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Abstract

Recently, the use of an electric field (E-field) to control the magnetic properties of
thin magnetic films has drawn intensive interest due to their important potential
applications such as magnetoelectric random access memory (MERAM) devices and

magnetoelectric (ME) sensor.

In this thesis, the work first includes a study of the strain-mediated ME coupling
strength manipulation by either changing ferromagnetic layer thickness (30-100 nm)
or inserting a thin Ti buffer layer (0-10 nm). A large remanence ratio (M,/My)
tunability of 95% has been demonstrated in the 65 nm CoFe/PMN-PT
heterostructure, corresponding to a giant ME constant (o) of 2.5 x 10 s/m, when an
external E-field of 9 kV/cm was applied. Also, a record high remanence ratio (M,/Mj)
tunability of 100% has been demonstrated in the 50 nm CoFe/8 nm Ti/PMN-PT
heterostructure, corresponding to a large ME constant o of 2.1 x 10 s/m, when the
E-field of 16 kV/ecm was applied. Furthermore, the E-field induced magnetic

response was repeatable and quick even after 30 repeats were made.

Secondly, a study of non-volatile magnetization change has been demonstrated in the
65 nm CoFe/24 nm Metglas/PMN-PT. In this heterostructure, the E-field created two
new non-volatile remanence states, although the as-grown magnetic anisotropy was
altered permanently, when the E-field between -6 kV/cm to +6 kV/cm was applied.
Based on giant magnetoresistance (GMR) or anisotropic magnetoresistance (AMR),
the MERAM memory cell was proposed for the fast, low-power and high-density

information storage.



Publications and Presentations

The work in this thesis has been published on international journals [1-4] and

presented in conferences [5,6] as follows:

[1] Yang W-G, Morley N A, Sharp J, Tian Y and Rainforth W M 2016 Strain-
mediated converse magnetoelectric coupling strength manipulation by a thin

titanium layer Appl. Phys. Lett. 108 012901

[2] Yang W-G, Morley N A and Rainforth W M 2015 Electric field-controlled
magnetization in bilayered magnetic films for magnetoelectric memory J. Appl. Phys.

118 034102

[3] Yang W-G, Morley N A, Sharp J and Rainforth W M 2015 Giant electric
field tunable magnetic properties in a CosoFeso/lead magnesium niobate—lead titanate

multiferroic heterostructure J. Phys. D. Appl. Phys. 48 305005

[4] Morley N A, Finkel A C, Yang W and Reeves-mclaren N 2014 Magnetic
and Structural Characterization of NiFe/Fes;oCos¢ Bilayers IEEE Trans. Magn. 50

2503704
[5] 2015 Institute of Physics Magnetism (Leeds, UK)

[6] 2013 Postgraduate Magnetism Techniques Workshop (York, UK)

II



Acknowledgements

Above all, I would very much like to sincerely appreciate my two supervisors: Prof.
W Mark Rainforth and Dr. Nicola A Morley for all their support and guidance
throughout my PhD research period. I am also really grateful for their valuable time
and efforts on the discussion and correction of three published papers. Here, I would

also like to thank Prof. M. R. J. Gibbs for his help in my first year of PhD study.

Here, I would like to thank the whole magnetics group, SCAMMD, for providing me
with a fantastic experimental conditions and research environment. I would like to
thank everyone in this warm big family for your memorable accompanies and firm
support. Especially, I would like to thank Prof. Dan Allwood and Dr. Tom Hayward
for their valuable suggestions on my projects. In addition, I also especially thank Dr.
Matthew Hodges, Dr. James Wheelwright, Miss Ruth Bradley and Mr Jonathan

Wood for their help on both my study and life in Sheffield, UK.

I would like to thank the related technical staffs in the department of Materials
Science and Engineering, Sorby Centre and Nanoscience and Technology Centre for
their training on the experimental facilities. I would also like to thank Dr. Joanne
Sharp and Dr. Tian Ye for their help with transmission electron microscopy (TEM)

imaging on a JEOL R005 and piezoelectric strain measurements, respectively.

I would like to thank my family members for their supporting and understanding in
my PhD study period. Especially, I would like to express my most sincere gratitude
to my wife for her selfless dedication to this family. I would not have been able to
achieve what I have now without her efforts during my three years. I would also like

to thank my daughter Emma Yang for giving me happiness during my tough time.

III



List of Symbols

T, Curie temperature

E. Exchange energy

Ezeeman Zeeman Energy

Hq Demagnetizing field

Ems Magnetostatic energy

Ny Demagnetizing factor

Emec Magnetocrystalline anisotropy energy
K Anisotropy constant

Eme Magnetoelastic energy

Echarge Charging induced surface anisotropy energy
Euni Uniaxial magnetic anisotropy energy
H Magnetic field

M Magnetization

M; Saturation magnetization

M, Remanant magnetization

H, Coercive field

H; Saturation field

Hy Anisotropy field

Hyesr Effective anisotropy field

E Electric field

dij Piezoelectric constant

c Stress
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Strain

Electric polarization
Young’s modulus
Poisson’s ratio

Magnetoelectric coupling constant
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Chapter 1

1 Introduction

Recently, the use of an electric field (E-field) to control the magnetic properties in
multiferroic (MF) materials [1] (Converse magnetoelectric effect, CME [2]) rather
than a magnetic field (H-field) generated by a current [3] or the current itself [4] has
drawn intensive interest due to their important potential applications such as
magnetoelectric random access memory (MERAM) devices [5-8] and

magnetoelectric sensor [9,10].

Single phase MF materials are rare in nature [11] and almost all of them show only a
weak magnetoelectric (ME) coupling below room temperature [2]. Therefore, most
research has focused on MF composites [12,13]. Many papers have reported the
strain-induced magnetization changes in a wide range of the MF layered composites
(ferromagnetic (FM) films/ferroelectric (FE) substrates) such as Fe-Ga/(110) PMN-
PT (lead magnesium niobate-lead titanate) [14], CoFe/PMN-PT [15], NiggCo20/(110)
PZN-PT (lead zinc niobate-lead titanate) [16], FeGaB/(110) PZN-PT [17],
FeGaB/(110) PMN-PT [18], Fe;04/PZN-PT [19], NiFe,04/(001) PMN-PT [20],
FesoCoso-Hf/PZN-PT [21] and Ni/(110) PMN-PT [22]. Large magnetization changes
were induced by an external E-field in these systems, as shown in Fig. 1.1. This

provides great opportunities for E-field controlling magnetic devices.
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Fig. 1.1 A comparison and contrast of the E-field induced the normalized remanent
magnetization (AM;) (blue symbols) and the relative remanent magnetization (black symbols)
change in some already published papers and that in this thesis. Here, the normalized AM, =

M,/M; (E) — M/M; (0) and AM/M,(0) = [M/M; (E) — My/M; (0)]/ My/M; (0).

The manipulation of ME coupling strength has been investigated in MF composites
has yet to be studied extensively. Kim et al. [23] tried to manipulate ME coupling
strength by varying the composition and thickness of the CoPd; film with an out of
plane anisotropy. A large ME coupling strength was found for 10 nm Co25Pdo.75
film due to a high magnetostriction. However, ME coupling strength can be
improved further. In this thesis, the ME coupling strength was manipulated by either
changing ferromagnetic layer thicknesses or inserting a thin Ti buffer layers. A
record high remanance ratio (M/M;) tunability of 100% was demonstrated in a
50nm CoFe/8nm Ti/PMN-PT heterostructure, corresponding to a large ME constant

o of 2.1x10°s/m, when an E-field of 16kV/cm was applied.
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Magnetoelectric random access memory (MERAM), i.e., E-field controlled magnetic
random access memory (MRAM) [24] has been proposed to drastically reduce the
write energy in the recording process, which is important for further miniaturization.
However, so far, most magnetization and magnetic anisotropy changes induced by
the E-field are volatile. In other words, the magnetization returns to its initial state
after the E-field is removed. This is clearly not practically useful for novel memory
and logic device applications. Non-volatile magnetization changes induced by the E-
field have been demonstrated in multiferroic heterostructures with single layer
magnetic films [22,25-28]. However, E-field-controlled non-volatile magnetization
changes in bilayered magnetic films have not been studied. In this thesis, non-
volatile magnetization changes were demonstrated in a 65nm CoFe/24nm

Metglas/PMN-PT heterostructure.

1.1 Thesis outline

This thesis includes eight chapters, which are briefly introduced as follows:

Chapter 2 introduces the basic theory related to this project, with a particular focus

on the magnetic energies and the effect of elastic strain on domain wall motion.

Chapter 3 reviews the research progress on multiferroic material fabrication,
mechanism studies and practical applications in the past few decades. Some

challenges in the future are also identified.

Chapter 4 introduces the main experimental techniques used in this project. It
includes sample preparation, microstructural characterization and magnetic

characterization.

Chapter 5, 6 and 7 are three experimental chapters.
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Chapter 5 studies the effect of magnetic layer thickness on the ME coupling strength.
The ME constant o has been improved obviously by reducing the magnetic layer

thickness in multiferroic heterostructures.

Chapter 6 demonstrates a non-volatile magnetization change induced by the E-field

in multiferroic heterostructures with bilayered magnetic films.

Chapter 7 investigates the effect of buffer layer thickness on the ME coupling
strength. A record high remanance ratio (M,/M;) tunability of 100% has been

obtained in a 50 nm CoFe/8 nm Ti/PMN-PT heterostructure.

Chapter 8 summarizes this thesis and also proposes some future work.

1.2 References

[1]  W. Eerenstein, N.D. Mathur, J.F. Scott, Nature 442 (2006) 759-765.

[2] J.Ma,JM. Hu, Z. Li, C.W. Nan, Adv. Mater. 23 (2011) 1062-1087.

[3] G.A. Prinz, Science 282 (1998) 1660—1663.

[4] E.B. Myers, D.C. Ralph, J.A. Katine, R.N. Louie, R.A. Buhrman, Science 285

(1999) 867-870.

[5] X. Chen, A. Hochstrat, P. Borisov, W. Kleemann, Appl. Phys. Lett. 89 (2006)

202508.

[6] J.M.Hu, Z. Li, L.Q. Chen, C.W. Nan, Nat. Commun. 2 (2011) 553.

[7] M. Bibes, A. Barthélémy, Nat. Mater. 7 (2008) 425-426.

[8] J.M.Hu, Z. Li, L.Q. Chen, C.W. Nan, Adv. Mater. 24 (2012) 2869-2873.

[91 J.Y. Zhai, Z.P. Xing, S.X. Dong, J.F. Li, D. Viehland, Appl. Phys. Lett. 88

4



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

Chapter 1

(2006) 062510.

C. Israel, N.D. Mathur, J.F. Scott, Nat. Mater. 7 (2008) 93-94.

N.A. Hill, J. Phys. Chem. B 104 (2000) 6694—6709.

G. Srinivasan, Annu. Rev. Mater. Res. 40 (2010) 153—-178.

C. Nan, Phys. Rev. B 50 (1994) 6082—-6088.

Y. Zhang, Z. Wang, Y. Wang, C. Luo, J. Li, D. Viehland, J. Appl. Phys. 115

(2014) 084101.

T.L. Jin, L. Hao, J.W. Cao, M.F. Liu, H.G. Dang, Y. Wang, D.P. Wu, J.M.

Bai, F.L. Wei, Appl. Phys. Express 7 (2014) 043002.

M. Liu, S.D. Li, O. Obi, J. Lou, S. Rand, N.X. Sun, Appl. Phys. Lett. 98

(2011) 222509.

M. Liu, Z.Y. Zhou, T.X. Nan, B.M. Howe, G.J. Brown, N.X. Sun, Adv. Mater.

25 (2013) 1435-1439.

J. Lou, D. Reed, C. Pettiford, M. Liu, P. Han, S. Dong, N.X. Sun, Appl. Phys.

Lett. 92 (2008) 262502.

M. Liu, O. Obi, J. Lou, Y.J. Chen, Z.H. Cai, S. Stoute, M. Espanol, M. Lew,
X. Situ, K.S. Ziemer, V.G. Harris, N.X. Sun, Adv. Funct. Mater. 19 (2009)

1826-1831.

J.H. Park, Y.K. Jeong, S. Ryu, J.Y. Son, H.M. Jang, Appl. Phys. Lett. 96

(2010) 192504.

S. Li, M. Liu, W. Shao, J. Xu, S. Chen, Z. Zhou, T. Nan, N.X. Sun, J.-G. Duh,

J. Appl. Phys. 113 (2013) 17C727.



Chapter 1

[22] T. Wu, A. Bur, P. Zhao, K.P. Mohanchandra, K. Wong, K.L. Wang, C.S.

Lynch, G.P. Carman, Appl. Phys. Lett. 98 (2011) 012504.

[23] J.H. Kim, K.S. Ryu, J.W. Jeong, S.C. Shin, Appl. Phys. Lett. 97 (2010)

252508.

[24] C. Chappert, A. Fert, F.N. Van Dau, Nat. Mater. 6 (2007) 813-823.

[25] J.W. Lee, S.C. Shin, S.K. Kim, Appl. Phys. Lett. 82 (2003) 2458-2460.

[26] A. Brandlmaier, S. Geprigs, G. Woltersdorf, R. Gross, S.T.B. Goennenwein, J.

Appl. Phys. 110 (2011) 043913.

[27] Z.Li,J. Wang, Y. Lin, C.W. Nan, Appl. Phys. Lett. 96 (2010) 162505.

[28] S.W. Yang, R.C. Peng, T. Jiang, Y.K. Liu, L. Feng, J.J. Wang, L.Q. Chen,

X.G. Li, C.W. Nan, Adv. Mater. 26 (2014) 7091-7095.



Chapter 2

Chapter 2

2 Theoretical Background

2.1 Magnetism and Magnetic Materials

H
cmm———— electron
e RN
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l, \I
\ ' nucleus !

\\ V4

\‘ '/,

------——-—

Fig. 2.1 Schematic of the origin of magnetism from the electronic structure in a free atom.

The origin of magnetism is first understood in a free atom that has a magnetic dipole
moment [1] even without an external magnetic field. This can be attributed to the
electronic structure existing in the free atom [2], as shown Fig. 2.1. Firstly, unpaired
electrons circulating the nucleus in the atomic orbitals have orbital angular momenta,
which create the atomic magnetic moment. This is similar to the circulating currents
made from charged particles producing a magnetic field. Secondly, each individual
electron has an angular momentum, which also creates the “spin” magnetic moment.
Moreover, both magnetic moments, as a result of electrons orbital motion and spin
themselves respectively, can be coupled, which is called spin-orbit coupling [2]. The

coupling also includes orbit-orbit coupling and spin-spin coupling among electrons,
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which give a total atomic magnetic moment. After understanding the atomic origin
of the magnetism, the next focus is on the magnetic materials, although only brief

introduction is made except for ferromagnetic materials.

