

conductive TiN as under layers to prepare BFO films. As has been proved that TiN is 

conductive25 and can epitaxially grow on Si (001) wafer26. Besides, TiN has high thermal 

stability and low cost advantages. 

Structure of TiN is NaCl-type, which is the same with MgO substrates. Besides, the 

lattice parameter of TiN (aTiN ~ 4.24 Å) is also quite near to that of MgO (aMgO ~ 4.22 Å). 

Based on the results obtained in Chapter 2, such large mismatch (~ 6.6 %) between BFO 

and TiN under layers may not be a problem to prepare pure BFO phase. Besides, it has 

been reported that at the surface of TiN layers various atom bonding conditions between 

Ti and O easily occurs as long as oxygen exists.27 We hope such bonding may promote 

crystal BFO growth.Based on such proposal, we systemically investigated BFO growth on 

TiN under layers. 

 

3.2 Experimental details  

BFO film preparation is detailed explained in chapter 2. As for the growth conditions, 

all the investigated parameters in this chapter are listed in Table 3-1. 
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Table 3-1 Sputtering parameters of BFO layers 

As for TiN, this under layer is prepared by reactive sputtering method. Ti metal target 

(2 inch diameter) is used and N2 gas is also supplied apart from Ar gas. The gas ratio (N2 : 

Ar) varies from 1:3 to 1:21. Substrate temperature is fixed at 500 C. DC power supply is 

used by fixing current at 200 mA with its corresponding voltage ~ 260 – 270 V. Figure 3-5 

shows Ti target (2 inch in diameter) and TiN deposition plume (N2:Ar ratio ~ 1:15), 

respectively. The working pressure is 0.5 Pa. Table 3-2 lists all the sputtering parameters of 

TiN layers. 

Figure 3-5 (a) Ti metal target (b) TiN deposition plume (N2 : Ar ratio ~ 1:15) 

 

Table 3-2 Sputtering parameters of TiN layers in this section work (a-SiO2 substrates) 
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3.3 BFO/TiN/amorphous-SiO2 films 

Amorphous-SiO2 substrates instead of single crystal substrates are firstly used. And 

TiN film growth details are systematically explored.  

Figure 3-6 clearly lists the XRD profiles (left-hand side) and AFM images (right-hand 

side) of 80 nm TiN films deposited on a-SiO2 substrates under different N2 : Ar gas ratio ~ 

1: 9, 1:12, 1:15, 1:18 and 1:21, respectively. Roughness values are also indicated at each 

conditions. Peak orientation is labeled by yellow shadow background. Under high N2 

partial pressure (N2: Ar > 1: 12), film crystallinity is poor (suggested by the low peak 

intensity) with low roughness. When N2: Ar ratio ~ 1: 15, TiN crystallinity is the best as the 

sacrifice of high surface roughness (32 nm with in-total 80 nm thickness). And only (111)-

oriented peaks exists under this condition. This means (111) orientation is easily grow for 

TiN layers. Further lowing N2 concentration, TiN tends to be polycrystalline (other 

orientation such as (222) and (200) appear) and roughness decreases. In all, (111)-textured 

TiN films are easily obtained on a-SiO2 substrates. 

Gas ratio dependence of film resistivity is draw in Figure 3-7. The resistivity 

magnitude decreases from 10-4 to 10-6 with reducing N2 partial pressure. This range can be 

defined as nearly conductive material in common sense ( < 10-8  m). In common, people 

define that 10-6 magnitude order resistivity is within conductive range, which 

accomplishes conducting function. Clearly TiN deposited at small N2 concentration (< ~ 1: 

15 ratio) is conductive. This conductivity property of TiN qualifies itself as bottom 

electrode for BFO films. 

Balancing TiN film crystallinity (surface roughness) and resistivity magnitude order, 

we choose 1:12 and 1:15 gas ratio conditions for further preparing BFO films on top of TiN. 

Unfortunately, no crystalized BFO phase is detected under these two conditions, as shown 

in Figure 3-8. TiN (111) peak is labeled by yellow background while possible BFO peak 
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positions are indicated by blue lines in Figure 3-8. The vanish of BFO phase on TiN (111) 

films indicates two possible reasons: BFO growth is sensitive to roughness or (111)-

orientation under layer is difficult to induce crystal BFO formation than that of (001)-

orientation. We expect the second reason may be the main reason. This may come from the 

stability difference between (001) and (111) surfaces, as suggested by first-principle 

calculations.28 Compared to (001), (111) surfaces are energetically unfavourable, and thus 

(111) TiN need more energy to trigger the nucleation of BFO phase, which cannot be 

provided in sputtering preparation.  

Figure 3-6 XRD profiles (left-hand side) and AFM images (right-hand side) of 80 nm TiN 

films deposited on a-SiO2 substrates under various N2: Ar gas ratios. 
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Figure 3-7 Gas ratio N2: Ar dependence of film resistivity tendency. 

Figure 3-8 XRD profiles of BFO/TiN/a-SiO2 bilayers. TiN layers are prepared under 

different gas ratio N2:Ar ~ 1:12 and 1:15, respectively. TiN (111) peak is labeled by yellow 

background, while blue lines indicate possible BFO peak position. 

 

3.4 BiFeO3/TiN/MgO (001) films 

After the failure of BFO/TiN on a-SiO2 substrates, MgO (001) substrates are chosen to 

induce (001)-orientation of TiN layers. Since the lattice parameter of TiN (a ~ 4.241 Å) is 

almost the same with that of MgO (a ~ 4.219 Å), the roughness of TiN can also be reduced 

meanwhile. This method is expected to facilitate BFO epitaxial growth. 
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3.4.1 Experimental details 

This section mainly focuses on BFO/TiN bilayers preparation on MgO substrates. 

Detail experiment deposition parameters are listed in Table 3-3 for TiN and BFO each films. 

The growth condition is decided based on results obtained from films grown on a-SiO2 

substrates. The same with previous, purple color indicates parameter variates, which is the 

substrate temperature for BFO films. Besides, the RF power supply of BFO is increased 

from previous 50 W to current 100 W in the attempt to promote film crystallinity and speed 

up growth rate as well. 

Table 3-3 Sputtering parameters of BFO/TiN/MgO (001) substrates 

 

3.4.2 Microstructure analysis of TiN/MgO (001) films 

XRD profile and AFM image of 80nm TiN film on MgO (001) substrate are depicted 

in Figure 3-9. As expected, (001)-oriented TiN is induced with a roughness value Sq/RMS 

~ 0.4 nm. And the measured resistivity is at the order of 10-6 m, which is capable to serve 

as conductive bottom layer. Both phase detection and surface roughness can satisfy under 

layer requirements. 
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Figure 3-9 XRD profile and AFM image of 80 nm TiN grown on MgO (001). 

Figure 3-10 XRD profiles of BFO/TiN/MgO (001) grown at Ts = 700, 650, 600 C. Right-

hand row is corresponding AFM image. 

 

3.4.3 Microstructure analysis of BFO/TiN/MgO (001) films 

According to reported papers, the growth window of BFO is around 600 – 700 C. 

Thus we perform a systematic substrate temperature dependence of BFO structure, as 

shown in Figure 3-10. As one can see from XRD profiles, BFO becomes crystal on TiN (001)-

oriented layers. And different BFO phases (T, R and pc) appear. When Ts = 700 C, all the 
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peaks can be attributed to BFO phases. If lowing Ts to 650 and 600 C, a small peak coming 

from secondary phase Bi2Fe4O9 emerges. The perfect crystallinity of BFO can also be 

confirmed by AFM images, where square facets are clearly observed.  

Different from prevalent conception, BFO also grows at low temperature range (Ts < 

600 C). Figure 3-11 lists XRD profiles and AFM images of BFO/TiN grown under Ts = 550, 

500 and 450 C, respectively. Quite exited, crystal BFO phase can still be obtained despite 

of the low diffraction intensity. And AFM images clearly indicates the crystal facets shape 

of BFO phase at 500 C. 

Figure 3-11 XRD profiles of BFO/TiN/MgO (001) grown at Ts = 550, 500, 450 C. Right-

hand row is corresponding AFM image. 

 

When Ts = 550  C, only R phase exists. At Ts = 500  C, both T and pc phases exist and 

seems (001)-oriented films. 500  C is the minimum substrate temperature to get crystal 

BFO phase, since there is no detected peak at Ts = 450  C. From AFM images, BFO grain 

size becomes smaller as lowering Ts, which goes well with XRD profiles. Considering 

practical application, substrate temperature should be as low as possible. Thus we mainly 

focus our attention to BFO/TiN/MgO at Ts = 500 C. Detail characterization results will be 

present in the following section. 
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In all, BFO phase can grow on (001)-oriented TiN bottom layers under wide Ts range. 

At high Ts region, BFO present various phases with good crystallinity, demonstrated by 

both XRD profiles and AFM images. While at low Ts region, BFO crystal size becomes 

smaller. 500  C is proved to be the minimum Ts to grow crystalline BFO phases. In the next 

section, we will mainly focus on the structure characterization of this condition prepared 

samples.  

3.4.4 Characterization of BFO/TiN/MgO (001) grown at Ts = 500 C 

3.4.4.1 XRD profiles 

Figure 3-12 shows XRD profiles and pole figures of BFO/TiN/MgO (001) films. In out-

of-plane XRD profiles, two peaks around 19.01  and 22.27 were observed, respectively in 

the wide range of 2 angles (Figure 3-12 (a)). This two peaks can be attributed to BFO T 

and R phases, indicating (001) orientation. In the in-plane scan with  ~ 90  (Figure 3-12 

(b)), there also exist the two peaks originating from (100) of T and R BFO phases, 

respectively. No impurity phase can be detected in both in-plane and out-of-plane scan. 

This results suggest that two BFO phases grew on TiN under layers together and c-axis 

BFO (both R and T phases) was likely perpendicular to the film plane. The lattice 

parameters ratio can be calculated from 001 and 100 peak positions and are listed as: T 

phase: c/a ~ 4.66 Å/3.78 Å ~ 1.24; R phase: c/a ~ 3.97 Å/3.96 Å ~ 1.  

Pole figures measurements were also conducted (Figure 3-12 (c), (d) and (e)) to 

confirm the crystallographic orientation relationship between BFO and MgO substrates. 

First of all, four sharp 90 - spaced diffraction spots from {101} planes of MgO substrates 

emerge in Figure 3-12 (c). And the same situation for both BFO T and R phase pole figures 

(spots instead of diffracted ring shape), indicating the epitaxial growth of BFO thin films. 

Besides, the diffraction peaks observed at  ~ 51.2  for T and  ~ 45.6  for R phase have a 
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four-fold symmetry, meaning a tetragonality 1.24 for T and 1.02 for R phase, respectively. 

Moreover, we can say that both T and R phases grow with the same crystalline orientation 

of MgO substrate, as demonstrated by the fact that the four φ values of T and R phases 

coincide with that of the MgO substrate. And their relationship can be expressed as T-BFO 

(001) [100] // MgO (001) [100] and R-MgO (001) [100] // MgO (001) [100].  

Co-existence of T and T phases is double-checked by (011) reciprocal space mapping, 

as recorded in Figure 3-13. Two stripes diffracted from T and R phases, respectively, are 

cleared separated. From the diffraction peak position, tan-1(c/a) values are calculated as 

45.64  (for R) and 51.17  (for T), which are consistent with the value obtained from XRD 

profiles within measurement error. 

Figure 3-12 X-ray diffraction -2 scan in out-of-plane (a) and in-plane (b), respectively. 

Pole figure maps of {101} reflection of MgO (c), BFO R phase obtained at 31.6  ~ 32.3  2 

range (d) and BFO T phase obtained at 30.5 ~ 31.2  2 range (e). 
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Figure 3-13 BFO (011) reciprocal space mapping with measurement centered at 2 ~ 31  

and  ~ 45  configuration. 