M
(kA/m Paramagnetic or
0.5 e RRRR
oy, [N [ [ ELL
Diamagnetic (KA/m)| *— 4 I ] I l ]
' NEENN
” T Paramagnetic  Antiferromagnetic
(kA/m)|
1000 Frvmagaotic. IRRRR! ttttt
RO RN
kam)| [11711 ttttt
HRREREREERRER

Ferromagnetic Ferrimagnetic

Fig. 2.2 Schematic magnetization curves and magnetic orderings for magnetic materials

Diamagnetic materials refer to the materials only exhibiting a diamagnetic response
when an external magnetic field is applied. In fact, all materials exhibit a weak
diamagnetic response but some magnetic materials possess a stronger magnetic
response to the field. Diamagnetic materials do not have a net atomic magnetic
moment (i.e. total magnetic moment is zero) due to either completely filled or empty
atomic orbitals. The induced magnetic moment in the atom is created by
electromagnetic induction and opposes the applied magnetic field (Fig. 2.2). When
the field is removed, the net magnetic moment returns to zero. Therefore,
diamagnetic materials do not have a wide range of applications due to their lack of

the permanent magnetic moment. Different from diamagnetic materials,

2
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paramagnetic materials have the net atomic magnetic moments but these magnetic
moments only have very weak interaction, thus all the moments have a random
arrangement due to thermal agitations (Fig. 2.2). When an external field (1000 kA/m)
is applied, only a weak magnetization (0.5 kA/m) occurs. Similarly, paramagnetic
materials do not have the wide range of applications. Ferromagnetic and
ferrimagnetic materials at temperatures above the Curie temperature (T.) will

become paramagnetic [3].

Fortunately, ferromagnetic materials have a wide range of applications in modern
device technologies. Firstly, the large magnetization strength (~ 1000 kA/m) can be
achieved even under the effect of the small field (~ few kA/m), which is as a
consequence of the strong interactions between atomic magnetic moments. The
strong internal interactions overcome the thermal energy effects and align the
magnetic moments parallel to each other, which produces a spontaneous
magnetization even in the absence of an external magnetic field [4]. Moreover, the
spontaneous magnetization tends to point to some preferred directions, which is
associated with the magnetocrystalline anisotropy (further information will be given
on the magnetocrystalline energy introduction in section 2.2.3). Secondly, the
ferromagnetic magnetization shows a hysteresis characterization (Fig. 2.2), which
means that the magnetization can fully or partly remain even when the field is
removed completely. This provides great opportunities for information storage
applications. The reason can be understood based on domain theory (see section

2.3.1) and the magnetization process (see section 2.3.2).

Two other forms of magnetic materials are antiferromagnetic materials and

ferrimagnetic materials. Both of them have the spontaneous magnetization, which is
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similar to the ferromagnetic materials. However, strong internal interactions between
magnetic moments arrange adjacent moments antiparallel to each other. In
antiferromagnetic materials, the spontaneous magnetization is completely cancelled
out due to opposite directions having the same total magnetic moments. Therefore,
in antiferromagnets, the net spontaneous magnetization is zero. They show a similar
linear magnetization relationship against the external field as paramagnets. In
ferrimagnetic materials, although the part of the spontaneous magnetization is also
cancelled out from magnetic moments in opposite directions, one direction moment
is larger than the other direction, hence they have an overall magnetization.
Ferrimagnetic materials have similar magnetization behaviour (i.e. magnetic

hysteresis characterization, as shown in Fig. 2.2) to ferromagnetic materials.
2.2 Magnetic Energy

In section 2.1, a brief introduction about the magnetic materials has been made. It is
seen that ferromagnetic materials possess a strong magnetization compared to the
other forms of magnetism and has magnetic hysteresis characterization, which
allows them to have a wide range of applications. In this section, magnetic energy is
introduced for the ferromagnetic system, as it is important to understand spontaneous
magnetization, the formation of domains and the domain wall structure, along with

magnetic anisotropy.
2.2.1 Exchange Energy

As mentioned in section 2.1, the exchange interaction between atomic magnetic
moments aligns them parallel to each other so that the exchange energy (E.) is
minimized. In equation 2.1, E. refers to the energy between all nearest neighbouring

magnetic moment pairs in a unit volume [5].
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E, = _]_l’_fj’ 2.1

where J is the exchange constant and. S_)l and §J) are the spin vectors. It is seen that

when the magnetic moments are parallel to each other, the E. will reach the minimal
value. When the ferromagnetic system is solely determined by the exchange energy,
all magnetic dipoles will be aligned into the same direction. However, within a
magnetic material the moments will not be always be parallel due to several different
forms of energy that compete with each other and finally determine the magnetic

system.
2.2.2 Magnetostatic Energy

Firstly, the concept of demagnetizing field (Hg) is introduced here. A magnetic field
produced by a magnetized magnet will exert a field on the magnet in the opposite
direction from its own magnetization, thus the magnetic field is known as the
demagnetizing field. The demagnetizing field causes the magnetostatic energy (Ems).

The Es per unit volume is calculated by the equation [6]:

1 2.2
s = 5 HoHaM 22

where the M is the magnetization. A larger demagnetizing field will give a larger
magnetostatic energy. The demagnetizing field Hq is proportional to the magnitude

of the magnetization M, given by the equation [2]:

where the Ny is demagnetizing factor, which is determined by the sample geometry
(the ratio of long axis and short axis). The Ng is < 1 for all geometries. In terms of a

two-dimension object, the demagnetizing factor Ny along a short axis is larger than
5
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along the long axis. As a result the demagnetizing field Hy is larger along a short
axis. For a three-dimension object, there are Ny, Ngy and Ng, along three directions
respectively and also Ngx + Ngy + Ny, = 1. The equation (1.2) can be rewritten in

terms of Ny:

1 2.4)
s = 5 HoNaM? (

The short axis will have a higher Ey, thus the magnetization more likely to lie along
the long axis, as it has the lower E,s. Thus the short axis known as the hard axis and
the long axis known as the easy axis when the shape anisotropy is dominant in a
magnetic system. For example, in a film system, the easy magnetization direction is
within the film plane while the hard magnetization direction is normal to the film

plane due to the large shape anisotropy.
For a prolate rod shape, the E,,s is given [6]:

Ens = Ksin?0 + - (2.5)
where K is the shape anisotropy constant and 0 is the angle between the
magnetization direction and the semi-major axis c¢ of the rod. When the semi-major

axis equals the semi-minor axis, the K is zero and the shape anisotropy disappears.
2.2.3 Magnetocrystalline Energy

In ferromagnetic single crystals, the magnetization prefers to be along one
crystallographic direction, i.e. (100) or (111), which is known as the easy axis. When
an external magnetic field is applied along this direction, it is easy to saturate the
magnetization. This means that for the other crystallographic directions, it requires a
larger magnetic field for a saturate state to be reached. The crystallographic direction

which requires the largest field to saturate is the hard axis, while the other directions
6
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are the intermediate axis. For example, for body centered cubic (bcc) iron, the easy
directions are six cube edge orientations, i.e. [100], [010], [001], [-100], [0-10] and
[00-1] [2], while the hard directions are four body diagonal orientations, i.e. [111], [-
111], [1-11] and [11-1]. For the different ferromagnetic materials, the preferred
crystallographic direction can be different, for example face centered cubic (fcc) Ni
easy direction is [111]. The anisotropy associated with the crystal structure is called
magnetocrystalline anisotropy. The magnetocrystalline anisotropy energy [2] (Emc) is
defined as the energy difference between energy required to saturate along the easy
axis and the energy required to saturate along the hard axis. The anisotropy energy
also refers to the energy, which overcomes the magnetocrystalline anisotropy and
moves the magnetization away from the easy direction. In cubic crystals such as iron,

the Ep, can be given [2]:

Emc = Ki (@203 + a5a% + a3a?) + Ky(oaszal) + - (2.6)
Where K, and K, are the anisotropy constants and o; is a series of the direction

cosines between the magnetization direction and the crystal axis.

For a uniaxial anisotropy energy in hexagonal crystals such as Cobalt (Co), the En

can be given [2]:

Emc = Ky + K;sin?0 + K,sin*0 + -+ (2.7)
where Ko, K; and K, are the anisotropy constants and 0 is the angle between the
magnetization vector and the magnetocrystalline easy axis.

2.2.4 Magnetoelastic Energy

Magnetoelastic energy is also called magnetostrictive energy, which arises from the

magnetostriction effect. Basically, the magnetostriction [7] effect refers to the

7
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change in length of a ferromagnetic material that occurs when an external magnetic
field is applied. Materials such as Fe have a positive magnetostriction, i.e. elongating
along the magnetic field direction, whereas other materials such as Ni have a
negative magnetostriction, i.e. contracting along the magnetic field direction. The
change in length is small, around tens of parts per million (ppm). In ferromagnetic
systems, there are many different orientation domains (see section 2.3.1). Moreover,
they tend to elongate or contract along the different directions, which are unable to
occur at the same time and thus the system creates the magnetoelastic energy. In
addition, an external stress can induce a change in the magnetoelastic energy, which
can dominate the magnetization process. This is the important reason why a
piezoelectric strain induced by an electric field can control the magnetization in
ferromagnetic films. More detailed statement will be exhibited in section 2.3.3. The

magnetoelastic energy (Ep) is given by [6]

Epe = —E)\Sccoszﬁ (2.8)

where A is the saturation magnetostriction constant, ¢ is the external stress, and 0 is

the angle between the saturation magnetization (M) and the stress (o).

2.3 Magnetization in Ferromagnets

2.3.1 Magnetic Domains and Domain Walls

To understand the magnetization process in ferromagnetic materials, the origin of
ferromagnetic domains and domain walls [8] have to be introduced. In ferromagnetic
materials the small regions where all the atomic magnetic dipoles have a parallel
alignment to each other [2] are known as ferromagnetic domains. The overall

magnetization direction varies from a domain to another domain [9]. The formation

8
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of domains occurs to minimize the total magnetic energy within a ferromagnet.
Although the domain structure in the ferromagnet increases the exchange energy due
to the unparallel magnetic moment alignment between the domains, it significantly
decreases the magnetostatic energy (see section 2.2.2) due to the reduced
demagnetizing field. Thus, the total magnetic energy in the system is lowered. The
boundary (like a grain boundary) or transition area between two adjacent domains is
called a domain wall. The formation of domain walls is determined by a compromise
between the different magnetic energy contributions. A wide domain wall will
reduce the exchange energy contribution as there is a gradual change between each
magnetic moment rather than a sharp transition. For example, a 180° domain wall
will have the magnetic moments rotate gradually from 0° to 180°. But, the wide
domain wall will also increase the magnetocrystalline energy (see section 2.2.3)
contribution due to more magnetic moments not along the preferred crystallographic
directions (i.e. easy axis). Conversely, a narrow wall will increase the exchange
energy but decrease the magnetocrystalline energy, thus the total energy is optimized

between the two energies.
2.3.2 Magnetization process

Briefly, the magnetization process involves both domain wall motion and domain
rotation, which can occur simultaneously by an external magnetic field at any level
of the magnetization (M). But, a rough division [6] is that the domain wall motion
predominates when the magnetization is far away from saturate magnetization (M)
or close to zero magnetization while the domain rotation predominates when the
magnetization is close to saturation. The description below of the magnetization

process is based on this.
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Fig. 2.3 Magnetic hysteresis loop for a ferromagnet.

Initially, in the demagnetized state at zero applied field, all domains are arranged
randomly and the total magnetization is cancelled to zero. When the magnetic field
is applied, the domain walls start to move so that some domains grow, which are
those in which the spontaneous magnetization is nearest to the applied field direction.
As a result, the other domains whose spontaneous magnetization is not close to the
applied field direction become smaller and smaller. During the motion process, the
domain wall can come across defects in the material, which results in domain wall
pinning [9]. The external field has to provide the domain walls motion with the
energy to overcome the pinning sites. Once the domain walls are separated, a sharp
change in the magnetization occurs due to a discontinuous domain wall motion.
Then, as the field keeps increasing, eventually it will eliminate all domain walls, thus
it ends up with a single domain within the material. Further increasing the magnetic
field to saturate field (Hs) causes the magnetic moments in the single domain to
rotate from the magnetization easy axis to the applied field direction hence the
magnetization reaches saturation (M;). When the magnetic field is removed, the

magnetic moments rotate back to their initial easy magnetization direction due to the
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magnetocrystalline anisotropy. However, the domain walls do not always move back
to their initial positions because the demagnetizing field is not sufficient to overcome
the energy barrier encountered by the domain walls due to the defects in material.
Thus a remanent magnetization state (M;) is reached. Therefore, the magnetization
exhibits a hysteresis characterization, as shown in Fig. 2.3. For reducing the
magnetization to zero, a magnetic field in the opposite direction (i.e. coercive field,

H.) has to be applied.

2.3.3 The effects of elastic stress

In section 2.2.4, the magnetoelastic energy was introduced. If the magnetoelastic
energy is larger than the other energies within the material then the elastic stress can
have an effect on the magnetization process (see section 2.3.2). For example, in
polycrystalline magnetic films, there is not a preferred orientation due to the grain
random arrangement, thus the magnetocrystalline anisotropy energy is small. The
effect of elastic stress on magnetization is called the inverse magnetostrictive effect.
The applied elastic stress will alter the domain structure and create a new anisotropy
competing with the other anisotropies. The effect of elastic stress on magnetization
can be understood based on the minimizing magnetoelastic energy (equation 2.8) in

the magnetic system.
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(b)

0<<0

Fig. 2.4 Schematic of domain wall motion in a ferromagnetic material with positive

magnetostriction under tensile stress (a) and compressive stress (b).

To minimize the magnetoelastic energy in a material, which has a positive A, the
external tensile stress (i.e. ¢ > 0, Fig. 2.4 (a)) causes more magnetic moments to align
along this tensile stress direction (i.e. 6 = 0°). When an applied magnetic field is
along this tensile stress direction, a lower field will be required to saturate the
sample due to the relatively easy 180° wall motion [6]. This means that a tensile
stress produces a preferred magnetization direction. In contrast, when a compressive
stress is applied (i.e. 6 < 0, Fig. 2.4 (b)) this causes more magnetic moments to align
perpendicular to this compressive direction (i.e. 6 = 90°). Thus, when the applied
magnetic field is along this compressive direction, a higher magnetic field is
required to rotate the magnetic moments 90° into the field direction. In fact, the
stress field plays the same role to move the domain wall in the magnetization process

(see section 2.3.2) as that of the magnetic field.

2.4 Multiferroics

12
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Ferroelasticity

Ferroelectricity Ferromagnetism

Fig. 2.5 Multiferroic materials with the coexistence of at least two ferroic properties.