3.4.4.2 TEM measurement results 

The BFO/TiN/MgO structures were also recorded by the cross-sectional STEM 

observations and images are shown in Figure 3-14. Clearly defined boundaries between T 

and R phase can be seen in Figure 3-14 (a). High angle annular dark-field (HAADF) images 

of each phase are shown in Figure 3-14 (b) and (c), respectively. At first glance there exist 

two obvious different c/a ratios, confirming the co-existence of T and R phases in BFO films, 

which agree well with previous XRD results. The c/a ratio values are calculated as 1.27 for 

T and 1.09 for R phase, indicated by the drawn red lines of ten-unit cell length. You may 

see that the exact values of lattice parameter are a bit different from those obtained in XRD 

profiles. This is probably due to the strain during TEM sample preparation29.  

In HAADF images shown in Figure 3-14 (d), clear interface between each layers is 

observed indicated by the image contrast. Besides, an unexpected layer (~ 21 nm) between 

BFO and TiN appears. To further help us clarify this interlayer, EDS mapping was 

conducted, as shown in Figure 3-15. This additional layer is found to be oxidized TiN 

(denote as TiNOx), suggested by the existence of Ti, N and O elements. This is due to the 

easy oxidization of TiN layers.30 The right-hand column images from top to bottom are 
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nano-beam diffraction patterns for each layers labeled as Figure 3-14 (e), (f), (g) and (h). 

Both TiN and MgO layers exhibit typical squared diffracted spots, indicating fcc structure. 

The diffraction pattern of TiNOx layer is clearly different. However, diffraction pattern 

from BFO layers shares the similar arrangement to that of TiN and MgO, despite of 

existence of TiNOx layer. These results agree with XRD profiles and it means the (001) 

oriented TiN facilitates the growth of (001)-oriented BFO films.  

Figure 3-14 High angle annular dark-field images of T/R phase boundary (a), T phase (b), 

R phase (c) and BFO/TiN/MgO samples. The right-hand column shows diffraction 

patterns of BFO (e), TiNOx (f), TiN (g) and MgO (h), respectively. 

 

3.4.4.3 Auger electron spectroscopy (AES) depth profiles 

To further elucidate where the oxygen come from, two different samples were 

prepared for Auger electron spectroscopy (AES) depth profiling (as shown in Figure 3-16). 

One of the two samples are prepared as usual. That is a mixture gas of Ar and O2 is 

supplied during the whole BFO deposition process. This film is labeled as regular sample. 

For the other film, initial 2 nm BFO layer is deposited in pure Ar gas without O2 gas and 
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the remaining 28 nm BFO is grown in Ar and O2 mixture as usual. We call it oxygen-less 

sample. From the AES depth profiles, one can see the clearly defined layered structure. By 

comparison, TiNOx layers exist (the sputtered time is around 50 – 70 s) regardless of 

different deposition conditions for the initial BFO layers. This indicates TiN layer is quite 

easy be oxidized and the oxygen supply is probably provided by BFO layers instead of gas 

atmosphere in the chamber. Besides, you may find that oxygen concentration is higher in 

oxygen-less sample than that of regular one. Such results can be explained by the 

preparation differences. We believe lots of vacancies come into being in the first 2 nm layer 

of the oxygen-less sample and these vacancies will further facilitate oxygen diffusion from 

BFO to TiN layers. So far we get the impression that TiN layer is easily oxidized as long as 

the deposition temperature is at 500 C. 

Figure 3-15 Energy dispersive spectroscopy elementary mapping of BFO/TiN/MgO (001) 

cross-section. Existence of Ti, O, N elements can be seen in the interlayer between BFO 

and TiN. Apart from this additional layer, no other phases can be attributed from the 

elementary mapping. Fe element is uniformly distributed in BFO layer. Bi information 

cannot be detected due to its large characteristic X-ray energy. 
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Figure 3-16 Auger electron spectroscopy (AES) depth profiles of BFO/TiN/MgO regular 

sample (a) and oxygen-less sample (b). 

 

3.4.4.4 Ferroelectric measurement 

Figure 3-17 shows P-E hysteresis loops of BFO films measured at room temperature. 

We use TiN under layer as bottom electrode and CoPt pattern as top electrode. Experiment 

details are described previously. The measurement has a scanning frequency of 1000 Hz. 

Clearly loops shows typical ferroelectric character. Our measured saturation polarization 

value is ~ 3.7 C/cm2, while the remnant polarization is only ~ 0.8 C/cm. This value is one 
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order of magnitude smaller than current results obtained on STO substrates. This lack of 

saturation behavior may be explained by the small crystal size of BFO.31 However the 

electric field, which can be applied on BFO film, is surprisingly large ~ 49 MV/cm. This is 

easily understood by the existence of TiNOx under layers, since it is insulator. The similar 

type of high field application and low remnant polarization behavior is also reported on 

BFO films grown on Nd-doped SrTiO3 substrates, suggesting the bottom electrode affects 

the polarization behavior of ferroelectric thin films. The existence of TiNOx layer is proved 

to be helpful to prevent leak current of BFO films. 

Figure 3-17 Polarization-electric field hysteresis loops of BFO measured at 1000 Hz at 

various voltages (5-15 V) 

 

3.4.4.5 BiFeO3 growth mechanism 

Figure 3-18 depicts BFO growth process and explains the epitaxial BFO growth 

despite of TiNOx layers. We believed that before the deposition of BFO, TiNOx does not 

exist because oxygen concentration in the chamber is negligible. TiN surface will offer the 

nucleation sites to the first several atomic layers of BFO phase. With the growth of BFO, Ti 

gradually become oxidized due to the diffusion of oxygen from BFO to TiN layer. In other 

words, TiNOx come into being during the formation of BFO phases. First TiN film grows 
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epitaxially on MgO substrates (Figure 3-18 (a)) and TiN can offers nucleation sites to the 

first several atomic BFO layers, as show in Figure 3-18 (b). Thus the initial BFO film is 

epitaxial. During the BFO growth, oxygen diffuses from BFO to TiN layers and forms 

TiNOx interlayer (Figure 3-18 (c)). However the existence of TiNOx does not affect the BFO 

epitaxial growth, since BFO growth and TiNOx formation occur simultaneously (Figure 3-

18 (d)). 

Figure 3-18 Schematic illustration of BFO growth process. (a) TiN under layer. (b) TiN 

layer offers nucleation sites to the first several atomic layer of BFO. (c) Oxygen diffuses 

from BFO layer to TiN layer as BFO grows. (d) The existence of TiNOx does not affect the 

epitaxial growth of BFO. 

 

3.5 BiFeO3/TiN/MgO (111) films 

This section work is conducted mainly to testify TiN (111) orientation is more difficult 

to trigger BFO crystal growth than that of (001) orientation. 
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3.5.1 Experimental details 

Both TiN under layer and BFO layer growth conditions in this section are the same 

with that on MgO (001) substrates, described in section 3.4.1. 

3.5.2 Microstructure analysis 

As shown in Figure 3-19, no crystalized BFO phase can be detected in this XRD 

profiles. Blue bar indicates possible position of BFO 111 peak. 
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Figure 3-19 XRD profiles of BFO/TiN/MgO (111) samples. Only MgO 111 (TiN 111) peak 

is observed. And there are no sign of BFO peaks. Blue bar indicates possible position of 

BFO 111 peak. 

 

This results is quite different from films grown on MgO (001) substrates, where 

epitaxial BFO phases can be obtained. However, it is similar to films grown on a-SiO2. We 

think the reason lies in the orientation of TiN under layers. Once TiN presents (111) 

orientation, it cannot provide enough energy for BFO crystallization. Since BFO (111) 

surfaces are energetically unfavourable suggested by first principle calculations. On the 

other hand, such big differences also suggest BFO film growth is quite sensitive to under 

layers or substrates.  
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3.6 CoPt/BiFeO3/TiN/MgO (001) films 

Since epitaxial BFO films can be obtained on MgO (001), we continue to try couple a 

ferromagnetic layer CoPt on top of BFO in the hope to get magnetic interaction, such as 

exchange bias effect.  

3.6.1 Experimental details 

Both TiN and BFO films growth conditions are the same with that described in section 

3.4.1. CoPt growth conditions are listed as following in table 3-4.  

Table 3-4 Sputtering parameters of CoPt layers in this section work 

 

As can be seen from this table, the variations mainly focus on deposition temperature 

of CoPt layer, while all the growth conditions of BFO and TiN remain the same. 

3.6.2 Microstructure analysis 

Figure 3-20 draws XRD profiles of CoPt/BFO/TiN/MgO layered samples. According 

to our previous results, BFO films show epitaxial growth on TiN buffer layer. And so does 

this set XRD patterns. As for CoPt layer, clearly (002) peak becomes stronger as increasing 

CoPt deposition temperature. Normally, CoPt (111) is the most energetically favorable 

orientation. (002) peak appears in this work mainly because epitaxial BFO provide a c-axis 

orientation despite of large lateral lattice mismatch between BFO (a ~ 3.96 Å) and CoPt (a 

~ 3.8 Å). Detail CoPt phase information is discussed in section 4.1.1 
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Figure 3-20 XRD profiles of CoPt/BFO/TiN/MgO (001) samples prepared at various CoPt 

Ts = 200, 300, 400 C. 

 

3.6.3 Magnetic hysteresis characterization  

Magnetic hysteresis loops of single CoPt layer (10 nm) and CoPt10nm/BFO30nm/TiN 

layered structures are compared in Figure 3-21. Figure 3-21 (a) draws a typical hysteresis 

loop of CoPt films, which shows longitudinal easy axis. The saturation moment Ms value 

is ~ 700 emu/cc. Layered structure with various CoPt deposition temperature 200, 300, 400 

C are shown in (b), (c) and (d), respectively. At first glimpse, the overall shape remains 

the same despite of different deposition temperature. That is easy axis still lies in in-plane 

direction and samples’ coercivity values Hc of in-plane are all several hundred Oersted. 

The only difference is the Ms gradual reduction from 700 emu/cc (RT deposition) to 540 

emu/cc (200 C), 500 emu/cc (300 C) and 400 emu/cc (400 C). This Ms loss is expected 

because of CoPt oxidization. Since CoPt layer is prepared in pure Argon gas, the oxygen 

source may come from oxygen dissolved in BFO layers. As we have proved in section 
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3.4.4.3, oxygen diffusion easily occurs. Thus the higher deposition temperature, the more 

severe oxidization is. Other than this, BFO antiferromagntic property seems to have no 

effect to ferromagnetic property of CoPt layers. 

Figure 3-21 Magnetic hysteresis loops of CoPt single layer (a) and CoPt/BFO/TiN layered 

samples with various CoPt deposition temperature 200 C (b), 300 C (c) and 400 C (d), 

as indicated in each loops. 

 

Further hysteresis measurements of field-cooled layered sample are conducted to 

confirm whether exchange bias effect exist or not, as shown in Figure 3-22. As shown, no 

coercivity enhancement nor loop shift appears after field cooling treatment. This means no 

exchange bias effect exist in this sample. This is probably due to oxidization layer is too 

thick to block the interaction between BFO and CoPt films. Another thing needs to be 

pointed out is the Ms value decrease to ~ 400 emu/cc after field cooling treatment from 380 

C, which also indicates occurrence of oxidization. 
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Figure 3-22 Magnetic hysteresis loop measured at – 192 C of field-cooled CoPt (200 C 

deposition)/BFO/TiN layered sample 

 

3.7 Summary 

We use TiN film as under layer to grow BFO films, since TiN can serve as bottom 

electrode due to its conductive property and is compatible with Si-based technology, which 

broadens BFO application prospect once succeed. Two kinds of TiN orientations have been 

prepared: (001) and (111). On (001)-oriented TiN under layers (induced by MgO (001) 

substrates), epitaxial BFO T and R phases can be obtained at reduced deposition 

temperature 500 C. This temperature is smaller than current reported BFO epitaxial 

growth temperature (~ 600 – 700 C). Their crystallographic relationship is T-BFO (001)[100] 

// TiN (001)[100] // MgO (001)[100] and R-BFO (001)[100] // TiN (001)[100] // MgO (001)[100], 

confirmed by both in-plane XRD and TEM results. On (111)-oriented TiN under layers (on 

a-SiO2 substrates and MgO (111) substrates), no crystalized BFO films can be obtained. 

Such differences can be explained by stability variations between (001) and (111) surfaces. 

(001) surface have the lowest surface energy, and thus (001)-oriented BFO can be prepared 

on (001) TiN under layer. 
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Further a 10 nm ferromagnetic film CoPt is sputtered on epitaxial BFO films, in the 

aim to obtain exchange bias effect. However, such effect has not been detected by varying 

CoPt deposition temperatures. Besides, the higher CoPt deposition temperature, the severe 

oxidization occurs. Inspired by this, we made an improvement in next chapter by inserting 

Pt layer in between. 
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Chapter 4 Perpendicular exchange 

coupling in BiFeO3/CoPt layered 

structures 

4.1 Introduction 

Perpendicular magnetized system is always a pursuit for its relatively higher density 

compared to longitudinal direction. Besides, it can also reduce required electric current 

density in spin-transfer mode.1 To deal with thermal instability problem, material with 

relatively large uniaxial magnetocrystalline anisotropy energies are needed. In this chapter, 

I will involves a high perpendicular anisotropy material  cobalt platinum CoPt. 

4.1.1 Structure and characteristics of CoPt 

CoPt alloy can take on many structures, such as A1, L10, L11, L12 and other hexagonal 

metastable ordered structures.2 Here I mainly focus on A1 and L10 structures. A1 structure 

crystalize in face-centered cubic (fcc), where Co or Pt atoms randomly occupy at fcc sites. 

Thus A1 is a disordered structure. Its structure details are listed in Figure 4-1. Usually 

upon annealing, A1 CoPt alloy will transfer to L10 ordered structure, where Co and Pt 

atom planes alternate with each other along c-axis, as shown in Figure 4-2. By comparison, 

we can know that once ordered, c/a ratio becomes smaller than 1. Besides, (002) peak of A1 

phase ~ 47.8 splits to (020) and (002) two peaks in L10 phase at 47.8 and 49.1, respectively. 

Another character of L10 phase is the appearance of (001) sublattice peak at 23.9. General 

a parameter S caller long-range order degree are used to evaluate the ordering degree and 

it can be calculated from the XRD data. For a certain peak, the integrated intensity (I) is 

proportional to structure factor (F), the complex conjugate (F*), Lorentz-polarization factor 

(L) and absorption factor (A).3 Thus I(001)/I(002) = (FF*LA)(001)/(FF*LA)(002) = {|F2(001)|/|F2(002)|} 
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{(LA)(001)/(LA)(002)}. Here |F2(001)|/|F2(002)| can be further expressed as 4S2(fCo - fPt)/4(fCo+fPt), 

where f is atomic scattering factor for Co and Pt atoms, respectively. Combining the above, 

S is given as (I(001)/I(002))1/2×((LA)(001)/(LA)(002))1/2×((fCo-fPt)/(fCo+fPt)). L and A is calculated from 

equation L = (1+cos22)/(sin2 cos) and A = [1-e-(2/sin)]/2, where  is linear absorption 

coefficient and 2/sin is X-ray path length. The calculated S value is between 0 

(disordered) and 1 (fully ordered).  

Formation of L10 ordered phase requires sufficient energy to ensure atom diffusion. 

Thus high temperature deposition or post annealing treatment are necessary. According to 

Co-Pt binary phase diagram4, the critical temperature Tc for CoPt is 825 C, which is the 

highest temperature needed for ordering. Besides, the Co/(Co + Pt) ratio needs to be refined 

within 41% to 74 %. The more concentration shift from 50%, the harder ordering is. 

Figure 4-1 Face-centered cubic phase (A1) of CoPt alloy. (a) Detail structure information; 

(b) Cubic unit cell schematic structure; (c) Calculated diffraction peak information; (d) 

Calculated diffraction pattern.  
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Figure 4-2 Tetragonal phase (L10) of CoPt alloy. (a) Detail structure information; (b) 

Tetragonal unit cell schematic structure; (c) Calculated diffraction peak information; (d) 

Calculated diffraction pattern. 

 

Recent research reveals that a reduced Tc is applicable to ultra-thin film case. 5 

However the ultra-thin film dimension will hinder the ordering process mainly due to the 

limited heat absorption.6  

Once ordering, L10 structure shows large perpendicular magnetocrystalline anisotropy. 

The intrinsic magnetic properties are listed as: K1 ~ 4.9 * 107 ergs/cc and Ms ~ 800 emu/cc.7  
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4.1.2 Objectives in this chapter 

At the end of last chapter, although we prepared CoPt/BFO bilayers, no significant 

magnetic property change (neither coercivity enlargement nor hysteresis shift) has been 

detected. This indicates antiferromagnetism of BFO has no expected influence to the 

ferromagnetism of CoPt, probably due to the formation of oxidization layer in between.  

In this chapter, we sputtered CoPt layer first and then followed by in-situ annealing, 

which induce perpendicular anisotropy. To prevent oxidization, an ultra Pt layer was 

prepared afterwards. At last, deposited BFO films on the top. In this way, we manage to 

produce direct interaction between BFO and CoPt films and can find out exotic magnetic 

interface effects, such as exchange coupling and exchange bias effect. As far as we know, 

there have been no report about magnetic property of BFO in perpendicular direction. 

4.2 Experimental details 

4.2.1 CoPt preparation details 

Co0.5Pt0.5 alloy film is prepared by bombing Co and Pt metal simultaneously. We use 2 

inch Co metal target and Pt is supplied from Pt plate, as shown in Figure 4-3 (a). Co and 

Pt ratio is adjusted by the width of Pt plate. In our experiment, 17mm width Pt plate is 

used to realize Co:Pt ~ 1:1 ratio in the film. The Co and Pt atom ratio is measured by 

Energy-dispersive spectroscopy (EDS), as shown in Figure 4-4. In order to keep atom ratio 

consistent, frequent check-up about the target (especially Pt deficiency) is needed. DC 

power supply is used and the current is controlled as 100 mA with voltage ~ 310 – 330 V. 

The growth rate is ~ 10 nm/min and working pressure is 0.6 Pa.  

The substrate temperature of CoPt is 300 – 400 C, where only non-ordered magnetic 

phase A1 (Co and Pt atoms randomly occupy at fcc units) grows. To realize perpendicular 

anisotropy, in-situ annealing process is followed without breaking vacuum state. We apply 
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700 -750 C annealing for 3 hours. This high temperature can overcome energy barrier for 

atomic diffusion and form ordered magnetic phase L10, which consists of monoatomic 

layer of Co and Pt alternating along c-axis. 8,9 The order degree can be quantified by the 

order parameter S, as we described previously. 

 Figure 4-3 (a) CoPt target (b) CoPt deposition plume 

Figure 4-4 Energy dispersive spectroscopy (EDS) results of CoPt films deposited from Co 

2-inch target with Pt 1.7 mm plate. 

 

4.2.2 Pt preparation details 

Pt layer is prepared in our experiment as needed. The Pt target size in 1 inch (Figure 

4-5 (a)) due to the high deposition rate of Pt metal. To precisely control the Pt layer 
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thickness, DC deposition current is merely 20 mA, while the corresponding voltage is ~ 

290 – 320 V. The working pressure is 0.3 Pa and substrate temperature is held at 300 C. Pt 

deposition plume picture is shown in Figure 4-5 (b). 

Figure 4-5 (a) Pt 1-inch target (b) Pt deposition plume 

 

4.2.3 Layered structure preparation details 

Growth condition of each films are summarized in Table 4-1.  

Table 4-1 Growth conditions of CoPt layers in this section work 

 

In this chapter, all of the samples are prepared in four steps. First, CoPt layers are 

sputtering at low Ts ~ 300 – 400 C depending thickness. Then the CoPt layers are in-situ 

post annealed at high temperature Ta ~ 700 – 750 C for structure ordering. Afterwards, an 

ultra-thin layer (~ 0.5 – 2 nm) Pt films are deposited. This Pt layer can both prevent CoPt 

oxidation during BFO deposition and promote BFO epitaxial growth as well. Last step is 
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to prepare 30 nm BFO layers by sputtering on the top. The variates on this chapter work is 

thickness of CoPt and Pt. Depending on CoPt thickness, Ts and Ta are different mainly due 

to prevention of island structures. Usually, for 4 nm CoPt layer, Ts and Ta are 400 and 700 

C, respectively. In 10 nm CoPt case, Ts and Ta are selected to be 300 and 750 C, respectively. 

For 10 nm CoPt case, Pt layer thickness is varied from 0.5, 1, 1.5, 2 nm.  

4.3 Perpendicular anisotropy enhancement 

In this chapter, we will discuss the existence of BFO films may affect the perpendicular 

anisotropy of this layered structures. 

4.3.1 Sample description 

I’ll compare four samples in this section. For easy understanding, sample illustration 

are shown in Figure 4-6. Figure 4-6 (a) is CoPt film grown at low temperature (~ 300 C), 

with disordered A1 structure, while (b) is further post-annealed at high temperature (~ 750 

C), inducing L10 ordered structure. As we have mentioned, ultra-thin Pt layer is used to 

prevent oxidization of CoPt, and thus layered structure (c) and (d) are prepared. As for the 

Pt thickness, films with 0.5 – 2 nm Pt all show similar tendency. In this section, we just 

select 0.5 nm as an example. One more thing need to be emphasized about preparation of 

sample (c). This film is made as a control sample for (d). Thus everything growth condition 

is the same except no BFO deposition. This includes keeping chamber atmosphere 

(inserting O2 and Ar gas mixture) for the same time to that of sample (d) after Pt sputtering 

and deposition temperature of each layer.  

Figure 4-6 Sample illustration of four kinds of films. 
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4.3.2 Structure and magnetic measurements 

Structure and magnetic characterization are conducted by XRD and VSM method. Figure 

4-7 shows the XRD profiles of four samples, in the same sequence of illustration of Figure 

4-6. Since Pt/CoPt sample (Figure 4-7 (c)) is measured by a different XRD machine, its 

intensity is different from the other three. Besides, MgO (001) peak cannot be detected. 

However these minor differences have no influence on the CoPt diffraction peak 

analysis. Clearly, without annealing there is no CoPt (001) peak, which is a characteristic 

peak of L10 structure. 

Figure 4-7 XRD profiles of each sample. (a) A1 CoPt10nm/MgO. (b) L10 CoPt10nm/MgO. (c) 

Pt0.5nm/L10 CoPt10nm/MgO. (d) BFO30nm/Pt0.5nm/L10 CoPt10nm/MgO. 

 

The same results obtained from magnetic hysteresis loops, as compared in Figure 4-8. 

Non-ordered A1 structure is longitudinal anisotropy (Figure 4-8 (a)), while L10 CoPt shows 

isotropic (Figure 4-8 (b)). This is probably due to the low ordering degree, which is also 

suggested from XRD pattern (Figure 4-7 (b)). If we compare L10 CoPt MH curves to that of 
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BFO/Pt/L10 CoPt layers, clear perpendicular anisotropy is enhanced. The anisotropy 

constant K is roughly calculated as 1.9 *106 erg/cm3. Compared from this two samples, 

existence of BFO film clearly increases perpendicular anisotropy.  However, the Pt/L10 

CoPt layers also shows perpendicular anisotropy and its value is calculated as 3.6 *106 

erg/cm3. This result seems BFO film reduces the perpendicular anisotropy to some extent. 