Multiferroics [2,10,11] refers to a combination of several kinds of “ferroic” orders in
a system such as ferromagnetism, ferroelectricity and ferroelasticity. Briefly, in these
ferroics, there is a switchable domain structure. A field such as a magnetic field, an
electric field or a stress field can switch between two system states in these ferroics.
Multiferroic materials include at least two different ferroic orders, as shown Fig. 2.5.
In particular, a combination of ferromagnetism and ferroelectricity is appealing due
to the magnetoelectric effect (see section 2.4.2). However, in nature this rarely
occurs in materials, which exhibit simultaneously magnetic polarization and electric
polarization, i.e. single-phase multiferroic materials. Therefore, the multiferroic
composites are designed artificially by combining ferroelectric and ferromagnetic
phases together. More detailed information about multiferroic materials including
their research progress and potential applications are found in Chapter 3. Here, only

the multiferroics concept is introduced.
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2.4.1 Ferroelectrics

In ferromagnetic materials, below a critical temperature, there is a spontaneous
magnetization (M) or magnetic polarization, which is switched by an applied
magnetic field (H). Similarly, in ferroelectric materials, there is a spontaneous
electric polarization (P) below a fixed temperature, known as the Curie temperature,
which is switched by an applied electric field (E). There are also other similarities
[2]. The ferroelectric P-E hysteresis loop and the ferromagnetic M-H hysteresis loop
are similar. The domains exist in both ferroelectric and ferromagnetic materials.
Both transition from ferroelectric to paraelectric phase and from ferromagnetic to
paramagnetic phase occur at a critical temperature (T¢). Also, ferromagnets have the
piezomagnetic effect, whereas the ferroelectrics have the piezoelectric effect.
However, the piezoelectric effect is much larger than the piezomagnetic effect. The
former induced strain can be at the order of 10’ ppm, while the later induced strain

can be at the order of 10 ppm.
2.4.2 Magnetoelectric effect

In multiferroic materials, the coexistence of and coupling interaction between two
“ferroic” phases can create additional functionalities. For example, the
magnetoelectric effect is created by a coexistence of the ferroelectric phase and the
ferromagnetic phase [12] An applied magnetic field can control the electric
polarization through the so-called direct magnetoelectric effect (DME). Similarly, an
applied electric field can control the magnetization through the so-called converse

magnetoelectric effect (CME). They can be expressed as follows [12]:

DME: AP = oAH (2.9)

14
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CME: AM = oAE (2.10)

where o is magnetoelectric coupling coefficient, P is the electric polarization, M is
the magnetization or magnetic polarization, H is the magnetic field and E is the
electric field. Specifically, in multiferroic composites, the magnetoelectric effect is a
product property because neither ferroelectric phase nor ferromagnetic phase
possesses the magnetoelectric effect, but the composites have the effect. The
magnetoelectric effect is the product of the magnetostrictive effect in the

ferromagnetic phase and the piezoelectric effect in the ferroelectric phase, i.e. [13]

DME: magnetic mechanical (2.11)

: X :
mechanical electric

CME: electric mechanical (2.12)
X
mechanical magnetic

Specifically, when a magnetic field is exerted to a composite, a shape change is
produced due to magnetostriction effect. Then the mechanical strain is passed to

ferroelectric phase, which causes the electric polarization change and vice versa.

Ideally, the electric polarization (P) and magnetization (M) show a hysteresis
characterization with the manipulation of magnetic field (H) and electric field (E),
respectively (Fig. 2.6), which is similar to the ferroelectric and ferromagnetic
hysteresis loops. Therefore, the magnetoelectric effect shows many potential
applications, such as magnetoelectric sensors [14-15] and magnetoelectric memory

[16-19] devices.
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(a) (b)

Fig. 2.6 Schematic illustration of ideal direct ME effect (a) and converse ME effect (b).
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Chapter 3

3 Literature Review

In Chapter 2, multiferroic materials and magnetoelectric coupling effect were briefly
introduced. In this chapter, multiferroic materials including single-phase (see section
3.1) and composite materials (see section 3.2) will be described in detail. Both of
them include bulk and nanostructure materials. In addition, the research progress on
materials fabrication, mechanism studies and practical applications in the past few
decades will be reviewed. Lastly, some challenges researchers need to meet in this

field will be proposed and hence the aims of this project are presented.

3.1 Single-Phase Multiferroic Materials

Fig. 3.1 Schematic illustration of the ABOj; perovskite structure. A cations (white) occupy
the corners of the unit cell. B cations (black) are at the centre of an octahedron of oxygen

anions (grey) [1].
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Single-phase multiferroic materials exist in nature or are synthesized in the
laboratory and show an intrinsic magnetoelectric effect (see section 2.4.2). Single-
phase multiferroic materials include ferroelectric polarization and ferromagnetic
magnetization in the same phase [2]. Therefore, the magnetization can be controlled
by an applied electric field and likewise the ferroelectric polarization can be
controlled by an applied magnetic field. However, there are rarely any single-phase
multiferroic materials. The first discovered multiferroic material was nickel iodine
boracite (Ni3B,0;3]) [3], although some other multiferroic boracite compounds were
synthesized afterwards. The multiferroic materials of (1-x)PbFeg W0 3303-
xPbMgysW(s0; (PFW-PMW) was first synthesized by the replacement of B site
cations (Fig. 3.1) in ferroelectric perovskite oxides by magnetic cations (Fe’") [4].
Similarly, the B site replacement also produced Pby(Co, W)Os and Pb,FeTaOq
multiferroic materials. For these synthesized multiferroic materials, they all show
very low Curie or Néel temperatures (<<273 K) [4]. Afterwards, significant progress
was made on the study of various oxides, such as Bi-based compounds (BiMnOs [5—

71 and BiFeOs [8,9]) and rare earth magnates (TbMn,Os [10] and YMnOs [11]).

Fig. 3.2 Schematic illustration of the crystal structure of BiMnOs. (a) Unit cell view: large,
0%, middle, Bi*" and small, Mn®*. (b) A part of the crystal structure based on the perovskite

unit. MnQOg octahedra and bismuth cation are shown [5].
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BiMnO; has a simple B site cation (Fig. 3.2) and is both ferromagnetic and
ferroelectric due to the covalent bonding between Bi and O atoms [1]. BiMnOsj is
ferromagnetic with a transition temperature at about 105 K and ferroelectric with a
Curie temperature at about 450 K [7]. BiFeOs; (BFO) is antiferromagnetic with a
high Néel temperature at 380 °C and ferroelectric with a high Curie temperature at
810 °C [4]. Palkar et al. [12] reported the Tb doped BiFeOs (Big.o.xTbyLag FeOs
compound) was ferromagnetic at room temperature. As shown in Fig. 3.3, the
magnetoelectric coupling was observed by the changes of dielectric constant induced

by the magnetic field.
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Fig. 3.3 Dielectric constant (K) versus the magnetic field for the Bij.oxTbsLagFeOs

compound at x = 0.075 [12].

Rare earth (RE) perovskite manganate compounds (REMnOs;, RE =Y, Ho, Er, Tm,
Yb, Lu) are produced by the substitution of A site cation (Fig. 3.1). In Fig. 3.4,

Lorenz et al. [13] demonstrated a decrease of up to 8% in the dielectric constant
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tuned by an external magnetic field of 7 T for HoMnO3; compound, which clearly
provided the evidence of the strong magnetodielectric coupling in these compounds.
Van Aken et al. [14] demonstrated the magnetoelectric coupling was weak in
LuMnOs; due to the predominant magnetic exchange coupling in the a b plane of the
MnOs trigonal bipyramids and the electric dipole moments originating in the LuO;

polyhedra along the hexagonal c axis.

0 0000’,168“) HoMnO, at4.5 K
3,

T(K)

Fig. 3.4 Magnetodielectric effect in YMnO3; and HoMnOs. The inset shows the relative

change of dielectric constant versus the magnetic field for HoMnOs at 4.5 K [13].

Recently, it was discovered that the family REMn,Os [15,16] also showed

multiferroic properties. In REMn,Os compounds, the ferroelectric transition
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temperature and antiferromagnetic transition temperature are around 25 K-39 K and
39 K-45 K, respectively [17]. Hur et al. [16] studied the detailed magnetic field
dependence of the electric polarization and dielectric constant in (Tb, Dy, Ho)Mn,Os
and demonstrated an intimate coupling between magnetic and ferroelectric
transitions. As shown in Fig. 3.5, the large dielectric constant change of 109 % was

observed with applied magnetic field at 3 K in DyMn,Os).
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Fig. 3.5 (a) The variation of dielectric constant as a function of applied magnetic field for
DyMn,0Os crystal at 3 K and 20 K. (b) The variation of the electric polarization by applied

magnetic field at 3 K [16].
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Bulk single-phase multiferroic materials have been studied widely as mentioned
above. In addition, thin films of these materials (BiMnO; [18-20], BiFeO; [21-23]
and YMnOs; [24,25]) were also obtained for practical applications such as modern
multifunctional devices. Epitaxial BiMnOj thin films were grown on (111) SrTiO;
substrates by pulsed laser deposition (PLD) [18]. In Fig. 3.6, a clean interface
between the film and substrate was observed in high-resolution transmission electron
microscopy (HRTEM), which suggested that there was no impurity or amorphous
phases. However, it was also seen the BiMnO; film surface was rough due to an

island growth mode.

Fig. 3.6 (a) Cross-sectional TEM image of BiMnO3/SrTiO; heterostructure. (b) and (c)
selected-area electron diffraction (SAED) pattern of BiMnOj; film and SrTiO; substrate. (d)

HRTEM image of the interface between BiMnO; and SrTiO; [18].
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Single-phase multiferroic materials have been widely investigated in both the forms
of bulk and film. The intrinsic magnetoelectric effect in most of these materials only
exists below room temperature. Strong magnetoelectric coupling above room
temperature has not been found in any of these compounds, which limits the
practical applications of single-phase multiferroic materials. Therefore, multiferroic
composites with greater design flexibility and stronger magnetoelectric coupling at

room temperature have drawn significant interest in recent years.

3.2 Multiferroic Composites

Fig. 3.7 Schematic illustration of three types of bulk composites: (a) particulate composites,

(b) type laminate composites and (c) fibre or rod composites [26].

A multiferroic composite incorporates both a ferroelectric phase and
antiferromagnetic or ferromagnetic phase. It produces giant magnetoelectric
coupling response. For example, it is several orders of higher magnitude than that in
single-phase multiferroic materials so far available [26] at room temperature.
Therefore, they have huge potential applications as multifunctional devices. Since
the concept of composite magnetoelectric effect was first proposed in 1972 [27],
various multiferroic composites from bulk to thin film have been investigated, such

as ceramic composites (piezoelectric ceramic and ferrites) [28—32], magnetic alloy-
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based composites [33—-36], polymer-based composites [37—40] and nanostructured
composites [41-44]. Based on the concept of phase connectivity [45], there are
particulate composites (Fig. 3.7 (a)) with ferroelectric or magnetic oxide particles
diffused in another phase matrix, laminate composites (Fig. 3.7 (b)) consisting of
ferroelectric and magnetic layers and fibre or rod composites (Fig. 3.7 (c)) with
ferroelectric or magnetic fibre or rod embedded another phase matrix to describe the

structures of two phase composites [46].

The bulk multiferroic ceramic composites were first made via co-sintering
ferroelectric oxides and ferrites, which created interfacial inter-diffusion and reaction
problems, which deteriorated the magnetoelectric response. To solve these problems,
chemical solution processing, spark-plasma sintering (SPS) [47] and microwave
sintering [48] have been used. When an electric field (E-field) is applied to the
ferroelectric matrix, a shape change of the ferroelectric phase is caused due to the E-
field induced ferroelectric domain movement. Thus, a strain is exerted to the
ferromagnetic phase diffused in the matrix, which alters the magnetic anisotropy or
domain structure of the ferromagnetic phase due to the converse magnetostriction
effect. For the laminate composite, interface electrodes were introduced into the
composite to reduce magnetoelectric response loss due to poorly conductive ferrite
layers. Similarly, to avoid interfacial inter-diffusion and reaction, film deposition
techniques were utilized instead of high temperature co-sintering. For example,
Pb(ZrTi)Os; (PZT) films were directly grown on highly dense CoFe,Os (CFO)
ceramics by a simple solution spin coating and afterwards annealed at around 600

°C-700 °C [49].
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Compared to the multiferroic ceramic-based bulk composites discussed above,
magnetic alloy-based composites consist of a magnetostrictive alloy such as
Terfenol-D (Tb; xDyx Fe,) and Metglas (FeBSiC) layer and a ferroelectric layer such
as PMN-PT (lead magnesium niobate-lead titanate). They show a stronger
magnetoelectric coupling effect. Generally, the ferroelectric layer and magnetic alloy
layer are bonded together by using an epoxy resin, followed by annealing at around
80-100 °C. The interfacial binders significantly affect the magnetoelectric effect of
the composites [50], including possible adhesive fatigue and aging effect. Therefore,
to eliminate these influences, the magnetic alloy layer is deposited onto the
ferroelectric layer by sputtering [51,52] and electro-deposition [53]. 4 um thick
TbTe/FeCo multilayers were sputtered onto a PMN-PT piezoelectric single crystal.
A magnetoelectric coupling value of 13 mV/(Oe cm) was achieved when a dc bias
magnetic field of 2 mT was exerted [52]. Much larger magnetoelectric coupling
value of 33 V/(Oe cm) at the electromechanical resonance frequency was also
demonstrated in 0.4 mm Ni/0.25 mm PZT/0.4 mm Ni heterostructure by the electro-
deposition method because the electromechanical produced a tight bonding between

Ni and PZT [53].

In comparison with the multiferroic ceramic-based and magnetic alloy-based bulk
composites, polymer-based composites [54,55] are easier to prepare by a traditional
low-temperature processing into various forms and also show better mechanical
properties. For example, a simple magnetoelectric composite was made by
embedding a single PZT rod into a Terfenol-D/epoxy matrix. This composite
showed larger magnetoelectric coupling than multiferroic composites with PZT rod

arrays [55].
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Fig. 3.8 Atomic Force Microscopy (AFM) topography image (a) and TEM planar view
image (b) of the film. Polarization-electric field hysteresis loop (c¢) and out-of-plane (red)

and in-plane (black) magnetic hysteresis loops (d) [44].

Nanostructured composite thin films have been developed as new routes to
investigate the physical mechanism of magnetoelectric coupling effect in the
nanoscale. Compared to the bulk multiferroic composites mentioned above, the
nanostructured thin films combine different phases at the atomic level. Here, the
nanostructured composite thin films refer to systems where both the ferroelectric and
magnetic phases are nanoscale. For example, self-assembled CoFe,O4 (CFO)
nanopillars [44] was embedded into the BaTiO3; (BTO) thin film matrix deposited by
pulsed laser deposition. As shown in Fig. 3.8 (a) and (b). In Fig. 3.8 (c) and (d),
ferroelectric and magnetic measurements showed a saturation polarization of ~ 23
uC/cm® and a saturation magnetization of ~ 350 emu/cm’, respectively. The

piezoelectric measurement revealed the piezoelectric constant ds; of the BTO matrix
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was ~ 50 pm/V, compared with the single crystal BTO ~ 130 pm/V, which was due

to the clamping effects from both STO substrate and CFO nanopillar arrays [44].
3.3 Electric-field Control of Magnetism in Magnetic Thin Films

Recently, the use of an electric field to control the magnetic properties in
magnetoelectric materials (converse magnetoelectric effect) rather than a magnetic
field generated by a current [56] or the current itself [57] has drawn intensive interest
due to their important potential applications such as magnetoelectric random access
memory (MERAM) devices [58—61] (see section 3.4.1) and magnetoelectric sensor
[62,63]. The magnetoelectric coupling in magnetoelectric composite thin films can
be realized by three different mechanisms, i.e. charge-mediated magnetoelectric
effect [64—69], exchange bias-mediated magnetoelectric effect [70-73] and strain-

mediated magnetoelectric effect.
3.3.1 Charge-mediated Magnetoelectric Coupling

In magnetoelectric layered heterostructure containing ultrathin ferromagnetic films
(< 5 nm), an electric field causes the accumulation of spin-polarized electrons at the
interface and thus creates an interface magnetization change [46]. The influence of
electric field on magnetization is only at the interface and therefore the
ferromagnetic films have to be ultrathin. In an electrolytic cell containing 2 nm thick
FePt film, a maximum coercivity change of -4.5 % was demonstrated with a voltage
change of -600 mV, which was attributed to a change in the number of unpaired d
electrons due to the electric field [66]. However, for 4 nm thick FePt film, a smaller
change of -1 % was observed. In addition, the coercivity change in response to the
voltage was essentially reversible, suggesting that the observed effect was intrinsic

and not caused by film contamination or electrochemical reaction [66]. To avoid
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involving liquid electrolyte, an all-solid-state bcc 0.48 nm (001) Fe/ 10 nm (001)
MgO junction was fabricated, where a large change of ~ 40% in the magnetic
anisotropy was observed due to the change in the relative occupation of 3 d orbitals
of Fe atoms adjacent to the MgO barrier [65]. In Fe/BaTiO; (BTO) multiferroic
heterostructure [68], the physical mechanism of the magnetoelectric coupling was
explained that a change in ferroelectric-ferromagnetic interfacial bonding resulted in
the change in the interfacial magnetization when the electric field was applied.
Interfacial atomic displacements due to ferroelectric instability changed the overlap
between atomic orbitals and thus changed the interfacial magnetization. As shown in
Fig. 3.9 (a) and (b), the overlap between Ti and Fe electronic clouds were distinct for
two opposite electric polarizations in BTO. The d orbital hybridization between Ti

and Fe was stronger for the former.