We believe such reduction mainly originates from oxidization of CoPt, indicated by the 

smaller Ms value in Figure 4-8 (d). 

Figure 4-8 Magnetic hysteresis loops of each sample. (a) A1 CoPt10nm/MgO. (b) L10 

CoPt10nm/MgO. (c) Pt0.5nm/L10 CoPt10nm/MgO. (d) BFO30nm/Pt0.5nm/L10 CoPt10nm/MgO. 

 

4.3.3 Summary and discussions 

In this section, we observe both the structure and magnetic property difference 

between disordered A1 CoPt and L10 CoPt films. As the same with reported, L10 structure 

can induce perpendicular anisotropy. Further perpendicular anisotropy is enhanced with 
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the existence of BFO films. Such enhancement can be understood from the following two 

aspects.  

First is interface effect during BFO deposition. As can be seen from the illustration in 

Figure 4-9. Before BFO is prepared, CoPt layer is already ordered and perpendicular 

anisotropy is induced. The deposition temperature (600 C) of BFO is higher than its TNéel 

(~ 380 C), and thus at this condition BFO is paramagnetic state. As it cools down, CoPt 

affects the first monolayer of BFO and align them is perpendicular direction. This 

magnetized BFO spin in return produce an effect on CoPt layer, and enhances the 

perpendicular anisotropy.  

Figure 4-9 Schematic illustration of spin configuration of CoPt and BFO layers. 

 

This interface effect during BFO deposition is further suggested by hysteresis 

comparison between as-deposition and field-cooled samples, as shown in Figure 4-10. One 

can see that after field-cooling treatment, no exchange bias effect is detected (neither loop 

shift nor Hc enlargement). This means that the as-deposited sample has already 

experienced field cooling treatment during BFO deposition.  

The other factor may lie in the tensile strain imposed by BFO to CoPt layers. It has 

been reported that tensile strain can increase perpendicular anisotropy of CoPt film in 

CoPt/AlN multilayer structures.10 If we compare the in-plane lattice parameters of BFO (~ 

3.8 Å) and CoPt (~ 3.7 Å) layers, we can clearly see that BFO also impose a tensile to CoPt 

layer. Thus we believe such tensile strain is also part of the reason to explain the 
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perpendicular anisotropy enhancement phenomenon, although such strain cannot be 

detected from XRD profiles. 

Figure 4-10 Magnetic hysteresis loops comparison between as-deposited and field-cooled 

BFO30nm/Pt1nm/CoPt10nm layered films. 

 

4.4 Perpendicular exchange bias effect 

Perpendicular exchange bias effect has been observed in two samples. Exchange bias 

effect, also known as unidirectional exchange anisotropy, is an interface coupling effect 

between ferromagnetic and anti-ferromagnetic layers. The manifestation of exchange bias 

is (1) a shift of hysteresis loops along negative magnetic field direction after field cooling 

process and (2) a coercivity enhancement of field-cooled samples compared to that of 

before. Sometimes there is also accompanied by training effect. Our exchange bias effect 

was observed in perpendicular direction (easy-axis of L10 ordered CoPt). 

4.4.1 BiFeO3 30nm/Pt2nm/CoPt10nm/MgO (001) films 

Out-of-plane XRD profile of this sample is depicted in Figure 4-11. Both (001) and (002) 

diffraction peaks of CoPt are observed, indicating L10 well-ordered structure. Besides, 

CoPt (200) peak also appears. This suggests a small part of ordered CoPt are in the 

longitudinal direction, and this may originate from large mismatch between MgO 

substrates (4.2 Å) and CoPt lattice (3.9 Å for A1 structure). For BFO phase, (001)-textured 
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tetragonal structure labeled as T is detected. In all, this XRD shows (001)-textured 

BFO/CoPt growth. 

Figure 4-11 Out-of-plane XRD profile of BFO30nm/Pt2nm/CoPt10nm films. 

 

The VSM measurements are recorded in Figure 4-12. Right-hand side is as-deposited 

measurement and left-hand side is 5000 Oe field-cooled result. One can clearly see that 

easy axis mostly lies in out-of-plane and a small part in in-plane direction. This results go 

well with XRD pattern (existence of (001) and (200) peaks). For the as-deposited condition, 

coercivity in out-of-plane direction is 7000 Oe. However, the coercivity decreases a bit to 

62000 Oe after field cooling. The existence of perpendicular exchange bias is difficult to tell, 

since the measurement resolution is not that high. Besides, we need to know that the loop 

shape changes after field cooling. That is the squareness of the hysteresis decreases upon 

field-cooling. 

Figure 4-12 VSM hysteresis loop measurements of as-deposited and field-cooled 

BFO30nm/Pt2nm/CoPt10nm films.  
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This sample was further cut into small pieces (~ 1 mm * 2 mm) for more accurate 

measurements by SQUID-VSM. This time we only focus on out-of-plane results and check 

whether exchange bias exists or not in perpendicular direction. As shown in Figure 4-13, 

measurements were conducted at 50 K and 300 K, respectively. At low temperature (Fgiure 

4-12 (a)), there is an obvious loop shift, indicating exchange bias effect. The coercivity and 

exchange bias value is 5522 Oe and 646 Oe, respectively. However, when measuring at 

room temperature, the exchange bias effect disappear and the coercivity value is only 2100 

Oe. This may because the CoPt layer thickness is a bit large (~ 10 nm). Besides, if we 

compare the results measured by VSM and SQUID, we find that the coercivity decreases 

very quickly, probably because of the training effect. A similar phenomenon was also 

reported in BFO/NiFe bilayer structures, 11  where the exchange bias value shows an 

exponential decay.  

Figure 4-13 Magnetic hysteresis loops measured at 50 K (a) and 300 K (b) of field-cooled 

BFO30nm/Pt2nm/CoPt10nm films by SQUID. 

 

4.4.2 BiFeO3 30nm/Pt1nm/CoPt4nm/MgO (001) films 

In order to detect room temperature perpendicular exchange bias effect, CoPt layer 

thickness was reduced from 10 nm to 4 nm. Accordingly the interlayer Pt thickness was 

also reduced from 2 nm to 1 nm. This time, out-of-plane XRD profile is shown in Figure 4-
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14. Similar to previous sample, (001)-textured BFO and CoPt bilayer forms. Because of the 

relatively thin CoPt, the ordering degree becomes smaller. 

After field cooling, the hysteresis loops measured by SQUID at 50 K and 300 K are 

depicted in Figure 4-15. Similar to BFO30nm/Pt2nm/CoPt10nm sample, the loop shape exhibits 

a two-step magnetization. This unique shape will be discussed in next section. The most 

exciting result is the existence of room temperature perpendicular exchange bias effect. 

One can see from the loops, the coercivity and exchange bias value is 3547 Oe and 137 Oe, 

respectively at 50 K. And at 300 K, the two values become to 2806 Oe and 83 Oe. This is the 

first time to detect exchange bias phenomenon in perpendicular direction in BFO-based 

FM/AFM bilayers. 

Figure 4-14 Out-of-plane XRD profile of BFO30nm/Pt1nm/CoPt10nm film 

 

Figure 4-15 Magnetic hysteresis loops measured at 50 K (a) and 300 K (b) of field-cooled 

BFO30nm/Pt1nm/CoPt4nm by SQUID. 
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Auger electron spectroscopy (AES) depth profile was further conducted to confirm 

whether there is a Pt accumulation at the CoPt and BFO interface. The whole pattern and 

enlarged Co/Pt pattern are shown in Figure 4-16. Both Co and Pt show peak distribution 

across CoPt layer and there is no obvious Pt accumulation detected at the interface. Thus 

we believe Pt atoms are evenly distributed through the whole CoPt layer and the exchange 

bias effect indeed comes from interface coupling between CoPt and BFO layers.  

Figure 4-16 Auger electron spectroscopy depth profile of BFO30nm/Pt1nm/CoPt4nm sample. 

(a) is whole element pattern and (b) is Co/Pt atom pattern.  

 

4.4.3 Summary and discussions 

We have observed perpendicular exchange bias effect in two samples 

(BFO30nm/Pt1nm/CoPt4nm and BFO30nm/Pt2nm/CoPt10nm). Since the magnitude of loop shift is far 

beyond the measurement resolution, we believe perpendicular exchange bias effect has 

been realized in this layered structure. However, to be honest, there exist a big issue with 

the reproducibility, which is a common problem for BFO film preparation. We have 

prepared around 20 samples under the similar growth conditions, but only these two 

samples exhibit exchange bias. Although few paper mentioned the BFO reproducibility, 

this is indeed a universal encountered problem, which many peopled discussed in the last 

year MMM conference (61st annual conference on magnetism and magnetic materials). 

This problem is irrelevant of the preparation method (magnetron sputtering or pulsed 
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laser deposition) and may hinder further application if not properly solved. I believe this 

may be one of the reasons that BFO-related publication numbers has decreased compared 

to that in 2012.12  

4.5 Exchange coupling effect 

In the last section, the measured MH loops not only shows perpendicular exchange 

bias, but also exhibits a two-step switching. In this section, we will discuss that this two-

step switching behavior originates from exchange coupling effect. One thing need to point 

out is samples in section 4.4 and section 4.5 are actually fabricated under the similar growth 

condition. One difference is the Pt element growth rate. For samples in 4.4 section, Pt 

growth rate is relatively high ~ 1 nm/s, meaning deposition time is only 2 seconds for 

merely 2 nm due to the platinum intuitive high deposition rate. 2 seconds is tricky to 

control, and thus I think nominal 2 nm may differ from the real Pt thickness. On the 

contrary, in this section Pt thickness can be well controlled, since the target-substrate 

distance is increased. Meanwhile, 60 seconds are needed for 2 nm Pt thickness. For 

experimental details, please refer to section 2.1 and section 4.2.3. In all, Pt thickness is more 

accuracy in this section than that in section 4.4.  

4.5.1 BiFeO3 30nm/Pt2nm/CoPt10nm/MgO (001) films 

Structure information are shown in Figure 4-17. As can been seen in out-of-plane XRD 

profile (Figure 4-17 (a)), all of the peaks can be attributed to (00l)-orientation BFO T phase 

and CoPt phase. Besides, the existence of superlattice (001) peak of CoPt means CoPt phase 

is ordered to L10 structure. The (001) epitaxial growth is also confirmed by TEM results. In 

Figure 4-17 (b), clearly layered structure can be seen. The red arrows indicate BFO layer 

thickness. Within BFO layer, there seems to exist separated layer around interface with 

CoPt and surface with difference grain size distribution. Although CoPt layer is a bit thick 
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to clear obverse (TEM image is too dark to detect plane arrangement and no diffraction 

spots in the diffraction pattern can be attributed to CoPt phase), BFO is epitaxial grow on 

CoPt indicated in (c) and (d) images. 

Figure 4-17 Structure information of BFO30nm/Pt2nm/CoPt10nm/MgO. (a) Out-of-plane XRD 

profile. (b) and (c) are cross-section TEM image with different magnification factor. Two 

red arrows indicate BFO layer thickness. (d) is diffraction pattern containing MgO and 

BFO information. Yellow color indicates BFO while white color is MgO. CoPt layer is too 

thick to detect diffraction pattern.  

 

Magnetic MH loops (after field cooling treatment) are depicted in Figure 4-18. At room 

temperature (Figure 4-18 (a)), the coercivity is only 4000 Oe and no loop shift can be 

detected. Further decrease measurement temperature to 50 K, the coercivity increases from 

4000 Oe to 8000 Oe mainly due to the thermal excitation reduction. And there are still no 

exchange bias manifestation (clear hysteresis shift). We believe the absence of interface 
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effect between CoPt and BFO may lie in the Pt relatively large thickness, which hinders 

interaction. 