Fig. 3.9 Minority-spin charge density at the Fe/BTO interface for two opposite electric

polarizations in BTO. The arrows indicate the directions of electric polarizations [68].
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More recently, Molegraaf et al. [64] demonstrated a large charge-driven
magnetoelectric coupling in 4 nm LagsSroo.MnO3/250 nm PbZr,,Tips03 (PZT)
composite structure where the magnetism was directly controlled via the charge-
carrier concentration modulation. In Fig. 3.10, the magnetic behaviour of the
composite structure showed a hysteresis response to an applied electric field. A
magnetoelectric coupling coefficient o of 0.8 x 10~ Oe cm V' was obtained at 100
K. However, the much larger coefficient of 25 x 10~ Oe cm V™' [74] was reported in
the same system but via strain-mediated mechanism rather than charge-mediated
mechanism. In addition, electric field controlled the spin polarization of Fe layer at
the Fe/BTO interface was also observed in Fe/BTO/Lag7Sr033MnO3 (LSMO)
multiferroic tunnel junction due to electrically switching ferroelectric polarization
state in BTO [69]. A repeatable manipulation of tunnel magnetoresistance (TMR) by
the ferroelectric polarization was obtained, which provided a low-power approach

for spin-based information control [69].
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Fig. 3.10 The magnetic response of the PZT/LSMO system as a function of the applied

electric field at 100 K. The insets show electric and magnetic states of PZT and LSMO
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layers, respectively. The size of arrows indicates qualitatively the amplitude of
magnetization. The two y-axes refer to MOKE data and the corresponding data from SQUID

magnetometry, more details in [64].

3.3.2 Exchange Bias-mediated Magnetoelectric Coupling

The exchange bias results from the exchange coupling between the antiferromagnetic
layer and the ferromagnetic layer, which has also been used for the electric field
controlled magnetization in ferromagnetic films [46]. A characteristic feature is a
shift in the magnetic hysteresis loop when the exchange coupling occurs. The
detailed mechanism of the exchange bias can be found in [75]. An approach to
achieve exchange-bias-mediated magnetoelectric coupling is to combine
ferroelectric/antiferromagnetic multiferroics (BiFeOs;, BFO) with ferromagnetic thin
films. Chu et al. [71] demonstrated an electric field controlled local magnetism in
CogoFeo.1/BFO heterostructure based on the presence of two coupling mechanisms,
which included the first magnetoelectric coupling between antiferromagnetism and
ferroelectricity in BFO and the second exchange interactions between the

ferromagnetism and antiferromagnetism at the interface between CogoFe(; and BFO.
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Fig. 3.11 Measurements of normalized exchange bias to the coercivity H. and peak

resistance for the gate-pulse sequence [72].

More recently, as shown in Fig. 3.11,it was observed two distinct exchange-bias
states were reversibly switched by switching the ferroelectric polarization of BFO in
BFO/LSMO heterostructures [72]. Two ferroelectric polarization states were
alternated after every five voltage pulses. The exchange bias (Hgg) was thus changed
between a high Hgg and a low Hgg, corresponding a low or high resistance Rs. The
maximum Hgg change was about 0.15 H,, i.e. about 125 Oe. For Fig. 3.11, the
remanent magnetization was set into a negative state, i.e. -M;. When the remanent
magnetization was set into a positive state, i.e. M;, the Hgg and Rs were also
switched by the voltage pulses between high and low values, more information can

be found in the reference [72].

To understand the possible mechanism for electric field controlled exchange bias, the
exchange bias origin was studied. The mechanism for exchange bias in such
structures was thought to be the formation of ferromagnetic moments at the BFO

interface due to interfacial orbital reconstruction. The consequent exchange bias
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modulation by the electric field was due to the carrier movement by the electric field,

which modified the magnetic properties of LSMO.
3.3.3 Strain-mediated Magnetoelectric Coupling

Compared to the magnetoelectric coupling mechanisms discussed above, the strain-
mediated mechanism is the main and effective route for the magnetoelectric coupling.
Briefly, an external electric field induces a change in the shape of ferroelectric phase
due to the converse piezoelectric effect and then the piezoelectric strain is passed on
to magnetic phase, which alters the magnetization in magnetic phase due to the
magnetostriction effect. Substantial experimental work [76-90] on strain-mediated
ME effect has been published in recent years. Most of them are focused on
ferromagnetic film/ ferroelectric substrate heterostructures (Fig. 3.12), such as such
as Fe-Ga/(110) PMN-PT [77], NigoCo2/(110) PZN-PT (lead zinc niobate-lead
titanate) [86], FeGaB/(110) PZN-PT [85], Fe;04/PZN-PT [87], NiFe,04/(001) PMN-
PT [82], CFO/PMN-PT [88], Ni/(110) PMN-PT [80], CoPd/PZT [90] and Ni/BTO
[89]. As shown in these heterostructures, the magnetic films include either metallic
films such as FeGa and CoFe or oxide-based such as Fe;O4 and LSMO, while the
ferroelectric substrates include single crystals such as BTO, PZT, PMN-PT and

PZN-PT or ceramics.

Fig. 3.12 A schematic of ferromagnetic film/ ferroelectric substrate heterostructure. The

external electric field (E) is applied on ferroelectric substrate and thus a strain (S) is created
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due to converse piezoelectric effect. The strain passes on to the ferromagnetic film, which

alters the magnetisation (M) due to magnetostriction effect.

The electric field induced magnetization change based on the strain-mediated
magnetoelectric coupling mechanism was first observed in the LSMO/BTO
heterostructure [91]. 40 nm epitaxial LSMO films were grown on 0.5 mm (001)
BTO substrates by PLD. A giant, sharp and persistent magnetization change with
magnetoelectric coupling coefficient o up to 2.3 x 107sm™ was observed due to the
electric field induced ferroelectric domain structure change and the resulting
deformation transmitted to the LSMO film. Similarly, 20-50 nm thick LSMO films
were also grown on (001) PMN-PT substrates. An electric field controlled
magnetization was observed in the LSMO/PMN-PT heterostructure [74], with a
maximum magnetoelectric coupling coefficient o of 6 x 10 sm™. Interestingly, the
electric field induced magnetization change curve showed a “butterfly” shape (Fig.
3.13 (b)) which is same as the piezoelectric strain curve (Fig. 3.13 (a)). This suggests
the piezoelectric strain played an important role in the electric field controlled

magnetization process.
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Fig. 3.13 (a) The in-plane piezoelectric strain curve along [100] of (001) PMN-PT. (b) The

electric field induced magnetization change along [100] curve of the LSMO film [74].

As mentioned above, the ferromagnetic metallic films were also deposited on the

ferromagnetic oxide substrates. 10 nm thick Fe thin film grown on a BTO single

crystal showed a large magnetization change in response to both applied electric

fields and temperature change [92]. The reason was due to ferroelectric switching

and structural transitions of BTO induced by the applied field and temperature,

respectively. Up to a 120 % coercive field change was induced by the temperature

change, whereas a 20 % coercive field change was created by the applied field. 25

um thick amorphous Metglas ribbon (Metglas Inc. 2605C0, Feq7;Co13B14S1;) fixed to
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the PMN-PT substrate showed the electric tunability of magnetic parameters such as
54 % decrease in the remanence and 170 % increase in the coercivity by the applied

electric field [93].
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Fig. 3.14 The electric dependence of magnetic hysteresis loops for the 100 nm FeGaB thin

film grown on the PZN-PT substrate [84].

Similarly to the electric field modified magnetization and coercive field, the
magnetic anisotropy field could also be altered by the applied external electric field.
As shown in Fig. 3.14, the magnetic hysteresis loops are greatly tuned by the applied
electric field. A highly magnetostrictive 100 nm FeGaB film was grown on the PZN-
PT substrate using a magnetron sputtering method [84]. A large electric field
induced effective magnetic anisotropy field of about 686 Oe (54.6 kA/m) was
observed in the heterostructure when the electric field of 8 kV/cm was applied. Here,
the effective magnetic anisotropy field refers to the difference between the

anisotropy field with and without the electric field.
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To understand the electric controlled magnetic property changes, microscopic
measurements have also been done. For example, Chung et al. [94] reported a
reversible magnetic domain-wall motion in 100 nm Ni/ 1.28 pm PZT bilayer thin
films. The electric field induced magnetic stripe-domain pattern changed in the Ni
layer were observed using Magnetic Force Microscopy (MFM). Moreover, after

removing the electric field, the domain patterns returned to their initial configuration.

Fig. 3.15 AFM and MFM images of 60 nm Ni thin film grown on (001) PMN-PT substrate

under different electric fields: 0 MV/m, 0.4 MV/m and 0.8 MV/m [95].

More recently, Hsu et al. [95] reported magnetoelectric manipulation of the domain
structure in 60 nm Ni thin film grown on (001) PMN-PT substrate, as shown in Fig.
3.15. The stripe domain pattern was eliminated by the electric field induced isotropic
in-plane compressive strain of around 1000 ppm. After removing the electric field,
the domain patterns returned to their initial configuration but some domain walls
were pinned due to the surface roughness of the PMN-PT substrate. Atomic Force

Microscope (AFM) images showed a height difference between the adjacent
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ferroelectric domains of around 2 nm. These microscopic measurements suggested
that the electric field controlled magnetic properties such as the remanence, coercive
field and anisotropy field, were associated with the strain induced domain wall

motion.
3.3.4 The remaining Challenges

As reviewed above, multiferroic materials have been drawing more attention from
many researchers due to their appealing applications potential (see section 3.4) in the
past few decades. A lot of research has been done, including improving the
magnetoelectric coupling and the microscopic mechanism understanding. However,
there are still many problems and challenges people need to investigate and
understand. Especially, the multiferroic thin film composites which are a popular
research topic but still in the infant stage [46]. For example, in strain-mediated

magnetoelectric heterostructures:

v Firstly, a well-defined interface between ferroelectric and ferromagnetic phases is
important to the magnetoelectric coupling but hard to obtain. The reason is due to
the large lattice misfit between the two phases and a rough surface of ferroelectric
substrates arising from ferroelectric domains and polishing scratches;

v" Secondly, the magnetoelectric coupling strength still needs to be improved by
optimizing and designing multiferroic heterostructures such as optimizing the film
thickness to improve the strain relaxation and introducing a buffer layer to
improve interfacial coupling.

v Finally, the magnetoelectric coupling mechanism needs to be explored further. In
a system, there may be several competing mechanism and they may combine and
contribute to the coupling at the same time. For example, the combination of the
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strain-mediated and exchange-bias mediated magnetoelectric coupling in the

Cog.oFe.1/BFO heterostructure [71].
3.4 Applications

Multiferroic materials have many important potential applications such as
magnetoelectric random access memory (MERAM) devices [58—61] (see section

3.4.1) and magnetoelectric sensor [62,63] (see section 3.4.2).
3.4.1 Magnetoelectric Memory

In multiferroic materials, an electric field controlling the magnetic properties can be
applied in magnetoelectric random access memory (MERAM) devices [58—61]. The
possible MERAM has important advantages over magnetic random access memory
(MRAM) such as a fast writing speed and reduced energy consumption. In
commercial magnetic storage devices, hard magnetic materials (i.e. having a high
coercive field) are required to be used so that the data storage is stable. But, this
means that a high writing magnetic field produced by a high current is needed with a
high energy consumption and a low writing speed. In contrast, in MERAM, the
electric field is applied to the ferroelectric layer, the magnetization state in
ferromagnetic layer can be changed when the magnetoelectric coupling is strong
enough. In this process, no current is involved and thus no heat is produced. A
MERAM element [60] has been proposed and also has been demonstrated

experimentally.
3.4.2 Magnetoelectric Sensor

The magnetoelectric coupling effect in multiferroic materials also can be applied in

magnetoelectric sensors. It has been experimentally demonstrated [63] that a
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commercial multilayer capacitor (MLC) can be used as a magnetic field sensor due
to the magnetoelectric coupling effect. In fact, the MLC includes a multiferroic
laminate ferromagnetic Ni/ferroelectric BaTiOs; (BTO) heterostructures, where Ni is
the electrodes. When the magnetic field is applied on the MLC, the magnetostrictive
Ni layer creates a strain due to the magnetostriction effect and then the strain is
transferred to the ferroelectric BTO layer. In the BTO layer, an electric voltage is
produced due to the piezoelectric effect and then it can be detected. In the MLC, a
maximum sensitivity is that the electric voltage of 7 mV generated by the magnetic
field of 0.1 T. Although it is less sensitive than a superconducting quantum
interference device (SQUID), the MLC is operated in room temperature and can be

produced cheaply only 1 cent [63].
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Chapter 4

4 Experimental Techniques

In this chapter, all the main experimental techniques used in this project are
introduced. It is split into three sections: sample preparation, microstructural
characterization and magnetic characterization. These techniques include radio
frequency (RF) magnetron sputtering, Atomic Force Microscopy (AFM), X-ray
diffraction (XRD), Focused lon Beam (FIB), transmission electron microscopy
(TEM) and magneto-optic Kerr effect (MOKE) measurement, including a high

voltage set-up measurement designed specifically for this work.
4.1 Sample Preparation

The thin magnetic films (CosoFeso and Metglas Feg;B135Si3 5C,) were sputtered onto
either 380 = 50 um thick (001) Si substrate with the native oxide in place or 500 um
+ 50 pm thick polished (001) and (011) lead magnesium niobate-lead titanate (PMN-
PT) [1,2] substrates at room temperature by RF magnetron sputtering in a Nordiko
NM2000 RF deposition system (section 4.1.1). To achieve a smooth surface, the
PMN-PT was cold-mounted into an epoxy resin mixed with the epoxy hardener after
being wrapped with Poly (methyl methacrylate) (PMMA). The cold-mounted PMN-
PT was then polished on an Automet grind and polish equipment by using a series of
polish suspensions. The PMMA was dissolved away using acetone and then the
PMN-PT was taken out of the hardened resin. A mean surface roughness achieved
1.31+0.08 nm, measured by AFM (see section 4.2.1). The polished PMN-PT was

cleaned prior to use with n-Butyl acetate, acetone and isopropanol (IPA).
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The film thickness was determined by the growth rate, which was calculated by
measuring a step height divided by the growth time. The step height was measured
by AFM (section 4.2.1) in tapping mode and then confirmed by the cross-sectional

TEM (section 4.2.4) image.