Figure 4-18 Magnetic hysteresis loops of field-cooled BFO30nm/Pt2nm/CoPt10nm/MgO 

sample. Measurement temperature is 300 K (a) and 50 K (b), respectively. 

 

4.5.2 BiFeO3 30nm/Pt2nm/CoPt10nm/a-SiO2 films 

This sample is prepared at the same condition with the previous, and the only 

difference is amorphous SiO2 substrates instead of MgO (001) single crystal substrates. 

According to our experiment results, BFO growth is quite sensitive to substrates and 

crystalized BFO phase cannot grow directly on a-SiO2 substrates. In 2015, a paper reported 

that (111)-oriented CoPt layer can serve as buffer layer to grow (110)-textured BFO phase.13 

Enlighted by this paper, we replaced MgO by a-SiO2 substrates. XRD profiles and MH 

curves are shown in Figure 4-19 and Figure 4-20, respectively.  

Figure 4-19 XRD profiles of BFO30nm/Pt2nm/CoPt10nm/a-SiO2 (a) and 

BFO30nm/Pt1.5nm/CoPt10nm/a-SiO2 (b) 
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Figure 4-19 presents XRD profiles of BFO/Pt/CoPt/a-SiO2 samples with thickness of Pt 

around 2 nm and 1.5 nm, respectively. CoPt and Pt shows (111) orientation without MgO 

substrate. (The separation of CoPt and Pt peaks also indicates Pt is too thick to completely 

inter-diffuse into CoPt lattice. On a side-note, we need to decrease Pt thickness in order to 

obtain interface effect between CoPt and BFO.) Surprisingly, BFO can exhibit (001)-

oriented T phase on (111)-textured CoPt, since they do not share similar lattice distance. 

However, this results go well with the reported paper.  

The hysteresis loops of BFO30nm/P2nm/CoPt10nm/a-SiO2 are demonstrated in Figure 4-20 

with measurement temperature ~ 300 and 50 K, respectively. In-plane and out-of-plane 

curves are almost isotropic and it is also an open loop at low temperature, which is the 

same with samples on MgO (001) substrates.  

Figure 4-20 Magnetic hysteresis loops of field-cooled BFO30nm/Pt2nm/CoPt10nm/a-SiO2 

sample. Measurement temperature is 300 K (a) and 50 K (b), respectively. 

 

4.5.3 BiFeO3 30nm/Pt1.5nm/CoPt10nm/MgO(001) films 

The thickness of interlayer Pt is decreased by 0.5 nm. XRD profile and MH curves are 

shown in Figure 4-21 and 4-22, respectively. As shown in the Figure 4-21, the structure is 

almost the same with that of BFO30nm/Pt2nm/CoPt10nm/MgO. Besides, Pt (002) peak separates 

from CoPt, indicating leftover of Pt atoms at the interface. Confirmed by magnetic 
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hysteresis loops, shown in Figure 4-22, there is still no interface effect. Thus Pt thickness 

should be reduced further. 

Figure 4-21 XRD profile of BFO30nm/Pt1.5nm/CoPt10nm/MgO films. 

Figure 4-22 Magnetic hysteresis loops of field-cooled BFO30nm/Pt1.5nm/CoPt10nm/a-SiO2 

sample. Measurement temperature is 300 K (a) and 50 K (b), respectively. 

 

4.5.4 BiFeO3 30nm/Pt1nm/CoPt10nm/MgO (001) films 

Figure 4-23 and Figure 4-24 present the XRD profile and MH hysteresis loops 

measured at different conditions, respectively. From XRD, Both BFO and CoPt phases are 

still (001)-textured.  

Besides, Pt (002) peak around 48  is not detected, indicating total inter-diffusion of Pt 

atoms. In order to further clarify the mechanism of open loops, magnetic hysteresis curves 

are measured as sequence shown in Figure 4-24. 
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Figure 4-23 XRD profile of BFO30nm/Pt1nm/CoPt10nm/MgO (001) films. 

Figure 4-24 Magnetic hysteresis loops of field-cooled BFO30nm/Pt1.5nm/CoPt10nm/a-SiO2 

samples. Measurement sequence is 300 K (a), zero field cooling to 50 K (b), zero field 

cooling to 10 K (c), raise to 300 K (d), field cooling to 50 K (e), field cooling to 10 K (f). 
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The MH curve is first measured at 300 K (Figure 4-24 (a)), then zero field cooling to 50 

K (Figure 4-24 (b)), and continue zero field cooling to 10 K (Figure 4-24 (c)). After zero field 

cooling process, we raise the temperature to 300 K (Figure 4-24 (d)), 1 T field cooling to 50 

K (Figure 4-24 (e)) and followed by 1 T field cooling to 10 K (Figure 4-24 (f)). As one can 

see from Figure 4-24, room temperature hysteresis loops is closed curve with the coercivity 

~ 5300 Oe. However, measurement at 50 K all hysteresis loops are open curves regardless 

of zero-field cooling or field cooling process. This indicates the enhanced moment at 

upward field (or decreased moment at return field journey) is intrinsic property and has 

nothing to do with external field treatment. Interestingly, when further decrease 

measurement temperature to 10 K, the open curve return back to closed curve. However, 

the curve shape is different from previous. Such exotic phenomenon needs further 

exploration. We expect this comes from interface effect, since CoPt layer does not exhibit 

similar property. 

4.5.5 BiFeO3 30nm/Pt0.5nm/CoPt10nm/MgO (001) films 

When the Pt thickness is decreased to 1 nm, clearly no Pt accumulation at the interface 

and exotic enhanced moment phenomenon happens, which may result from interface 

effect. In this part, we continue to reduce the thickness of Pt to 0.5 nm. The structure 

information are shown in Figure 4-25.  

As expected, Pt accumulation is not detected in XRD profiles (Figure 4-25 (a)) and both 

BFO and CoPt show (001)-epitaxial growth. Clear layered structure with strong contract 

can be seen in Figure 4-25 (b). Compare to that in Figure 4-17, this BFO layer is uniform 

and dense. In magnified image (Figure 4-25 (c)), BFO epitaxial lattice starting from the 

interface can be observed. Although CoPt layer is a bit thick to detect the lattice growth 

information, the diffraction pattern (Figure 4-25 (d)) reveals the epitaxial growth. In 



Chapter 4 Perpendicular exchange coupling in BiFeO3/CoPt layered structures 

101 

 

summary, both BFO and CoPt exhibit (001) epitaxial growth in MgO (001) substrates. 

Besides, clear interface contract indicates there is no Pt accumulation at the interface. 

Figure 4-25 Structure information of BFO30nm/Pt0.5nm/CoPt10nm/MgO samples. (a) XRD 

profile, (b) and (c) are Cross-section transmission electron microscopy images, (d) 

diffraction pattern. 

 

As we measure the perpendicular MH curves at room temperature, a new 

phenomenon is observed. That is there exist two separate magnetic states and these two 

states can be manipulated by external magnetic field. Detail is drawn in Figure 4-26. 

As demonstrated in Figure 4-26, each loop is recorded after applying static in-plane 

or out-of-plane magnetic field (5000 Oe) as noted. Clearly, there are two disparate magnetic 

states. One state (Figure 4-26 (a) and (c)) exhibits two-step magnetization process, a 

distinctive behavior of a decoupled system.14 The saturation moment Ms is 580 emu/cc and 
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coercivity Hc is around 4500 Oe. Figure 4-26 (b) and (c) depict typical exchange-coupled 

loops15,16, where uniform magnetization switching is observed. Guided by blue dashed 

lines, one can see that loops in Figure 4-26 (b) and (d) have a smaller Ms (~ 480 emu/cc) 

compared to that of loops in Figure 4-26 (a) and (c). The two magnetic states can be 

repeatedly switched by static field. That is the typical exchange coupling loop behavior is 

induced by in-plane direction magnetic field and vanished upon out-pf-plane field. 

 Figure 4-26 Perpendicular magnetic hysteresis loops of BFO30nm/Pt0.5nm/CoPt10nm sample 

measured at room temperature. (a) and (c) are recorded after applying 5000 Oe in-plane 

external magnetic field. (b) and (d) are recorded after applying 5000 Oe out-of-plane 

external magnetic field. 

 

To clearly determine the composition of each layer, element mapping is conducted, as 

illustrated in Figure 4-27. From Figure 4-27, element distribution is clear seen. In Co 

mapping image, there is a Co-deficient layer near the interface at CoPt side. Besides, Co 

atoms also exist near the interface at BFO side, suggesting Co-containing BFO layer formed 
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due to Co diffusion. In all, the film structure (from substrate to top direction) can be 

expressed as following: CoPt L10 layer (6.5nm)/ CoPt Co-deficient layer (1.5 nm)/ Co-

containing BFO layer (2 nm)/ BFO layer. The film thickness is estimated according to Co 

mapping image. 

Figure 4-27 (a) High angle annular dark-field (a) image of BFO/CoPt interface. Energy 

dispersive spectroscopy (EDS) elementary mapping of BFO/CoPt interface. (b), (c), (d), 

(e) and (f) correspond to Co, Pt, Bi, Fe and O, respectively. 

 

Based on the above layered structure, we establish a model to illustrate the field-

mediated exchange coupling phenomenon, as demonstrated in Figure 4-28. The L10 

ordered CoPt (ordered CoPt) has a high perpendicular anisotropy (K ~ 4*107 erg/cm3)17 

and most moments remain in perpendicular direction even after the in-plane field applied. 

On the contrary, Co-deficient CoPt is prone to respond to external field as this CoPt layer 

is not ordered structure due to the composition deviation. We denote this layer as non-

ordered CoPt in the following paragraph. The Co-containing BFO is believed to display 

ferromagnetic property18,19, although non-doped BFO is antiferromagnet.  
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Figure 4-28 (a) is layered structure illustration. Schematic diagram of moment 

configuration at each step in in-plane magnetic field case (b) and out-pf-plane magnetic 

field case (c), respectively. 

 

Applying an in-plane magnetic field (5000 Oe), the moments in both non-ordered 

CoPt layer and Co-containing BFO layer lie in longitudinal direction. This makes the two 

layers coupled together and can be treated as a whole. On the contrary, most moments of 

the order CoPt layer (hard magnet) still lie in perpendicular direction once removing the 

in-plane magnetic field. Thus the perpendicular moments and the longitudinal moments 

are actually in a decoupled state. When measuring perpendicular hysteresis loop, the 

coupled longitudinal moments in non-order CoPt and Co-containing BFO can also 

respond to the perpendicular field and align to perpendicular direction, as shown in Figure 
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4-28 (b) 1 stage. Therefore the Ms value contains information from three parts: ordered 

CoPt, non-ordered CoPt and Co-containing BFO. When decreasing the applied field, the 

moments of the coupled non-ordered CoPt and Co-containing BFO layers tend to rotate 

back in the longitudinal direction, as drawn in Figure 4-28 (b) 2 stage. Because of the above-

mentioned decoupling, there shows two-step switching. The moments of the non-ordered 

CoPt and Co-doped BFO are gradually rotated upon the opposite field (~ 1500 Oe) and 

then comes a plateau shape in the hysteresis loop (shown in Figure 4-28 (b) 3 stage). After 

the applied field becomes large enough, the ordered CoPt is reversed (shown in Figure 4-

28 (b) 4 stage). When applying static out-of-plane field, the moments of non-ordered CoPt 

layer align itself mainly in perpendicular direction and tend to couple with the ordered 

CoPt layer. The moments of Co-doped BFO mainly lie in longitudinal direction, probably 

due to a large anisotropy, and thus decouple with the non-ordered CoPt layer. As 

measuring hysteresis loop, the Ms value is smaller compared to that of in-plane magnetic 

field case (shown in Figure 4-28 (c) 1 stage ), since a part of moments from Co-containing 

BFO is not included. Owing to the exchange coupling between ordered and non-ordered 

CoPt, the loop displays uniform switching instead of two-step switching. In summary, the 

external magnetic field controls the moment direction in ordered, non-ordered CoPt and 

Co-containing BFO layers. In in-plane field case, non-ordered CoPt couples with Co-doped 

BFO, leading to two-step switching loops. In out-of-plane case, non-ordered CoPt couples 

with ordered CoPt, which shows only one-step switching loops. 