For the electric field (E-field) controlled magnetization measurement, top and
bottom electrodes were made on the PMN-PT substrate. Conductive silver paint was
used as the top electrode, which was brushed by hand leaving a space for the laser
reflection for the MOKE measurement (section 4.3), as shown in Fig. 4.1. Au or Ag
was used as the bottom electrode (Au electrode was made by the supplier and Ag
electrode was made by the sintering process in Functional ceramic lab, University of

Sheffield).

Fig. 4.1 Schematic of the prepared sample for E-field controlled magnetization measurement.
Typical dimensions: PMN-PT (see Table 4.1), Au/Ag electrodes thickness (~ few tens pm)

and the area for the laser reflection (~ 3 x 3 mm” or ~ 6 x 3 mm?).

In addition, in this project, there were three different PMN-PT substrates used
(named as PMN-PT1, PMN-PT2 PMN-PT3) classified by different composition and
crystal cut, as listed in the Table 4.1. The PMN-PT1 substrate is (001) oriented and
produces an isotropic strain (¢) along two in-plane directions [100] and [010] due to
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the piezoelectric constant ds; = ds; = -1000, while both PMN-PT2 and PMN-PT3 are
(011) oriented and produce an anisotropic € along [100] and [01-1] due to an
opposite sign of d3; and d3,. However, the piezoelectric response to the E-field for
PMN-PT2 and PMN-PT3 are still different due to a possible compositional and
manufacturing differences. Fig. 4.2 shows the € along different crystalline directions
when a positive E-field is applied on the crystals. Here, the positive E-field is

defined along the pre-poled direction of the ferroelectric crystal.

Table 4.1 A comparison of three different PMN-PT substrates used in the project.

Single crystal PMN-PT1 PMN-PT2 PMN-PT3
PMN-xPT x~0.28 x~0.28 x~=0.30
Crystal orientation (001) (011) (011)

Size (mm) 5x5x%x04 10 x5x0.5 10 x5x0.5
Piezoelectric d31 = d3 = -1000 d3=-1500~-2000 d3 = -1200 ~ -
constant (pC/N) [3] dz» =500 ~ 700 1800

Bottom electrode Au Ag Au
Commercial Morgan Technical Atom Optics Co., CTG Advanced
Supplier Ceramics [4] Ltd. [5] Materials [6]
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Fig. 4.2 The expected piezoelectric stain (¢) along X, y and z axis in the PMN-PT1 (a) and
PMN-PT2/3 (b), according to the piezoelectric constants shown in Table 4.1. The positive
sign of the € represents a tensile strain while the negative sign represents a compressive

strain.

4.1.1 RF Magnetron Sputtering

Sputtering is one of the most common physical vapour deposition (PVD) techniques
for fabricating thin films onto substrates, because the sputtered films tend to be more
uniform and dense with a fine grain size (~ 10 nm) compared to other PVD methods
[7]. Fig. 4.3 shows a schematic of a magnetron sputtering system. In this system,
there is a cathode metal target (CoFe alloy, Metglas or Ti, in this project) to be
deposited and an anode substrate (Si or PMN-PT, in this project). The former is
connected to the negative terminal of a power supply, typically about few kilovolts
(kV), while the latter may be grounded or biased positively [8]. The chamber is first
pumped down to a vacuum with the base pressure about 107 Torr and then the
working gas (normally, argon) is introduced and serves as a visible glow discharge
medium between two electrodes. In the discharge, positive gas ions and electrons are

produced and form a plasma. The ions strike the target and physically remove the
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target atoms. The target atoms enter and pass through the plasma region to
eventually deposit onto the substrate and to form the film [8]. The sputtering can be
characterized by the sputtering yield [9], which is calculated by the number of
emitted atoms divided by that of incident energetic ions [10]. Sputtering methods
include commonly direct current (DC) (magnetron) sputtering and RF (magnetron)
sputtering. Normally, the former is used to sputter conductive materials, while the
latter is used to sputter non-conductive materials. For magnetron sputtering [11],
electrons and ions are trapped near the target by a magnetic field (H-field) to

increase the plasma density and thus the deposition rate.

Water cooling

2000008 8008
e ©® —Target atoms

- Argon ions

’ Magnetic field

Fig. 4.3 A principle schematic of the RF magnetron sputtering system used. The

target atoms are physically removed and eventually deposited onto the substrate.

The film properties are affected by various deposition parameters, such as working
pressure, sputtering power, substrate material, temperature and substrate-target
distance. The pd product is the working pressure (p) multiplied by the substrate-

target distance (d) and has been shown to affect the stress in the film to be either
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compressive or tensile, which then affects the magnetic properties of the film [12]. In
addition, Thornton et al. [13] systematically studied the effect of the substrate
temperature and the inert gas pressure on the microstructure of coating, as shown in
Fig. 4.4. Basically, higher substrate temperature tends to favour the formation of
larger grain boundaries because of grain re-crystallization, while higher inert gas

pressure produces more voids in the film [14].

ISOLATED ZONE 1
MWTH DEFECTS
.'1‘ Yol

- SUBSTRATE INDUCED]|
ZONE | STRUCTURE

(a)

SHADOWING
PROCESSES

(b)

SURFACE
DIFFUSION
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(c)

BULK DIFFUSION
PROCESSES

(d) v

COMPOSI TE R
STRUCTURE A P AL
DIAGRAM h i T

INERT GAS

1 SUBSTRATE
PRE SSURE (Pa) 0 15

TEMPERATURE (T/Tm)

Fig. 4.4 Zone models proposed by Thornton et al. predicting coating microstructure
dependence on both substrate temperature and working gas pressure. T: substrate

temperature, T,,: the melting point of deposited materials [13].
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In this project, the sputtering power parameter was experimentally studied. Fig. 4.5
shows the effect of the sputtering power on the magnetic properties of the thin CoFe
films. The coercive field of 3.34 kA/m at the sputtering power of 200 W is much
larger than the coercive field of 0.88 kA/m for the sputtering power of 150 W. The

power dependence of magnetic properties are discussed further in section 5.2 and

section 6.1.
l_ rr -~
2 o
>
1 - — 150 W
) ——200W
-20 -10 0 10 20

Magnetic Field (kA/m)

Fig. 4.5 An effect of the sputtering power (150 W and 200 W) on the magnetic properties of

65 nm CoFe on Si substrate.

In this project, the Nordiko RF magnetron sputtering system was chosen to sputter
the CoFe and Metglas film onto the Si substrate with the native oxide layer present
and the polished PMN-PT substrates. The Nordiko has an operating power range
from 10 to 500 W and a working pressure range from 2 to 10 mTorr (Argon gas).

For the Nordiko, the minimum working pressure where a stable plasma and uniform
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film growth can be obtained is 4.5 mTorr. The targets used were polycrystalline
CosoFesp alloy and amorphous METGLAS® 2605SC [15] foil with the
FegiB135Si35C, composition. Before the film deposition, the targets were pre-
sputtered for 15 min to remove the surface absorption and other impurities, so that
high quality films were obtained. The sputtering power, working pressure and base
pressure were 75W, 5.0 + 0.1 mTorr and 1.2 = 0.2 x 10” mTorr, respectively. The
growth temperature was almost room temperature. An in-situ H-field of 65.3 kA/m
was applied along an in-plane direction of the Si or PMN-PT substrate. The sample
was not rotated during growth. To study the effect of a buffer layer on the
magnetoelectric coupling strength (Chapter 7), a thin Ti layer (0-10 nm) was
deposited on the explorer 14 coating system (located at Kroto Innovation centre),
which is a customized vacuum deposition system and controlled by a programmable
logic controller (PLC). The base pressure was 2 x 10~ mTorr. The working gas flow
rate was 60 sccm and the Dc current was 800 mAmps. The sample was rotated
within the deposition process with a rotation speed of 50%. The pre-sputter time was

90 seconds.
4.2 Microstructural Characterization

To investigate the microstructure of the heterostructures, XRD measurements
(section 4.2.2) were made using a Siemens D5000 X-ray diffractometer with CuK,
radiation (A = 1.54056 A). To further understand the microstructure and interface in
the heterostructures in more detail, cross-sectional TEM (section 4.2.4) was
undertaken on both FEI Tecnai T20 and Jeol 2010F operating at 200 kV. The TEM
specimen was prepared by FIB (section 4.2.3) in a FEI Quanta 200 3D. The surface

topography of the thin films was observed in the AFM tapping mode [16] (section
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4.2.1).
4.2.1 Atomic Force Microscopy

AFM is a technique which allows the observation and measurement of sample
surface structure with a high resolution (0.1 nm) in z direction and accuracy. For
example, an arrangement of individual atoms or molecules can be shown in an AFM
image. Besides, compared to the other techniques (SEM, TEM) AFM does not need
any extreme conditions such as a vacuum environment. There are three main AFM

modes discussed: contact mode, non-contact mode and tapping mode [17].

Force

Contact mode

Repulsive force

» Distance

Attractive force

QNon-contact mode

Fig. 4.6 Simplified Van der Waals force-distance curve showing both contact mode regime

and non-contact mode regime.

AFM in contact mode is the simplest and first developed [18]. It can also rapidly

image the sample topography because no oscillation measurements are required. In
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contact mode, the tip attached to the end of a cantilever is always in contact with the
sample surface. As the tip is gently scanned across the sample, the repulsive force, as
shown in Fig. 4.6, causes the cantilever deformation to accommodate changes in
sample height [17]. The deformation of the cantilever can be monitored using a
position-sensitive photodetector which detects the laser reflection off the back of the
cantilever as it changes, as shown in Fig. 4.7. This information is recorded and
transferred as the topography of the sample. A piezoelectric scanner is driven by a
feedback loop to compensate the change of the cantilever, i.e. moving the tip up or
down, so to keep the deflection of the cantilever constant. However, for contact
mode, both the tip and the sample can be damaged during the scanning process due

to the forces involved between the tip and the sample surface.

Feedback loop Laser diode

Detector

Tip

m

Fig. 4.7 Schematic of tapping mode AFM. The position-sensitive photodetector detects the
cantilever deformation by the laser reflection off the back of the cantilever change. The
piezoelectric scanner is driven to move up and down by the feedback loop to compensate the

change of the cantilever.
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In non-contact mode, a stiff AFM cantilever vibrates close to the sample surface
spacing on the order of few to ten of nanometres. The vibration frequency of the
cantilever is near its resonant frequency, typically 100-400 kHz [17]. The attractive
force between the tip and the sample, as shown in Fig. 4.6, will cause changes in the
cantilever’s resonant frequency and vibration amplitude, which are detected by the
system to determine the sample topography. Although the non-contact mode avoids
the damage sample compared to the contact mode, a contamination layer present on
most sample surfaces in air may lower the image resolution. Therefore, ultra-high

vacuum non-contact AFM has been used for a true atomic resolution.

Tapping mode AFM is the most commonly used method among all AFM modes
because it overcomes the part of the limitations of both non-contact and contact
AFM. For example, tapping mode eliminates lateral forces and thus avoids damaging
the sample surface and increases image resolution [17]. In tapping mode AFM, the
tip oscillates as in non-contact mode, but its oscillation amplitude (typically, a few
tens nanometres) is much larger than the non-contact mode amplitude. As a result
tapping mode can allow the tip to pass through the contamination layer to contact the

sample surface and measure a real sample topography at atmosphere.

In this project, the surface topography and thickness of thin films were obtained
using tapping mode AFM on the Veeco Dimension 3100. The Si cantilever is coated
by reflective Aluminium (Al) for enhancing the laser reflectivity, with the resonance
frequency f, of 270-313 kHz. The tip radius is about 7 nm, which is smaller than the
typical grain size of thin films (> 10 nm) [19] and thus ensures the accurate
measurement. The grain size, the root mean squared roughness (Rims or Ry), the

arithmetic roughness (R,) and film thickness were obtained using the Nanoscope

59



Chapter 4

software for AFM data analysis, as shown in Fig. 4.9 (a), (b) and Fig. 4.8. For the film
thickness measurement, a step was first created by putting one drop of PMMA onto
the substrate before growing the thin film. After the deposition, the PMMA was
dissolved in acetone and thus a hole was left. As the tip scanned across the hole, the
step height was measured and used as the film thickness, as shown in Fig. 4.8, the

film thickness was ~ 99.8 nm.

Stepheight

o A 10,0 A 20,0 o oo

Step height
99.818 nm

MEASURE

Fig. 4.8 AFM step height analysis with a scan area 30%*30 pm?. Two red lines were firstly
moved to determine a level on one side of the step and then two green lines were moved to

measure on the other side of the step.

The grain size was estimated by drawing a line through a few grains, along which
two red triangle symbols were moved. Finally the surface distance gave an

approximate grain size, 78.5 nm as shown in Fig. 4.9 (a).
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L 78.125 nm
RMS 1.156 nm
lc DC
Ra(lc) 0.864 nm
Rmax 3.155 nm
RZ 3.155 nm
Rz Cnt 2
Radius 234.67 nm
Sigma 0.198 nm
Surface distance 78.474 nm
Horiz distance(L) 78.125 nm
vert distance 0.542 nm
Angle 0.397 °
‘\‘1"17" ,;7"‘.77'
loriz
rt ta
Angle
Surface distance
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Angle
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Spectral freq 0 /um
Spectral RMS amp 0 nm
Image Statistics
Img. Rms (Rq) 1.572 nm
Img. Ra 1.091 nm
Img. Srf. area 4,017 pm?
Img. Prj. Srf. area 4.000 pm?
Img. Srf. area diff 0.413 %
Box Statistics
Rms (Rq)
Mean roughness (Ra)
Surface area
Proj. Surf. area
Surface area diff

Fig. 4.9 Cross-sectional analysis (a) and roughness analysis (b) of the 211 nm thick NiFe

film AFM.
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4.2.2 X-ray Diffraction

When a monochromatic X-ray beam irradiates a family of atomic planes, the waves
in the X-ray beam can be diffracted. The diffraction condition is that the path
differences (6 = 2dnusin®) between the waves scattered by the atomic planes obey
Bragg’s Law 2dsin® = nA. The dyy is the interplanar distance. The 6 and A is the X-
ray beam incident angle and the wavelength, respectively. The n is an integer
representing the order of diffraction [20,21]. In this project, XRD measurements
were made on the samples using a Siemens D5000 X-ray diffractometer with CuK,
radiation (A = 1.54056 A). A simplified schematic of X-ray diffractometer is shown

in Fig. 4.10.

X-ray source
y ~ L0 ‘ Detector

Filter . .
‘ Receiving slit

Divergence slit Sample -

Fig. 4.10 Simplified schematic of X-ray diffractometer in 8-20 Bragg reflection geometry.

First, for the Cu target in the X-ray tube, the X-ray beam has the Kf radiation
filtered out using a Ni filter. Before and after incidence on the sample the beam was
collimated with both divergence slit and anti-scattering slit of 0.6° wide, which is set
according to the dimension of the sample. The X-ray diffractometer was run at scan
speed of 0.5 deg/min. The obtained XRD results from the diffractometer were
analyzed by the PDF-4 + 2014 software. A typical XRD peak and the corresponding

PDF card are shown in Fig. 4.11.
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Fig. 4.11 A typical XRD peak of the 65 nm CoFe thin film sputtered at 200 W and 30 nm

Metglas underlayer sputtered at 75 W on the Si substrate.