Since this phenomenon is new to us, we prepare other samples in the same condition 

and try to repeat what we have observed. Such repetition can eliminate the possibility from 

external influence and confirm the intrinsic property of BFO/CoPt bilayer structures. 

Figure 4-29 depicts the repeated results. The same with previous that clearly two different 

magnetic states can be controlled by magnetic field. Although Ms and Hc values are a bit 
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different from the previous measured, the tendency is the same. We believe the slightly 

difference may be related to the Co (or Pt) atoms diffusion level. 

Figure 4-29 Perpendicular magnetic hysteresis loops measured at room temperature after 

orthogonal external field treatment. All of the experiment conditions including film 

preparation and measurement sequences are the same with that in Figure 4-25.  

 

Afterwards we decide to check whether perpendicular exchange bias effect exists or 

not, which is the original purpose of this experiment. Based on the above field-mediated 

results, we plan to try both in-plane and out-of-plane field cooling and measure 

perpendicular hysteresis loops. Figure 4-30 shows magnetic hysteresis loops after in-plane 

380 C field-cooling treatment. Although there are some noise, we can still defer that no 

exchange bias effect can be seen (indicated by neither clear Hc enlargement nor loop shift). 

The same situation occurs for out-of-plane field cooled sample, as shown in Figure 4-31. 

We believe absence of the exchange bias effect can be understood by the existence of Co-
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containing BFO layer, which separate CoPt and BFO interaction. Another reason may due 

to the interface coupling during BFO deposition, as we discussed in section 4.3.3. 

Figure 4-30 Magnetic hysteresis loops of field-cooled BFO30nm/Pt0.5nm/CoPt10nm/MgO (001) 

sample after in-plane field cooling process from 380 C. Measurement temperature is 300 

K (a) and 50 K (b), respectively. 

Figure 4-31 Magnetic hysteresis loops of field-cooled BFO30nm/Pt0.5nm/CoPt10nm/MgO (001) 

sample after out-of-plane field cooling process from 380 C. Measurement temperature is 

300 K (a) and 50 K (b), respectively. 

 

4.6 Summary 

In this chapter, we have prepared BFO30nm/Pt0.5-2nm/CoPt10nm/MgO (001) layered 

samples. CoPt film are first deposited at low temperature (300 – 400 C) and followed by 
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high temperature (700 – 750 C) annealing for 3 hours to get ordered L10 phase. Thus all 

the magnetic properties are achieved in perpendicular direction. 

Perpendicular anisotropy enhancement has been observed with existence of BFO 

layers compared to that single ordered CoPt layers. 

Perpendicular exchange bias effect has been detected in two layered samples: 

BFO30nm/Pt2nm/CoPt10nm and BFO30nm/Pt1nm/CoPt4nm. The exchange bias value is as large as ~ 

646 Oe measured at 80 K. 

Besides, (001)-epitaxial BFO30nm/Pt0.5nm/CoPt10nm layers are also fabricated. An external 

magnetic field-mediated exchange coupling phenomenon was observed in this layered 

structures. Element mapping results suggest there exist two additional layers across the 

interface: Co-deficient CoPt (~ 1.5 nm) and Co-containing BFO layer (2 nm). This exact 

discrepant Co-distribution leads to exchange coupled and decoupled states, which can be 

induced by orthogonal external fields. However, no perpendicular exchange bias effect can 

be observed in this layered samples, probably due to the existence of addition two layers 

(total thickness ~ 3.5 nm) between CoPt and BFO interface. 
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Chapter 5 Longitudinal exchange bias 

effect in Co2FeSi/BiFeO3 layered 

structures 

5.1 Heusler compounds 

5.1.1 Brief introduction about Heusler compounds 

In 1903, professer Fritz Heusler discovered that compound Cu2MnAl consisting of 

non-magnetic elements turned out to be ferromagnetic.1 This attracted lots of interest from 

magnetic community and now such ternary intermetallic are known as Heusler 

compounds. Up till now Heusler compounds have ~ 1500 members with various element 

combinations and tunable properties.2 There are two families of Heusler: one is XYZ 

formula with 1:1:1 composition (also known as half Heusler); the one is X2YZ chemical 

formula with 2:1:1 stoichiometry (known as full Heusler). Both families are crystalized in 

cubic structures with lattice parameter ranging from ~ 5.6 Å to 7.2 Å. In general, X and Y 

are transition metals and Z comes from main group. Detail element combinations are 

summarized in Figure 5-1, with X, Y, Z place indicated by different colors. 

Figure 5-1. Element combination of Heusler compounds.2 
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The properties of Heulser compounds can also be manipulated via such diversity 

element combinations. What is unexpected is that the properties can simply be predicted 

by counting valence electron number per formula unit.3 For example, Heusler compounds 

with 27 valence electrons are superconductors (palladium-based Heusler).4 , 5  17 or 19 

valence electrons Heusler compounds are ferromagnetic (such as Ni2MnAl). 6  8 or 18 

valence electrons Heusler compounds are semiconductor (such as LiMgN, YNiAs).7 Detail 

information is summarized in Figure 5-2.  

Figure 5-2 Different electronic properties of Heusler compounds depending on the 

number of valence electrons per formula unit.8 

 

This suggests the possibility to tune properties of Heusler compounds via various 

element combinations so as to vary the valence electron numbers.  

One of the most interesting topic about Heulser compounds is spintronic field. This is 

ferromagnetic and half metal Heusler compounds. As demonstrated in band gas structure 

in Figure 5-2, one spin band is semiconducting and the other direction spin band is metallic 

in half metal. Thus the free carrier spin polarization will be 100 % at the Fermi level. This 

unique property makes half meal an ideal candidate for spintronic application. Among all 
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kinds of Heusler compounds, Co-based Heusler compounds are widely explored and used 

due to its high Curie temperature (1120 K) and large saturation moment value ( ~ 6 B/f.u. 

or ~ 1200 emu/cc). 

5.1.2 Typical structures of Heusler compounds 

As we all know, the property is closely related to the structures (atom order and 

distribution). This section will discuss the typical crystal structure of both half and full 

Heusler compounds. Ordered Heusler compounds can be derived from combination of 

NaCl-type structure and ZnS-type structure, as drawn in Figure 5-3.  

Figure 5-3 (a) Rock salt structure, (b) zinc blende structure, (c) half Heusler structure 

(CaF2-type) and (d) full Heusler structure (Cu2MnAl-type).2  

 

There are three Wyckoff positions in half Heusler structures: 4a (0, 0, 0), 4b (1/2, 1/2, 

1/2) and 4c (1/4, 1/4, 1/4) sites (Figure 5-3 (c)). This structure can treated as octahedral sites 

(4b) occupied ZnS-lattice. Besides, atoms on 4a and 4b sites together also compose NaCl-

type structure. The two ground structures (ZnS-type and NaCl-type) emphasize on 

different bonding interactions. ZnS-type presents covalent bonding while NaCl-type has 
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an ionic character. Thus how does the X, Y, Z three elements occupy the three sites depends 

on the atom size and their relative electronegativity as well.9,10 Similarly, full Heusler also 

has three Wyckoff positions: 8c (1/4, 1/4, 1/4), 4a and 4b. However there is only on possible 

atom arrangement in full Heusler, that is X atoms on 8c, Y and Z on 4a and 4b, respectively. 

Full Heusler can be viewed as NaCl-type structure where all tetrahedral are filled by X 

atoms (8c). On the other hand, it can also be understood as ZnS-type structure consisting 

of one X and Z with the other X on tetrahedral sites and Y at octahedral sites. Some 

literature also view full Heusler as CsCl-like superstructure.11 This makes sense if i) Y and 

Z atoms are disordered and ii) unit cell is shifted by (1/4, 1/4, 1/4) from original point. In 

such case, X atoms locate at 8 edge points of unit cell and Y or Z fills at the center of the 

cubic, forming CsCl-type structure.  

5.1.3 Co2FeSi brief introductions 

Co2FeSi (CFS) is a half-metallic Heusler compound with the highest magnetic moment 

of 5.97 B (5 K) and the highest Curie temperature of 1100 K.12,13 This makes Co2FeSi a 

good candidate material in tunneling magnetoresistance (TMR) devices. The TMR value 

of CFS and AlOx barrier can reach 67.5 % at 5 K and 43.6 % at 298 K.14 Further adjusting 

the Fermi level by doping, the TMR value (Co2FeAl0.5Si0.5 electrode and MgO barrier) can 

increase to 175 % at room temperature.15 Now this TMR value reaches to 386 % at 300 K 

and 832 % at 9 K.16 In this section we mainly focus on Co2FeSi brief review. 

Many methods have been used to calculate the magnetic performance of Co2FeSi. At 

first, first principle calculation with linearized muffin tin orbital (LMTO) method predicts 

Co2FeSi is a ferromagnet and magnetic moment is ~ 5.08 B per formula unit using the 

lattice parameter a = 5.64 Å.17 However as we know this calculated value is smaller than 

experiment value 6 B. Further more detail calculations are used to refine the simulation 



Chapter 5 Longitudinal exchange bias effect in Co2FeSi/BiFeO3 layered structures 

115 

 

results, such as muffin tin and the atomic sphere approximations allowance and coherent 

potential approximation. The calculated total magnetic moments ranges from 4.9 B to 5.7 

B, which is still small compared to experiment value. Then a structural refinement is 

performed to minimize the total energy, and this time researchers find that experimentally 

obtained moment value occurs only at larger lattice parameter. Besides, from band 

structure the Fermi level lies inside the band gap if the lattice parameter expands 2.4 – 

4 %.18,19 Using local density approximation (LDA) + the Hubbard U scheme provided by 

Wien2K package20, band structure and density of states (DOS) of Co2FeSi are depicted, as 

shown in Figure 5-4.  

Figure 5-4 Band structure and DOS of Co2FeSi.11 

 

Obviously, Fermi level lies in minority gap region, suggesting the half-metallic 

character. For majority spin, a small value of DOS around Fermi level. This is mainly 

derived from states located at Co and Si sites.11 One thing needs to be pointed out is that 

all of the above mentioned simulation results is based on L21 ordered Co2FeSi structure 

with a lattice parameter of 5.64 Å. In other words, the half-metallicity of CFS (full-Heusler 

alloys) depends on its atomic ordered crystal structure. Speaking of the structure, now we 

need to specify each structure character. Figure 5-5, 5-6, 5-7 describe L21 structure, DO3 
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structure and B2 structure, respectively. For L21 and DO3 structure, one unit cell is drawn. 

While for B2, four unit cells (2*2) are drawn for easy comparison.  

Figure 5-5 L21 structure (Cu2MnAl-prototype) of Co2FeSi. (a) Schematic unit cell; (b) 

Calculated diffraction peak information; (c) Calculated diffraction pattern.  

 

From application aspect, L21 structure is the most desired. Generally speaking, DO3 

type disorder (random atom arrangement between Co and Fe) can be detected by the 

Rietveld refinement of XRD pattern.21 However the random atom arrangement between 

Fe and Si (B2 disorder) is a bit difficult to distinguish by Rietveld refinement of XRD or 

even neutron scattering. This is mainly due to the low intensity of (111) and (002) 

diffraction peaks. 22  To further detect the site specific information, extended X-ray 

absorption fine structure (EXAFS) measurements can be used.22 Since this method is not 

daily accessible and B2 disorder does not make big difference for properties, we do not 

distinguish B2 and L211 structures.  
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Figure 5-6 DO3 structure (BiF3-prototype) of Co2FeSi. (a) Schematic unit cell; (b) 

Calculated diffraction peak information; (c) Calculated diffraction pattern. 