The structure phase, texture, lattice parameter and minimum grain size can be
identified and estimated from the XRD pattern. For example, in a cubic crystal, the

lattice constant (a) is calculated by the combination of Bragg law 2dsin® = nA and

dp = \/ﬁ The minimum grain size (t) is estimated by the Scherrer formula:

092 4.1)
~ Bcos6y

where the B is the full width at the half maximum (FWHM) of the diffraction peak,
Bragg angle 0p is the diffraction peak position and A is the X-ray wavelength. In
addition, the shift and broadening of diffraction peaks can indicate the presence of
compressive or tensile stress in the films. For the homogeneous strain (i.e. uniform
compressive or tensile strain), the diffraction peak position will shift to a higher or
lower Bragg angle, respectively, because the lattice plane spacing (d) is reduced or

increased, respectively according to Bragg law. However, for the inhomogeneous
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strain, the diffraction peak is broadened because non-uniform strain causes non-

uniform interplanar spacing.

= AFM
iso] * XRD .
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.E u | |
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Fig. 4.12 The grain size observed from AFM (black square) and calculated from XRD
results by Scherrer formula (red circle) with the varying film thickness from 100 nm to 500

nm NiFe films.

Fig. 4.12 shows that the grain size obtained from AFM is greater than that from the
XRD results using the Scherrer formula. As mentioned above, the broadening of
diffraction peak is contributed from both grain size effects and inhomogeneous strain
effects. Therefore, the extra contribution from inhomogeneous strain causes the
difference between AFM results and XRD results using Scherrer formula. Hence,
only a minimum grain size can be determined from the XRD results. However, AFM
results only reflect the grain size on the surface plane. Generally, a grain has three

dimensions and thus the AFM results also cannot give a true grain size. Therefore, in
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this project, the grain size measured from the cross-sectional TEM image is regarded

as the real grain size.

4.2.3 Focus Ion Beam (FIB)

FIB was used to prepare TEM samples, as it has a number of advantages, which
include being able to prepare large site-specific samples with uniform thickness
required for TEM observation [22]. Moreover, most materials can be prepared by the
FIB method, such as metals, ceramics and composites. However, FIB also has its
disadvantages, these include the milling process that can cause ion implantation,
damage and artifacts [23] to the remaining material [22]. The damage can be reduced

by using broad low-energy Ar ion beam milling [24,25] or low-energy FIB [25].

(b) E-beam
I-beam

Fig. 4.13 (a) A photograph of FEI Quanta 200 3D at Sorby center, University of Sheffield.
(b) A schematic (not to scale) of lon-beam (I-beam) and Electron-beam (E-beam) when the

sample was tilted 52° at the eucentric height for the ion milling.

In this project, cross-sectional TEM specimens were prepared by FIB in FEI Quanta
200 3D (Fig. 4.13 (a)) which combines a scanning electron microscope (SEM)
operating at 20 kV and a FIB microscope operating at 30 kV. These two microscopes

observe the sample from two different directions (Fig. 4.13 (b).) and thus allows 3D
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characterization, which is important in the operation for the TEM specimen

preparation.

‘\

C deposition area
20 pm

Fig. 4.14 Ton beam images of the different TEM specimen preparation stages. (a) A carbon
deposition strip (typically, 15 x 2 x 2 um?®) as a protective cover by a heated up Gas injector

on the sample surface. (b) and (c) Both trenches above and below the deposition strap dug
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by high currents’ ion beams (5 nA and 3 nA). (d) The sample foil cut out along underneath
and the right edge. (¢) The Omniprobe driven to contact a sample foil. (f) The sample foil
lifted out. (g) The sample foil attached on the cantilever of a TEM copper grid. (h) The

sample foil finally milled by a series of low currents’ ion beams from 0.5 nA to 30 pA.

The FIB system can not only produce high resolution images but also can precisely
mill the sample material, due to the gallium (Ga") ion beam (energy range typically
from 25-50 keV [26]) hitting the sample surface and sputtering the sample material
little by little. The sputtering rate depends on how large the current is used. Although,

some sputtered material can be redeposited on another part of the sample.

In the preparation process (shown in Fig. 4.14), firstly, an area of 15 x 2 um® on the
sample (Fig. 4.14 (a)) is covered with a 2 um thick carbon layer by inserting the
carbon Deposition Gas Injector System (GIS). Two 20 x 8 x 4 um’ trenches about 1
um away from the deposited strap (Fig. 4.14 (b)) were dug by the ion milling with a
high ion current of 5 nA. Then, these two trenches were expanded to the edges of the
C strap (Fig. 4.14 (c)) by the ion milling with a relative low ion current of 3 nA. To
cut off the sample foil from underneath, the sample stage was tilted back from 52
degrees to 7 degrees, and then foil was cut through along the whole underneath and
the right edge (Fig. 4.14 (d)). Next, the Omniprobe was driven to touch the foil (Fig.
4.14 (e)), and then sample was connected to the probe by C deposition. Following
this, the left edge was cut out so that the foil was only attached to the probe and
ready for lifting out. In Fig. 4.14 (f), the sample foil was lifted out by dropping the
sample stage and retracting the probe. Then the sample foil was stuck to the

cantilever of a TEM grid (Fig. 4.14 (g)) again by C deposition. Finally, it was
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gradually thinned by varying current ion beam from 0.5 nA to 30 pA (Fig. 4.14 (h)).
At the stage of final milling, the foil was tilted around 52°, which means the milling
was carried out at almost a glancing angle (< 1°) for reducing the Ga implantation

into the foil to a minimum.

4.2.4 Transmission Electron Microscopy

Filament/Tip
Electrons source

Anode
Condenser lens 1
Condenser aperture
P . Condenser system

Condenser lens 2

TEM specimen

Objective lens

Objective aperture )
— Imaging system

Projector lens

Viewing screen :

Fig. 4.15 A schematic of basic components in a TEM. There are main three systems:

Electron gun, Condenser system and Imaging system.

Cross-sectional TEM was undertaken to investigate the microstructure and interfaces

in the heterostructures. Fig. 4.15 shows the basic structure of a TEM. Firstly, an E-
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beam is produced by accelerating the electrons in the electron gun. There are two
kinds of electron sources which are the thermionic electron gun and the field
emission electron gun [27]. The latter can give a much higher source brightness than
the former but it requires a very good vacuum [28]. The accelerated E-beam is
concentrated by the condenser lens before it reaches the ultrathin specimen. Then,
the E-beam passes through the specimen and interacts with it, as shown in Fig. 4.16.
Next, an image is formed by the objective lens and then is further magnified by the
subsequent projector lens and finally displayed onto the viewing electron-fluorescent

screen or CCD [27].

Secondary & Backscattered Incident E- ~ Emitted X-ray
Electrons (SEM) beam (EDS)

TEM specimen

Elastically scattered ~ Unscattered Inelastically
Electrons Electrons scattered
(SAED) (EELS) Electrons

Fig. 4.16 A simplified summary of the interaction with the TEM specimen when the E-beam

transmits through the specimen.

The interaction of the E-beam with the TEM specimen produces many useful effects

[29], which can be used to analysis and characterize materials. For example,
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elastically scattered electrons are diffracted by the crystal planes and thus form
diffraction patterns. Based on the diffraction results, structural information about the
crystals can be deduced. Similar to the X-ray diffraction, Bragg’s Law 2dsinf, =
Ae 1s also applicable for electrons diffraction. Besides, the 6. is much smaller in the
electrons diffraction than that in the X-ray diffraction due to the two orders smaller
Ae value for the E-beam. For the small diffraction angle 6., Bragg equation is

rewritten as:

2dsinf, = 2d6, = 4, (4.2)
| Specimen
D
L
R

Diffraction ring

Fig. 4.17 A schematic diagram indicating the geometry of diffraction patterns formation. 6.:

diffraction angle, R: diffraction ring radius and L: camera length.

Similarly, based on the diffraction geometry (Fig. 4.17) of the TEM, another equation

can be determined in terms of A, and is written as:

R
L= tan26, = 26, (4.3)

Combining the equation 3.2 and the equation 3.3, a third equation relating the lattice

spacing and the diffraction ring radius observed is given by [27]:
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Rd = LA, 4.4
where the LA is the camera constant (e.g. LA. = 860 mm used on the FEI Tecnai
T20). The R and d are the radius of the diffraction ring and the crystal plane space,
respectively. Therefore, the d can be calculated when the R is measured. For the

cubic crystal, the d can be described by the crystal plane indices as [30]:

a 4.5)
g = (
O RN

where the a is crystal lattice parameter and the (hkl) is the crystal plane Miller

indices. The indices can be deduced when the d is calculated.

Based on the theory described above, the crystal plane indices can be identified, as
shown in Fig. 4.18 (b). The CoFe film showed a polycrystalline structure with the
(110) texture. Also, columnar growth structure of CoFe film was observed in Fig.
4.18 (a). Therefore, the TEM is a powerful technique to determine the microstructure

of thin films.

(a)

PMN-PT, CoFe

Fig. 4.18 A TEM image (a) and a diffraction pattern (b) of CoFe thin film grown on PMN-

PT substrate.

71



Chapter 4
4.3 Magneto-Optical Kerr Effect Magnetometer

A MOKE magnetometer [31] is a simple, non-destructive instrument, which is
operated at room temperature and is used to determine the normalized magnetization
loop of a magnetic film [32]. When a light beam is incident on a magnetic sample,
the electromagnetic waves in the light are subjected to a Lorentz force generated by
the magnetization in the sample. Thus the polarization of the reflected light is rotated.
The alteration of the polarization state can be detected and used to show the

magnetization variation.

There are three basic configurations (polar, longitudinal and transverse) of the
MOKE magnetometer classified by the relative orientation of the magnetization (M)
with the incident light plane [33]. In both polar MOKE and longitudinal MOKE, the
orientation of the M is parallel to the incident plane, while in transverse MOKE, it is
perpendicular to the incident plane. The difference between polar MOKE and
longitudinal MOKE is that the M direction for the former is out-of-plane, while that

for the latter is in-plane, as shown in Fig. 4.19.

(a) (b) (c)

I ™ — M ® M
Polar Longitudinal Transverse

Fig. 4.19 Three basic geometries of magneto-optical Kerr effect. The red arrows represent

the direction of the incident light and the reflective light.
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Laser diode Photodetector

Polarizer Analyser

®H
Sample

Rotator

Fig. 4.20 A schematic of transverse MOKE magnetometer used in this study. The shaded

area represents the depth of laser penetration or the skin depth.

In this project, the transverse geometry MOKE was used for magnetic
characterization, which is sensitive to the in-plane component of magnetization
perpendicular to the plane of laser incidence. The Kerr signal measured close to the
extinction point is linearly proportional to the Kerr effect and thus the magnetization
of the film. [14] The MOKE set-up used (Fig. 4.20) includes a solid state laser diode
of wavelength 635 nm. The skin depth of the laser is about ~ 30 nm at this
wavelength for metallic films. The laser first passes through a polarizer before
hitting the film. The polarizer angle was set at a certain value so that the laser has s
and p mixed polarization. After reflecting from the film, the laser beam passed
through an analyser. The analyser angle was set close to the extinction point
(normally deviating about 2°) for a symmetric hysteresis loop. Finally, the reflected
laser was detected by a photodetector. The sample was mounted on a sample stage
with a precise angle rotator, which allows the sample to be rotated between 0-360° in

a uniform H-field, this allows magnetic anisotropy to be investigated. Also, a well-
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polished substrate surface was required to avoid laser scattering and to enhance the

signal to noise ratio.
4.3.1 Magnetostriction Measurement

Magnetostriction measurements [34,35] include a direct measurement and an inverse
measurement. For the direct measurement, cantilever bending is used as a high-
precision technique [34]. The sample is first cut to be a long cantilever (typically 38
mm X 8 mm) that is then clamped at one end by a sample holder. When a H-field is
applied parallel or perpendicular to the cantilevered sample, it will be deflected due
to the magnetostriction effect. The deflection of the sample can be measured using a
position sensitive optical detector that detects an angular change of a reflective laser

off the free end of the cantilever.

Compared to the direct measurement, the inverse measurement does not have a
limitation to the size and shape of the sample. When an anisotropic stress (o) is
applied to the thin film sample, a change in the anisotropy field (AHy) occurs due to
the inverse magnetostriction effect (i.e. the Villari effect). The relationship between

the AHy and the saturation magnetostriction constant (As) can be given by [34]

A 4.
AHk=3ﬁsa (46)

S

where M; is the saturation magnetization and o is the applied mechanical stress.
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, Thin film
@) —

Si substrate
Laser

(b) Bolt @ H

Easy axis

Bending tool

Fig. 4.21 A schematic of the bending process for the magnetostriction measurement. (a) A

sample without bending and (b) The sample with bending.

In this project, the effective saturation magnetostriction constants (Aerr) of
polycrystalline films were measured using a technique [36,37] based on the Villari
effect, as shown in Fig. 4.21. The sample was strained along the easy axis by bending
tools with different known radii R, i.e. 500 mm, 400 mm and 300 mm. MOKE
measurements were taken along the hard axis at each bend radius. With decreasing
radius, the o gradually increases and thus the magnetization along the hard axis
becomes harder and harder due to a positive magnetostriction value of the CoFe and

the Metglas films, as shown in Fig. 4.22.
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0.98

0.96
2
=
—R =400 mm
R =300 mm

—m— Fit curve 1
—@— Fit curve 2

3 Fit curve 3
092 L— i
10 11 12 13 14

H (kA/m)

Fig. 4.22 A part of MOKE loops measured along the hard axis. A polynomial curve was

fitted for the acquisition of an accurate Hegy.

In Fig. 4.22, for each loop, the effective saturation fields Hesr were taken at My/M; =
0.96, 0.97 and 0.98 where the Hesr was close to the anisotropy field Hx at My/M; = 1.
Besides, MOKE signal at these values was less noisy than that close to saturation
state and thus it was relatively precise to determine Hesr at M,/Mg = 0.96, 0.97 and
0.98. These H were plotted as a function of the inverse band radii (1/R). In order to
accurately obtain the value of dH.s/d(1/R), a linear fit analysis was made for these

three M,/M; values in the Originpro 8 plotting software, as shown in Fig. 4.23.
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14

12

® Mr/Ms=0.96
e Mr/Ms=0.97
Mr/Ms = 0.98

& Linear Fit 1
—— Linear Fit 2
Linear Fit 3
6 v T v T v
1.8 2.4 3.0 3.6

I/R (m™)

Fig. 4.23 The variation of the H.s as a function of the 1/R at M,/M; = 0.96, 0.97 and 0.98,
respectively. A linear was fitted for the calculation of dH.x/d(1/R) by the Originpro 8

software.

Then the gradient of each line was determined after the linear fit process, as shown
in the Table 4.2. The average value of dH.s/d(1/R) was calculated. Finally, the A was
determined from [36,37]

1= dHeff ZHOMS(]- - vsz) (47)
d(1/R) 3t.Y,

Where the saturation induction p,Ms was 2.4 T [38]. The Poisson ratio vs and
Young’s modulus Y for (100) Si substrate were 0.28 and 130 GPa [39,40]. The Si
substrate thickness t; was 380 = 50 um. This method has been shown to produce
accurate measurements of the effective magnetostriction constant of magnetic films

[36,41].
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Table 4.2 The results from the linear fit process by the Originpro 8§ software.

Mr/Ms dH.s/d(1/R) Standard Error
0.96 2.19 0.24
0.97 2.19 0.24
0.98 2.35 0.31

4.4 High Voltage Set-Up for the Converse ME effect

To study the converse ME coupling effect, a high voltage (a maximum of 850 V)
was applied to the piezoelectric PMN-PT substrate so that a large strain was created
in the sample. Then the effect of the strain on the magnetic properties of the thin
films were investigated. Therefore, for this project, a high voltage set-up was built
up within the MOKE magnetometer. As shown in Fig. 4.24, the H-field was applied
along the in plane direction of the PMN-PT, while the voltage was applied along the

out of plane direction of the sample.
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Fig. 4.24 (a) A simplified schematic (not to scale) of High-field transverse geometry MOKE

system. A voltage was applied on the sample when the converse ME effect was

characterized. (b) A schematic of high-voltage set-up designed in the high H-field MOKE

magnetometer.
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Fig. 4.24 (b) shows a detailed diagram which explains how the high voltage was
applied to the sample safely for a hysteresis loop to be measured. A custom made
plastic sample holder sat on the metal columnar stage. Two thin metal pieces were
fitted on the sample holder and used as two electrodes. Then the sample was
clamped firmly between them so that a good contact was obtained between the
sample surfaces and the electrodes. Before loading the sample into the MOKE, a
multimeter was used to check all connections. Finally, these two electrodes were
connected with a high voltage supply (Model: PS310/1250 V-25 W). For safety
reasons, the sample could only be accessed from the back side of the MOKE where a
wooden safety shield was positioned. The power supply could only be turned on

when the shield was put in place by an interlock switch.
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Chapter 5

Chapter 5

5 Giant electric field tunable magnetic properties in
CosoFesp/lead magnesium niobate-lead titanate

multiferroic heterostructure

In this chapter, the effect of magnetic layer thickness on magnetoelectric (ME)
coupling in CosoFeso/PMN-PT heterostructures was investigated over a wide
thickness range from 30 nm to 100 nm. CoFe film was chosen to be the
ferromagnetic (FM) layer due to its excellent soft magnetic properties, relatively
high magnetostriction [1,2] and large saturated magnetization [3]. The (011) oriented
PMN-PT [4] was chosen as the ferroelectric (FE) substrate due to its large in-plane
anisotropic strains. The effect of magnetic layer thickness on the ME coupling in the
heterostructures was studied independently, due to almost constant magnetostriction
constant (A = 40 + 5 ppm) and similar as-grown magnetic anisotropy for all studied
magnetic layer thicknesses in this chapter. A high remanence ratio (M,/Ms) tunability
of 95% was demonstrated in the 65 nm CoFe/PMN-PT heterostructure,
corresponding to a a value of 2.5 x 10 s/m, ten times larger than that in the

CoPd/(001) PMN-PT system [5].

5.1 Sample Preparation and characterization process
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Detector

Fig. 5.1 Schematic of CoFe/500 um (011) PMN-PT heterostructure. Magnetic properties

were measured by the MOKE system.

CoFe films of 30 nm, 45 nm, 65 nm and 100 nm thickness were deposited on the
(011) PMN-28% PT (i.e. PMN-PT2, see for Table 4.1 the substrate’s more
information) at room temperature by RF sputtering in a Nordiko NM2000 RF
deposition system (see section 4.1.1 for further details). An in-situ H-field of 65.3
kA/m was applied along the [100] or [01-1] crystallographic direction of the PMN-
PT substrate during the growth of the CoFe film. The PMN-PT was prepoled
through the thickness (i.e. along the [011] direction) at an E-field of 5 kV/cm for 10
minutes before being used as a substrate. The prepoling processing was to align most
dipoles along the poling direction rather than randomly arrange, which provided the
material with the piezoelectric effect. Magneto-Optical Kerr Effect (MOKE)
measurements were used to investigate the magnetic properties when a series of dc
E-fields were applied to MF heterostructures (see section 4.3 and 4.4). The MOKE
H-field was applied along the [100] or [01-1] direction of the PMN-PT, while the E-
field was applied along [011] direction of the PMN-PT, as shown in Fig. 5.1. The

effective saturation magnetostriction constants (A.sr) were measured using a
86



Chapter 5

technique [6,7] based on the Villari effect described in section 4.3.1. The
magnetostriction constants were measured for the different thickness CoFe grown on
Si, as it was difficult to measure the magnetostriction constant of CoFe when grown

on PMN-PT.

To investigate the microstructure of the heterostructure, X-ray diffraction (XRD)
measurements were made on the sample without the top Ag electrode by using a
Siemens D5000 X-ray diffractometer with CuK, radiation (A = 1.54056 A) (See
section 4.2.2 for further details). Cross-sectional transmission electron microscopy
(TEM) specimens were prepared by Focused Ion Beam (FIB) in FEI Quanta 200 3D
(See section 4.2.3 for further details). The fabricated TEM specimens were observed
on both FEI Tecnai T20 and Jeol 2010F operating at 200 kV (See section 4.2.4 for

further details).
5.2 An optimal sputtering power

In this section, the optimal RF sputtering power (P) for soft magnetic properties was
explored in the CoFe/Si heterostructure while other sputtering parameters (working
pressure, sputtering temperature and target-substrate distance) were held constant.
Many publications [8—11] have shown a large influence of the P on the
microstructure and magnetic properties of thin films. Here, a soft and highly
magnetostrictive CoFe thin film is desired to be fabricated by the optimal RF P, so
that a large magnetoelectric coupling is obtained when the film is grown onto the

PMN-PT substrate.

The effect of the sputtering power on the coercive field (H;) and the effective
saturated magnetostriction constant (Acs) is shown in Fig. 5.2 for 65 nm and 30 nm

CoFe films. In Fig. 5.2, when the P increases from 75 W to 200 W, the H, increases
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from 1 kA/m to 3.3 kA/m, while the A¢sr decreases slightly from 37.2 + 1.4 ppm to
33.3 £ 2.4 ppm for 65 nm CoFe film. It is noted that the H, increases obviously at the
power of 200W compared to the H, at the lower powers. The reason may be that
more defects (like voids) are produced within the films and they have a pinning
effect on the magnetization process. For the 30 nm CoFe, the H, is lower than the 65
nm CoFe film at both 75 W and 200 W. These results indicate the effect of

sputtering power on the magnetic softness is important for the thicker film at the

higher deposition power.

50

= 65 nm CoFe/Si (H,)
e 30 nm CoFe/Si (Ho)
41 = 65nm CoFe/Si (herp)

+ Lo

Hc (kA/m)

(wdd) jy0v

. ; . , : ] 30

50 100 150 200
Sputtering power (W)

Fig. 5.2 An effect of the sputtering power (75 W, 150W and 200 W) on H, measured along

easy axis and Ag in 65 nm/Si heterostructure. The H, of 30 nm CoFe/Si heterostructure is

also shown.
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Fig. 5.3 The easy and hard axis loops of 65 nm CoFe grown on Si at the different powers.

In addition, the effect of the P on the film’s in-plane anisotropy was also investigated.
Fig. 5.3 shows the in-plane magnetic anisotropy of 65 nm CoFe thin film sputtered at
75 W, 150 W and 200 W, respectively. It is clear that the anisotropy induced during
deposition decreases gradually as the P increases. The anisotropy field Hy is reduced

from 7 kA/m to 5.5 kA/m when the P increases from 75 W to 200 W. This may be
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explained in terms of film growth mechanisms [12,13]. The higher P will induce a
higher kinetic energy of the target atoms and thus increase the mobility of the atoms,
which helps overcome the effect of the in-situ H-field on the orientation of atoms at
the substrate. In the converse magnetoelectric coupling study, the in-situ H-field was
used to control an as-grown anisotropy of thin films on the PMN-PT. Therefore, the
lowest P of 75 W was chosen for this project. Moreover the soft magnetism and

moderate magnetostriction were also obtained at the power of 75 W.

5.3 Microstructure of CoFe films and interface

10° 120 nm CoFe/Si
65 nm CoFe/Si
65 nm CoFe/Si
without H-field

o Si
65 nm CoFe/PMN-PT
50 nm CoFe/PMN-PT

PMN-PT(022)

101

]
B PMN-PT
-':
2|l O ;

Intensity in log scale (a.u.)
Sc—
< __ PMN-PT(0I1)

30 40 50 60 70
26 (degree)

Fig. 5.4 XRD spectra of PMN-PT and Si substrates. The inset shows an enlarged part around

the (110) diffraction peak of the CoFe films grown on the PMN-PT and Si substrates.

Fig. 5.4 shows the XRD result of both PMN-PT and Si substrates. It shows strong
diffraction peaks for the (011) of PMN-PT substrate, respectively, which indicates

the crystalline orientation of the substrates used in this study. The weak diffraction
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peak (110) of CoFe film is seen only on a much smaller scale of intensity, as shown
in the inset. This indicates the films are not grown epitaxially on both substrates as
expected. In addition, 50 nm CoFe on the PMN-PT was scanned at a speed of 0.23
degree/min while all the rest of samples were scanned at the speed of 0.5 degree/min.
There is no obvious difference for the 26 position (20 = 44.9°, cited from PDF#04-
003-5514) and the intensity of the (110) peak between 50 nm and 65 nm CoFe film
grown on the PMN-PT. However, the (110) peak for the 65 nm CoFe grown on the
Si is broader than its counterpart on the PMN-PT, which may be due to a non-
uniform strain contribution, as discussed in section 4.2.2. Here, a difference between
film growth with and without the in-situ H-field was also observed. The films grown
with in-situ H-field show a stronger (110) diffraction peak than those without the in-
situ H-field, which suggests the in-situ H-field applied in the process of the film
growth induces a preferred orientation in the film and thus an anisotropy within the
magnetic properties. When the film thickness is up to 120 nm, the (110) peak can be
observed clearly due to a greater contribution from the thick film to the XRD. In the
inset, the XRD results of only Si and PMN-PT substrates around 26 of 45 degrees
are also shown for a comparison with the films and to show the signal to noise ratio

(SNR) of the data.

To further understand in more detail microstructure and interface in the
heterostructure, cross-sectional TEM images obtained on FEI Tecnai T20 are shown
in Fig. 5.5 (a) and (b) and high-resolution transmission electron microscopy
(HRTEM) images obtained on Jeol 2010F are shown in Fig. 5.5 (c) and (d). Selected
area electron diffraction (SAED) pattern are shown in Fig. 5.5 (e) and (f). In Fig. 5.5
(a), a native 1-2 nm thick SiO, layer present on the Si substrate can be clearly seen,

which results in an increase of surface roughness. The 50 nm CoFe film’s growth
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structure (typically, a columnar growth) are not observed. In Fig. 5.5 (b), the uniform
columnar growth structure of 65 nm CoFe film is observed with an average
columnar grain size of 3.3 £ 0.5 nm, which is comparable with that of ~5 nm in the
Fe-Ga/PMN-PT system [14]. In addition, the cross-sectional TEM image of 50 nm
CoFe grown on the PMN-PT was also done (not shown here but in Chapter 7) and
the film also shows the uniform columnar growth structure with the almost same
average columnar grain size of 3.6 = 0.5 nm. The columnar growth structure can be
explained in term of the zone models [13]. The incident atoms shadow those atoms
which already have incorporated into the growing thin film [8] at the low power
sputtering with the low mobility of the atoms. In Fig. 5.5 (¢) and (d), the
heterostructures show a well-defined interface between 65 nm CoFe film and the
substrates. The films are not grown epitaxially on both substrates due to a large
lattice misfit (CoFe (acor. = 2.858 A [15]), Si (asi = 5.43 A) and PMN-PT (apmn-pr =
4.021 A [16])), which is consistent with the XRD results (Fig. 5.4). The SAED
patterns in Fig. 5.5 (e) and (f) show the single crystalline structure of the PMN-PT
and the polycrystalline structure of 65 nm CoFe film. In Fig. 5.5 (f), it is observed
that there are some spots on the diffraction ring, which suggests that the columnar
grains are composed of randomly oriented nanocrystals. The crystal line plane of
(110) in CoFe film shows the strongest diffraction, which is consistent with XRD

results of CoFe film.
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)

Re-deposition

Fig. 5.5 (a) and (b) cross-sectional TEM image of the 50 nm CoFe/Si and 65 nm
CoFe/PMN-PT heterostructures. (c¢) and (d) cross-sectional HRTEM image of 65 nm
CoFe/Si and 65 nm CoFe/PMN-PT heterostructures. (e) and (f) show the SAED patterns of

PMN-PT and 65 nm CoFe film, respectively.
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5.4 Electric field controlled magnetic properties
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Fig. 5.6 Electric dependence of magnetic hysteresis loops measured along [100] in 65 nm
CoFe /(011)PMN-PT heterostructure when the positive (a) and negative (b) E-fields were

applied.

The E-field controlled magnetic properties were first investigated on the 65 nm

CoFe/(011) PMN-PT heterostructure. The E-field was applied from -10 kV/cm to 9
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kV/cm on this heterostructure, for each E-field a MOKE loop was taken, as shown in
Fig. 5.6. Fig. 5.6 shows the detailed electrical dependence on the magnetic hysteresis
loops along [100] direction in 65 nm CoFe/(011) PMN-PT heterostructure. Both
positive (Fig. 5.6 (a)) and negative (Fig. 5.6 (b)) E-fields were applied through the
substrate thickness and induced a large magnetization change. It can be observed that
the squareness decreased dramatically and conversely the saturation field (Hs)
increased gradually with the increasing magnitude of the E-field. The changes in the
magnetic properties and magnetic anisotropy induced by the positive and negative E-
fields were similar, which indicates an almost symmetric piezoelectric strain

variation against the E-field.

Fig. 5.7 shows the detailed variation in the M,/M;, H, and H, taken from the magnetic
hysteresis loops (Fig. 5.6) at each applied E-field in the 65 nm CoFe/PMN-PT
heterostructure. With increasing the E-field strength from 0 kV/cm to 9 kV/cm, the
M,/M; decreases from 95.5% to 0.5%, while the H; increases from 25.5 kA/m to 63.7
kA/m. Here, when the H; is taken from a hard-axis loop, the anisotropy field Hy is
believed to be equal to H,. Thus, the experimentally measured E-field induced
effective anisotropy field (AHketr = Hierr (E = 9 kV/cm) - Hyer (E = 0 kV/cm)) is 38.2
kA/m. The [100] direction is changed fully from an easy axis to a standard hard axis

on the application of an E-field of 9 kV/cm.

95



Chapter 5

100 - (a)
a -/.---.--‘ N
-0
75 1 a i\-
' S0 .
g 510{ (k(./)\/mgo
=

25 /

50 0 350 "u
72‘ " » TH(xA/Mm)
-10 -5 0 S 10
} (b)
60 - \} f \J
=) \} z) 550§
" \ 50 0 50 H(KkA/M)
~ 451 {\ H (kA/m) i/
- N
e } 1
\} \ K
30 AN
ia
10 -5 0 5 10
9- (©)
111
LT 1 A-d-22d
z 6 N &
= a
%
2 37 /
0- 50 0 50 v —a
H (kA/m)
.10 -5 0 5 10
E (kV/cm)

Fig. 5.7 The normalized remanent magnetization (M,/M;) (a), saturation field (H;) (b) and
coercive field (H.) (c) measured along the [100] direction as a function of applied E-field in

the 65 nm CoFe/PMN-PT heterostructure, respectively.