 

Figure 5-7 B2 structure (CsCl-prototype) of Co2FeSi. (a) Schematic unit cell (2*2 cells); (b) 

Calculated diffraction peak information; (c) Calculated diffraction pattern. 
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5.1.4 Objectives in this chapter 

Similar to last chapter, this chapter try to clarify the effect of antiferromagnetism of 

BFO to Co2FeSi magnetic property (ferromagnetism). Compared to CoPt, Co2FeSi exhibits 

half-metallic property, which has been widely use in spintronic devices. We expect 

longitudinal exchange bias effect will be detected in Co2FeSi/BFO layered structures, 

which expressed as either coercivity enlargement or hysteresis loop shift or both.  

5.2 Experimental details 

5.2.1 Co2FeSi preparation details 

Co2FeSi target and plume is shown in Figure 5-8. Co2FeSi is metallic and thus shows 

metallic shine. Target size is 2 inch diameter and power supply is DC power. 

Figure 5-8 (a) Co2FeSi target and (b) Co2FeSi deposition plume 

 

For single Co2FeSi film preparation, detail growth condition are summarized in Table 

5-1. The variate mainly focuses on the film thickness. This part experiment results are 

demonstrated in section 5.3.  

5.2.2 Layered structure preparation details 

In this chapter, bilayer structure CFS/BFO are prepared. Similar as last chapter, an 

ultra-thin Pt layer (0.5 -2 nm) was sputtered in between to prevent oxidization. Detail 

growth conditions for layered structure preparation are summarized in Table 5-2. 



Chapter 5 Longitudinal exchange bias effect in Co2FeSi/BiFeO3 layered structures 

119 

 

Table 5-1 Growth conditions of Co2FeSi films in section 5.3 work  

 

Table 5-2 Growth conditions of layered structure in section 5.4 work 

 

5.2.3 Patterned Co2FeSi/BiFeO3 bilayer preparation 

To examine oxidization layer effect on leakage current property of BFO, patterened 

CFS/BFO bilayer were prepared in section 5.5. The basic growth condition is the same as 

listed in Table 5-2 except there is no Pt layer and thickness of BFO and CoPt is different. In 

section 5.5 work, BFO thickness is 50 nm and patterned CFS is 20 nm. Besides, 0.5 % wt Nd 

doped SrTiO3 (001) substrates are used, which can also be treated as bottom electrode. For 

IV measurements, CFS pattern was prepared by mask. Mask detail is described in section 

2.5.1. The preparation flow is illustrated in Figure 5-9.  
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Figure 5-9 Preparation flow of patterned CFS/BFO bilayers. The pattern mask is the same 

as described in section 2.5.1 and the pattern area is 5 mm diameter large. 

 

5.3 Preparation and characterization of single Co2FeSi films 

XRD profiles of single Co2FeSi films on MgO (001) substrates with various thickness 

are shown in Figure 5-10. When thickness is 100 nm, CFS present (001)-orientation and has 

at least B2 order. As we mentioned previously, the present θ -2θ scan cannot distinguish B2 

structure and L21 structure. With reducing CFS film thickness, CFS crystallinity also 

decreases. Small diffraction peaks still exist at t = 60 nm. Further decrease thickness to 20 

nm, no crystalized CFS phase can be detected in XRD pattern, leaving on MgO substrates 

peaks. This indicates thin CFS films have difficulty in crystalizing when film is too thin (< 

20 nm). Since our following experiments mainly concentrate on magnetic interface effect, 

which means CFS thickness is usually no more than 20 nm. This results makes it difficult 

for us to realize spintronic properties.  

In order to overcome the crystallinity problem in 20 nm thickness film, we further 

apply rapid thermal annealing (RTA) at 500 C and 600 C (temperature rise finishes in 20 

minutes and hold for 60 minutes), respectively. Figure 5-11 depicts the XRD profiles of 

annealed results. CFS peaks are labeled by yellow color. One can see, 500 C annealing 

does not make any obvious differences compared to that as-deposited pattern shown in 

Figure 5-10. While 600 C annealing treatment makes CFS crystalized, indicated by 

existence of (002) and (004) diffraction peaks. Besides, no other orientation peaks can be 
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detected. This means, post annealing at 600 C can induce CFS crystal phase at thin 

thickness (~ 20 nm). 

Figure 5-10 XRD profiles of Co2FeSi films with various thickness (100, 60, 20 nm). 

  

Figure 5-11 XRD profiles of 20 nm CFS films annealed at 500 C and 600 C, respectively. 

 

A typical magnetic hysteresis loop of CFS is demonstrated in Figure 5-12. Quite 

obvious, CFS easy axis lies in in-plane direction and is longitudinal anisotropy. The in-

plane coercivity is only ~ 20 Oe. The measured Ms value is 990 emu/cc, which is slightly 

smaller than reported. Thus for simplicity, following magnetic hysteresis in this chapter 

only shows in-plane loops. 
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Figure 5-12 Typical magnetic hysteresis loops of CFS single films. Inset is zoomed-out 

image of in-plane loop. 

5.4 Exchange bias in Co2FeSi/Pt/BiFeO3 layered structures 

5.4.1 Co2FeSi/Pt/BiFeO3 annealing treatment  

In last section, we get the results that CFS with 20 nm thickness cannot crystalize as 

deposited at 300 C and 600 C post annealing treatment can improve CFS crystallinity. To 

get crystal CFS phase in layered structure, we try 600 C post annealing treatment. The 

XRD profiles comparison between as-deposited (CFS20nm/Pt0.5nm/BFO30nm/MgO) and post-

annealed samples are drawn in Figure 5-13.  

Figure 5-13 XRD profiles of as-deposited and 600 C post-annealed samples. 
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To prevent the CFS oxidization during 600 C annealing, a 0.5 nm Pt layer is sputtered 

in between. In the XRD result of as-deposited one, only BFO T phase (001)-oriented peaks 

exist. After 600 C annealing, unexpectedly not only does BFO phase disappear, but also 

secondary phase emerge. Although it is hard to identify the phase information of the 

secondary phase, we believe it is related with Pt alloy, such as PtBi3 or PtSi. Clearly severe 

interface diffusion occurs during annealing process. Thus post annealing treatment does 

not work for layered structure. And we have to admit the fact that it is difficult to obtain 

CFS crystal phase in CFS/Pt/BFO layered structures. 

5.4.2 Co2FeSi6nm/BiFeO3 30nm films 

Normally, the thickness of ferromagnet should be less than 10 nm to detect exchange 

bias effect.23 Thus we fix the thickness of CFS to 6 nm. XRD profiles are drawn in Figure 

5-14. Regardless of which type of substrates, BFO phase exhibits two phases: tetragonal 

phase (T) and rhombohedral phase (R). Both phases shows (001)-orientation. Besides, no 

other peaks attributed to secondary phase (such as Bi2Fe4O9) can be found. 

Figure 5-14 XRD profiles of CFS6nm/BFO30nm samples prepared on STO (001) and MgO 

(001) substrates, respectively. 

 

Magnetic characterization is draw in Figure 5-15. Figure 5-15 (a) is the hysteresis loop 

of as-deposited sample measured at room temperature (RT). The Ms is only 560 emu/cc, 
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Figure 5-15 Magnetic hysteresis loops of CFS6nm/BFO30nm/MgO (001). 

 

probably because of oxidization. To induce exchange bias effect, field cooling 

treatment from TN (Néel temperature), that is 375 C reported for bulk BFO, is needed. To 

prevent oxidization as much as possible during the field cooling process, we apply field 

cooling temperature from 200, 300 finally to 380 C, in the hope that TN will be smaller for 

thin film form.24,25 Figure 5-15 (b) is the 200 C field-cooled sample measured at room 

temperature (RT). Clearly slightly oxidization still happens, since the Ms reduces from 560 

emu/cc to 390 emu/cc. Besides, we believe exchange bias effect occurs because the 
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coervicity increases from 27 to 38 Oe. Similarly, figure 5-15 (c) and (d) are the 300 C field-

cooled sample measured at RT and -192 C, respectively. The Ms value remains at 390 

emu/cc and meanwhile Hc increases to 58 Oe at RT and 196 Oe at -192 C. Although there 

is no clearly observed loop shift, the Hc enlargement proves the existence of exchange bias. 

Figure 5-15 (e) and (f) are the 380  field-cooled sample measured at RT and -192 C, 

respectively. Unexpectedly, the Ms dramatically decreases to 110 emu/cc (The -192 C 

measurement Ms value is unconvinced due to the large noise influence.) and Hc is as large 

as 120 Oe at RT. Delightfully, both loop shift and coercivity enlargement are detected at - 

192 C, indicating the exchange bias. The values are calculated as Hc = (Hc1+Hc2)/2 = 320 Oe, 

HEB = (Hc2-Hc1)/2 = 20 Oe. 

5.4.3 Co2FeSi6nm/Pt0.5nm/BiFeO3 30nm films 

Although exchange bias is an interface effect, many literature has reported it can still 

survive even with a non-magnetic layer in between.26,27,28,29 Thus Pt layer is sputtered in 

the middle to prevent oxidization as much as possible. 

Figure 5-16 illustrates XRD profiles of CFS6nm/Pt0.5nm/BFO30nm on STO (001) and MgO 

(001) substrates, respectively. Similar to that without Pt layer, both BFO T and R phase 

shows (001)-orientation. And there exist no peaks that can be attributed to CFS or BFO 

secondary phase.  

Magnetic hysteresis loop measurements of CFS6nm /Pt0.5nm /BFO30nm /MgO(001) 

substrates are shown in Figure 5-17. For this sample, we apply 300 C and 380  C field 

cooling process, respectively. Figure 5-17 (a) is the as-deposited films measured at room 

temperature. The measured Ms value is 650 emu/cc and Hc is 23 Oe. Upon 300 C field 

cooling process, Ms decreases to 400 emu/cc and Hc increases to 80 Oe (Figure 5-17 (b)). 

After 380 C field cooling, Ms decreases to 200 emu/cc and Hc remains at 80 Oe at RT (Figure 
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5-18 (c)). When measured at -192 C, loop shift appears again. The coercivity and exchange 

bias field is calculated as Hc = 240 Oe and HEB = -20 Oe.  

Figure 5-16 XRD profiles of CFS6nm/Pt0.5nm/BFO30nm samples prepared on STO (001) and 

MgO (001) substrates, respectively. 

Figure 5-17 Magnetic hysteresis loops of CFS6nm/Pt0.5nm/BFO30nm/MgO (001). 

 

In all, exchange bias effect can be obtained at -192 C measurement after 380 C field 

cooling treatment. However, together with exchange bias, CFS oxidization also becomes 

quite severe, indicated by the Ms value reduction. If field-cooled temperature decreases 
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from 380 C to 300 C, exchange bias effect is only expressed as coercivity enlargement 

without loop shift. 

5.4.4 Co2FeSi6nm/Pt0.7nm/BiFeO3 30nm films 

To further explore the Pt effect, we increase Pt thickness gradually to 0.7 nm. The XRD 

profiles and magnetic hysteresis loops are demonstrated in Figure 5-18 and Figure 5-19, 

respectively.  

Figure 5-18 XRD profiles of CFS6nm/Pt0.7nm/BFO30nm samples prepared on STO (001) and 

MgO (001) substrates, respectively. 

 

From XRD profiles, one can see that BFO presents only R phase on STO substrates and 

only T phase on MgO substrates. Both phases are (001)-orientation. This results are a bit 

different from that of CFS6nm/Pt0.5nm/BFO30nm and CFS6nm/BFO30nm samples, where both 

phases appear at the same time. At present, it is hard to tell whether such differences are 

related with Pt thickness. Nevertheless, there is peak attributed to CFS (011) diffraction on 

MgO substrates. Since this peak position is overlapped by substrate information on STO 

substrates and we believe this peak also exists on STO substrates. The existence of CFS 

crystal phase may originated from the relatively Pt thickness. We expect this thick Pt layer 

can smooth the interface to some extent (from section 3.4.3 we know the more crystallinity 

the rougher BFO surface is) and promote CFS crystallization process.  
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Although different BFO phases present on various substrates, it seems does not make 

any big differences to magnetic properties, as shown in Figure 5-19. For the as-deposited 

samples, the Ms is around 800 emu/cc and Hc ~ 20 Oe. The hysteresis shape is more squared 

(Mr/Ms is larger) upon 300 C field cooling. And Ms decreases to ~ 600 emu/cc while Hc 

increases to 70 Oe. As explained before, Hc enlargement is a manifestation of exchange bias 

effect. 

Figure 5-19 Magnetic hysteresis characterization of as-deposited (a) and 300 C field 

cooled (b) CFS6nm/Pt0.7nm/BFO30nm/STO substrate and as-deposited (a) and 300 C field 

cooled (d) CFS6nm/Pt0.7nm/BFO30nm/MgO substrate. All measurements are conducted in RT.  

 

5.4.5 Co2FeSi6nm/Pt2nm/BiFeO3 30nm films 

Pt thickness is further increased to 2 nm. XRD profiles and magnetic characterization 

are summarized in Figure 5-20 and 5-21, respectively. The same with that of 

CFS6nm/Pt0.7nm/BFO30nm samples, BFO exhibits R phase on STO substrates and T phase on 
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MgO substrates (shown Figure 5-20). And CFS (011) peak can be observed, indicating the 

crystal phase of CFS.  

Figure 5-20 XRD profiles of CFS6nm/Pt2nm/BFO30nm samples prepared on STO (001) and 

MgO (001) substrates, respectively. 

 

Figure 5-21 Magnetic hysteresis characterization of as-deposited (a) and 300 C field 

cooled (b) CFS6nm/Pt2nm/BFO30nm/STO (001) substrates films. As-deposited (a) and 300 C 

field cooled (d) CFS6nm/Pt2nm/BFO30nm/MgO (001) substrates films. All measurements are 

conducted in RT. 
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The magnetic measurements are shown in Figure 5-21. Samples prepared on STO and 

MgO substrates do not have big differences. The 2 nm Pt layer can greatly prevent CFS 

oxidization in both the as-deposited conditions and 300 C field cooling process, since the 

Ms value remains at 950 emu/cc. The bad effect of thick Pt layer is also clear, that the Hc 

enlargement magnitude is smaller compared to before. This is reasonable, since thick Pt 

layer block the interaction to some extent. 

5.4.6 Pt effect summary 

This section mainly summarizes the Pt effect demonstrated in section 5.4.2 to 5.4.5. As 

shown in Figure 5-22, Ms values of as-deposited (black and square dots) and 300 C field-

cooled (blue and round dots) samples prepared on MgO substrates with various Pt 

thickness are listed. Quite clear, with increasing Pt thickness, Ms becomes high. Both are 

the same tendency for as-deposited and field-cooled results. 

Similarly, Hc values dependence of Pt interlayer thickness is summarized in Figure 5-

23. There exists a peak Hc value at Pt ~ 0.5 nm. When there is no Pt layer, oxidization is 

severe and the oxidized layer separate the interaction. The existence of Pt can prevent such 

oxidization and interface effect can still survive though this ultra-thin layer. However, if Pt 

is too thick (> 2 nm), itself will block the interaction as well. 

Figure 5-22 Layered structure Ms dependence of Pt interlayer thickness. 
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Figure 5-23 Layered structure Hc dependence of Pt interlayer thickness. 

 

To further confirm the Pt effect, Auger electron spectroscopy (AES) depth profiles of 

CFS/BFO layered with and without Pt layers (0.7 nm) are conducted, as compared in 

Figure 5-24. The existence of Pt layer is clearly observed. Since this method is only semi-

quantitative, we only use the concentration value as a comparison ruler and do not take it 

for real. Without Pt layer, oxygen concentration goes directly upward from CFS to BFO 

layers. While with 0.7 nm Pt, a clear oxygen concentration drop is detected around 

interface. One thing needs to point out that O source not only comes from BFO layers, but 

also from the atmosphere. Besides, existence of Pt can also prevent Co atom inter-diffuse 

into BFO layers indicated the Co diffusion length comparison, which is the same situation 

for BFO/CoPt in last chapter. 

Such CFS oxidization is further indicated by cross-section TEM image of as-deposited 

CFS/BFO sample, shown in Figure 5-25. Similar to XRD pattern in Figure 5-14, BFO layer 

displays a clear (001)-texture growth. Although no CFS peaks can be detected in XRD, CFS 

phase still crystalize indicated TEM images. Besides, oxidized layer is observed between 

BFO and CFS layers, and its thickness is estimated around 2-3 nm. Since no cap layer is 

deposited on the top, a oxidized layer also exists at the film surface, which agree with AES 

depth profile. 
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Figure 5-24 Auger electron spectroscopy (AES) depth profiles of CFS6nm/BFO30nm and 

CFS6nm/P0.7nm/BFO30nm films, respectively. 

 

Figure 5-25 Cross-section TEM image of as-deposited CFS6nm/BFO30nm sample. Clear 

oxidized layer is observed at the interface between CFS and BFO. 
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5.5 Preparation and characterization of patterned Co2FeSi 

/BiFeO3 bilayers 

As we know from last section, CFS layer deposited directly on BFO films is easily 

oxidized. In this section, we concentrate on this oxidized layer effect on BFO leakage 

current measurement. 

Figure 5-26 draws XRD profiles of patterned CFS/BFO/Nd-STO with different CFS 

deposition temperature. Only BFO R phase can be detected in the XRD profiles and there 

are no sign of CFS peaks. Thus no big differences can be seen from the XRD.  

Figure 5-26 XRD profiles of patterned CFS20nm/BFO30nm/Nd-STO samples with different 

CFS deposition temperature (300 and 380 C). 

 

Figure 5-27 compares the hysteresis loops of sample prepared with different CFS 

deposition temperature (300 and 380  C). Probably because of the small amount of CFS 

films, the measured loops do not exhibit much differences in terms of Ms values. Besides, 

380 C deposited film even seems to display a bit higher Ms value than that of 300  

deposited films. In common sense, the higher deposition temperature is, the more severe 

oxidization exists, leading to smaller Ms value. However, such expected tendency has not 

been detected probably due to the measurement resolution. 
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Figure 5-27 Magnetic hysteresis loops of patterned CFS20nm/BFO30nm/Nd-STO samples 

with different CFS deposition temperature (300 and 380 C). 

 

VI curves of the two films are compared in Figure 5-28. In the current leakage 

measurement, CFS dot (prepared by masks) serves as top electrode and Nd-STO substrate 

is bottom electrode. At small current range, 300  prepared sample shows high voltage 

value, and this might because the severe surface scratch (clearly observed under 

microscopy). At ~ 40 A, two curves have a cross-section. In the high current range, 380 C 

deposited CFS sample shows higher voltage. We believe the high current range tendency 

is the intrinsic properties of two samples. The slightly higher voltage value at the same 

current condition means this sample is less conductive compared to that of 300 C sample. 

This high resistivity may originate from oxidization of CFS layers. This oxidized CFS layers 

can prevent the current leakage problem of BFO films some extent.  

Figure 5-27 VI measurements of patterned CFS20nm/BFO30nm/Nd-STO samples with 

different CFS deposition temperature (300 and 380 C). 
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5.6 Summary 

Co2FeSi single layers and Co2FeSi/Pt/BiFeO3 layered structures are prepared in this 

chapter. For single layers, crystalized CFS phase (at least B2 order) can only exist if 

thickness is larger than 60 nm. However, only several nanometer thickness is preferred in 

spintronic devices. Then post annealing treatment is conducted to increase thin film ( 20 

nm) crystallinity. CFS single layer starts to crystalize when post-annealed at 600 C for 1 

hours. Despite of the success, this method does not work well for CFS/Pt/BFO layered 

structures, because inter-diffusion occurs. Although no CFS peaks can be detected, CFS 

phase still crystalizes in the layered structure, indicated by TEM image. 

Followed by the preparation, we characterize the magnetic hysteresis loops of layered 

structures. Suggested by Ms values, existence of Pt layer can prevent CFS oxidization 

effectively, in both as-deposited and field-cooled situations. However, if Pt is too thick (~ 2 

nm), interaction between CFS and BFO will be blocked, reflected by the reduction of 

coercivity enlargement (an expression of exchange bias effect). Thus there exists a trade-

off between CFS oxidization and exchange bias effect and the best Pt thickess is ~ 0.5 nm. 

In all, longitudinal exchange bias effect has been observed in CFS/Pt/BFO layered 

structures. 
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Chapter 6 Conclusions 

Interface structure and magnetic properties of BiFeO3 –based layered structures are 

explored in this thesis. BiFeO3 (BFO) is the only room temperature single-phase 

multiferroic material discovered at present and receives hot attention in spintronic field. 

Chapter 2 and chapter 3 focus on the structure characterization of BiFeO3 films prepared 

on various substrates (a-SiO2, MgO and SrTiO3 substrates) and under layer (TiN layer). 

Chapter 4 and 5 report interface induced magnetic performances of BiFeO3/L10 ordered 

CoPt and Co2FeSi/BiFeO3 layered films, respectively. 

Main conclusions of this thesis are summarized in the following: 

1) Growth of crystal BFO films is quite sensitive to substrates. No pure crystalized 

BFO films can be obtained on a-SiO2 substrates, while poly-crystal like (three 

growth orientation) and epitaxial BFO films are prepared on MgO substrates 

(mismatch ~ - 6.6 %) and STO substrates (mismatch ~ 1.4 %), respectively. 

2) BFO epitaxial films can be grown on conductive TiN under layers at reduced 

substrate temperature (~ 500 C). TiN is widely used as electrodes in current 

semiconductor techniques, and thus it will greatly broaden BFO application 

prospect if embedded on TiN layers. Our results indicate rhombohedral (R) and 

tetragonal (T) of BFO co-exist and both structures show epitaxial growth: T-BFO 

(001)[100]//TiN (001)[100] and R-BFO (001)[100]//TiN (001)[100]. 

3) Perpendicular exchange coupling effect is observed in BiFeO3/L10 ordered-CoPt 

layered structures. Besides, this effect can be mediated by external static magnetic 

field (5000 Oe). That is the coupling effect (expressed as existence of plateau in the 

hysteresis loops) is induced by in-plane direction field and vanishes upon out-of-
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plane field. Cross-section element mapping results suggest there exist two 

additional layers across the BFO/CoPt interlayer: Co-containing BFO layer (2 nm) 

and Co-deficient CoPt layer (1.5 nm). These different layers respond to external 

field differently and lead to two shapes of hysteresis loops. 

4) Longitudinal exchange bias effect is observed in Co2FeSi/BiFeO3 layered 

structures. Various thickness (0, 0.5, 0.7, 2 nm) of Pt layer is sputtered in between. 

Both VSM and AES depth profiles suggest existence of Pt can prevent inter-

diffusion of O and Co atoms. However, too thick Pt layer (2 nm) also blocks the 

interface interaction between CFS and BFO. To balance, 0.5 nm Pt layer is the 

optimal, where coercivity enlarges from 20 Oe to 80 Oe after field-cooling 

treatment. This coercivity enlargement is a manifestation of exchange bias effect, 

which describes the pinning effect of antiferromagnetic moments to ferromagnetic 

layers at the interface. 

In all, preparation and magnetic characterization of BFO-based layered films are 

studies in this thesis work. 
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