The E-field induced effective anisotropy field can also be expressed as [17]:

H _ 3ASY(d32 - d31)E (5.1)
keff M(1 + V)
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where saturation magnetostriction As; of CosoFesp is taken to be 65 ppm [18],
saturation magnetization Mg is 1900 kA/m, Young’s modulus Y is 250 GPa, [15]
Poisson’s ratio v is 0.26 [19] and E represents the applied E-field. When the applied
E-field strength is 9 kV/cm, the calculated Hyegr is 495 = 15 Oe (i.e., 39.4 £ 1.2
kA/m), which is in good agreement with the experimental result. Compressive strain
is created along [100] because of the negative piezoelectric coefficient (ds3; =-1500 ~
-2000 pC/N), which causes the increase in Hyx due to the positive magnetostriction
constant of CoFe. The increased Hy forces the in-plane magnetization to rotate from
the direction of [100] to [01-1] and thus leads to the reduction of M,/M; along [100].
Interestingly, the Hy is changed almost linearly with E-field, while the M,/M; and H,
are changed significantly from 6 kV/cm to 8 kV/cm, which is attributed to a high
transverse strain from orthorhombic to rhombohedral (R) phase transition induced by

E-field [20].

For the thinner film sample (45 nm), the magnetic property variation with the E-field
shows a different trend. Fig. 5.8 shows the detailed variation in the M,/M;, H and H,
taken from the magnetic hysteresis loops (Fig. 5.9 (b)) at each applied E-field ranging
from 0 to 7 kV/cm in the 45 nm CoFe/PMN-PT heterostructure. The M,/M; and Hg
show an almost opposite variation trend. The former firstly decreases linearly from
75 £ 2.5 % to 45 + 2.5 % and then keeps constant around 50 + 2.5 %, while the later
almost increases linearly from 25 + 2 kA/m to 53 + 2 kA/m and then keeps constant
around 55 £+ 2 kA/m. In contrast, the H, increases continuously 3.5 = 0.25 kA/m to
21 £0.25 kA/m. The changes of M,/M; and H can be explained by a correlation

between the stress and magnetic anisotropy [21], as discussed above in the 65 nm
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CoFe/PMN-PT heterostructure. Here, the increased Hc is attributed to an irreversible

rotation or domain wall displacement [22] induced by the compressive strain along

[100].

Hs (kA/m) Mr/Ms (%)

Hc (kA/m)
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Fig. 5.8 The M/M; (a), H (b) and H, (c) measured along the [100] direction as a function of

applied E-field in the 45 nm CoFe/PMN-PT heterostructure, respectively.
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For such strong strain-mediated magnetization, the origin from the large
magnetostriction effect is widely reported now for thick monolayer metal film on a
FE substrate (PMN-PT). However, there may be another potential contribution from
the strain effect on interfacial coupling [16] in the system based on orbital
hybridization. In the CoFe/PMN-PT heterostructure, a large lattice mismatch (~
28.9 %) exists due to the distinct in-plane lattice parameters of acore = 2.858 A [15]
and apynpr = 4.021 A [16]. The polycrystalline CoFe films grown on PMN-PT are
likely to be under weak tensile strain. When the compressive strain induced by the E-
field is applied it will partly release the tensile strain, which may result in stronger
orbital hybridization between the atoms and thus stronger interfacial coupling [16].
For example, the d orbital hybridization between Ti and Fe reported in Fe/BaTiOs
system [23] was enhanced when the E-field was applied. This was due to the
displacements of atoms at the interface created by FE instability, which changed the
overlap between atomic orbitals at the interface and thus changed the interfacial
magnetization [23]. However, in most cases, the strain effects on interfacial coupling
mechanism is used to explain epitaxial ultrathin magnetic film system (< 5 nm)
because the interfacial contribution to the magnetization is known to be very weak in
bulk like films. More work on strain effect on interfacial coupling mechanism in

polycrystalline thick films system remains to be done.
5.5 Thickness dependence of magnetoelectric coupling

In this section the thickness dependence is investigated for an optimization of ME

coupling strength.
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Fig. 5.9 (a)-(d) Electric dependence of magnetic hysteresis loops in CoFe/(011)PMN-PT
heterostructure with thickness of CoFe layer. The insets show easy and hard axis loops of as-
grown samples without the E-field. (e) Absolute values of coercive field (H.) changes with
CoFe thickness when the E-field of 3 kV/cm was applied. (f) Absolute maximum values of

remanence ratios (M,/M;) and ME constant (o) change with CoFe thickness.

Fig. 5.9 (a)-(d) show the electrical dependence on the magnetic hysteresis loops of
CoFe/(011) PMN-PT heterostructures for the series of CoFe thicknesses. In Fig. 5.9
(a)-(c), the hysteresis loops were measured along [100] direction of PMN-PT, while

in Fig. 5.9 (d), the hysteresis loops were measured along [01-1] due to stronger

100



Chapter 5

coupling along this direction than [100]. For the 100 nm thick CoFe film, it is
observed that the Hy is increased greatly compared with the other films. Therefore, it
may be easier to reduce the Hy by the tensile strain along [01-1] than to increase the
Hy further by the compressive strain along [100], which may explain why the
stronger ME coupling is along [01-1] for the 100 nm thick sample. The insets show

the similar in-plane magnetic anisotropy for all the samples’ thicknesses.

The initial in-plane magnetic anisotropy was induced by the in-situ H-field applied
during growth. When the E-field-induced strains were applied on the magnetic film,

strain-induced anisotropy change can be described as [5]:

3AeY (5.2)
T 2(1-v)

AK =
Where v and Y are the Poisson’s ratio and Young’s modulus of the FM film. The A is
magnetostriction constant about 40 + 5 ppm, as shown in Fig. 5.10. The compressive
strain € created along [100] is cited from [24], about - 2000 ppm. Therefore, the E-
field induced anisotropy energy is positive along the [100]. In other words,
anisotropy energy increases during applying the E-field, which consequently hinders
magnetization alignment along [100] direction, i.e. magnetic hard axis. To the
contrary, the tensile strain € created along [01-1] induces negative anisotropy energy,
which favours magnetization alignment along [01-1] direction, i.e. magnetic easy
axis. The change of magnetic remanence ratio (M,/Ms) induced by the E-field of 9
kV/cm is greatly enhanced from 46% to 95% by reducing the thickness of CoFe
layer from 100 nm to 65 nm, as shown in Fig. 5.9 (f). However, when CoFe layer

thickness is further reduced to 45 nm and 30nm, the maximum changes of M,/M; are

induced at the E-fields of 3 kV/cm and 2 kV/cm, respectively.

For both thinner CoFe layers, when the E-field increases further, the H, are increased
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significantly, but M,/M; stays almost constant. As shown in Fig. 5.9 (e), the change
of He (AH,) is up tol1 kA/m (138 Oe) at the E-field of 3 kV/cm for 30 nm thickness.

Also, the H. continues to increases as the E-field increases further.

A maximum AH, achieves 17.5 kA/m (220 Oe) at the E-field of 7 kV/cm in the 45
nm thick sample, which is five times larger than the H¢ of 3.5 kA/m (44 Oe) without
E-field. The value of AH. is also much larger than 3.5 Oe and 22.93 Oe reported
previously in CoFe/PZT system [25] and CoFeB/SiO,/PMN-PT system [26],
respectively. The reason is attributed to the larger piezoelectric response of PMN-PT
than that of PZT and the direct deposition of CoFe on the PMN-PT substrate rather

than on a buffer layer of SiO,.

The ME coupling constant o can be defined as a = p,AM/E where , is the
permeability of free space [27]. The value of AM; is estimated from the experimental
result of E-field induced M,/M; change (AM,/M;) and saturated magnetization M; (~
1900 emu/cm’) taken from the reference [3,19]. For example, for CoFe layer
thickness of 65 nm, ME coupling constant a = poAM/E = 4z x 107 x (1900 emu/cm’)
x 0.95 / (9 kV/em) = 2.5 x 10 s/m. To understand the effect of magnetic layer

thickness on a, it is described as[5]:

_ HoAM;  epy _HOAM;  €pg €FM
= = X X — =nX — XAXdj

(5.3)

E €FE €FM €FE
where epy and erg represent strains of the FM and FE layers, respectively. The dj; is

the in-plane piezoelectric constant of the FE layer and n is a constant.

The experimental magnetostriction constant A measured based on the villari effect
(see section 4.3.1 in details) remains almost constant at about 40 + 5 ppm for these

bulk like films (> 20 nm), such that A of 29 + 7 ppm, 35 + 3 ppm and 40 + 3 ppm for
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the thickness 30 nm, 35 nm and 65 nm respectively (Fig. 5.10), which is almost
consistent with A of 47 + 4 ppm reported for 50 nm CoFe film [2]. The trends show
the value of A gradually gets close to that of bulk as shown in the formula A = A, +
Ai/t above due to the reduction in the interfacial contribution with the increasing film
thickness [28]. The last term of equation (4.3) dj is also constant due to the same
PMN-PT substrates used. Therefore, a is eventually determined by the term of
erm/epe Which increases with FM layer thickness decreasing due to the reduced
relaxation of epy in the thin FM layer. In Fig. 5.9 (f), o increases from 1.2 x 10 s/m
to 2.5 x 10° s/m at 9 kV/cm when CoFe thickness reduces from 100 nm to 65 nm,
which is consistent with the equation 4.3. When the CoFe thickness continues to
reduce to 45 nm and 30 nm, o increases only at a lower E-field strength of 3 kV/cm
and 2 kV/cm, respectively. The reason for this is that the giant epy in the thinner
CoFe layers created by the FE layer results in domain wall pinning [29], which

causes the significant increase on the H..

60

515 SO

A (ppm)
——

20

T ¥ T

20 40 60
CoFe Thickness (nm)

Fig. 5.10 The CoFe film thickness dependence of the effective saturated magnetostriction

constant Aegr.
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In this study, o is two orders larger than that of 6 x 10® s/m in the epitaxial
Lag67Sr933 MO3/(001) PMN-PT system [30]. Although, recently some large ME
coupling constants o of 8 x 107 s/m and 4.55 x 107 s/m were reported in a
CoPd/PMN-PT system [5] and Fe-Ga/PMN-PT system [14], respectively. The giant
coupling constant is attributed to the combination of a few crucial properties: a thin
film thickness (< 100 nm), large magnetostriction constant, saturation magnetization
and M,/M; in the sputtered CosoFesp film and the high in-plane piezoelectric
coefficient PMN-PT substrate with smooth surface, which provides an effective

elastic coupling at the interface between the CoFe film and the PMN-PT substrate.
5.6 Summary

Cross-sectional high-resolution transmission electron microscopy (HRTEM) image
showed a uniform columnar growth structure of the 65 nm CoFe film and an average
columnar grain size of 3.3 £ 0.5 nm. Selected area electron diffraction (SAED)
pattern showed the CoFe polycrystalline structure, with columnar grains composed
of randomly oriented nanocrystals. Giant magnetoelectric (ME) coupling was
observed in the heterostructure. A large remanence ratio (M,/M;) tunability of 95%
has been demonstrated, corresponding to a giant ME constant (a) of 2.5 x 10 s/m,
when an external electric field (E-field) of 9 kV/em was applied. A large E-field
induced effective magnetic anisotropy field (Hegr) of 38.2 kA/m was also observed.
The reason can be attributed to a combination of several main factors. Firstly, large
transverse anisotropic strains produced in (011) PMN-PT by the E-field, which
significantly contributes to the change of in-plane magnetic anisotropy of magnetic
layer. Secondly, a weak magnetic anisotropy was obtained in the CoFe film and thus

a low magnetic anisotropy energy was needed to be overcome by the elastic stress.
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Finally, the relatively thin film thickness (< 100 nm) reduces a strain relaxation

existing in the heterostructure. Such MF heterostructure provides considerable

opportunities for E-field controlled multifunctional devices.
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Chapter 6

6 Electric field-controlled magnetization in

bilayered magnetic films

In Chapter 5, large volatile magnetization changes were demonstrated in single layer
CosoFeso films with different thicknesses. In this chapter, E-field-controlled non-
volatile magnetization changes in bilayered ferromagnetic films were studied for the
application in magnetoelectric random access memory (MERAM). Bilayered
magnetic films CosoFeso/Metglas (Fes1B13.5S135C,) were RF sputtered on both (001)-
oriented and (0l1)-oriented PMN-PT (lead magnesium niobate-lead titanate)
substrates. The bilayered films show excellent soft magnetic properties with high
magnetostriction due to the Metglas layer having an extremely low coercive field (H.
~ 1.13 Oe [1] or 0.09 kA/m) and relatively high magnetostriction constant (A = 35
ppm [1]). The H; of 65 nm CoFe film on (001) Si substrate is reduced from ~ 1
kA/m to ~ 0.24 kA/m when a 24 nm thick Metglas layer is introduced (Fig. 6.1).
Meanwhile, the A is also improved from 35 + 5 ppm to 60 + 10 ppm (Fig. 6.7 (c)).
Such bilayered films with low H. and high A provide great opportunities to control
magnetization direction with low power in magnetoelectric heterostructures. In
addition, a large lattice mismatch (~ 28.9%) between the CoFe (acor. = 2.858 A [2])
and the PMN-PT (apyn.pr = 4.021 A [3]) may induce a weak tensile strain in the film
layer, hence the introduction of the amorphous Metglas layer should eliminate this

potential strain.
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Fig. 6.1 The magnetic hysteresis loops measured along the easy axis of 65 nm CoFe on Si

and 65 nm CoFe on 24 nm Metglas/Si by MOKE at room temperature.

Electric field-controlled magnetization changes were observed in all these samples:
65 nm CoFe/24 nm Metglas/(001) PMN-PT, 65 nm CoFe/24 nm Metglas/(011)
PMN-PT and 30 nm CoFe/12 nm Metglas/(011) PMN-PT. The maximum magnetic
remanance ratio change (AM,/M;) was 46% for 65 nm CoFe/24 nm Metglas/(001)
PMN-PT. In this heterostructure, the electric-field created two new non-volatile
remanance states and the as-grown remanance state was altered permanently. In the
30 nm CoFe/12 nm Metglas/(011) PMN-PT sample, a large AM,/M; of 80% along
the [100] direction was measured, while the AM,/M; along the [01-1] direction was
60% at the applied electric field of 5 kV/cm, corresponding to a giant ME coupling

constant o = poAMY/E = 2.9 x 10 s/m.
6.1 Sample fabrication and measurements

Bilayered ferromagnetic films of CoFe/Metglas were directly deposited onto both
(001) and (011)-oriented PMN-PT substrates (i.e. PMN-PT1 and PMN-PT2 (see

Table 4.1)) without breaking the vacuum by RF sputtering in a Nordiko NM2000 RF
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deposition system (see section 4.1.1). These growth parameters (the sputtering power
75W, working pressure 5.0 + 0.1 mTorr and base pressure 1.2 + 0.2 x 10~ mTorr)
were chosen based other experimental results, where the CoFe thin film sputtered at
higher sputtering power (P) 150 W and 200 W and with the Metglas underlayer
sputtered at only 75 W showed a larger coercive field, as shown in Fig. 6.2. The
coercive field (H¢) was increased significantly from 0.24 kA/m to 5.89 kA/m when
the P for the CoFe thin film was increased from 75 W to 200 W. Moreover, the
magnetic anisotropy induced by an in-situ H-field was weakened when the higher P
(200 W) was used, as shown in Fig. 6.3. These results are consistent with those for
only CoFe films without the underlayers in Fig. 5.3 (Chapter 5). Magneto-optical
Kerr effect (MOKE) measurements were used to investigate magnetic properties
when a series of dc E-fields were applied to the substrates, as shown in the schematic
in Fig. 6.4 (and described in section 4.4). The normalized remanent magnetization
(M,/M) and anisotropic field (Hyx) were taken from the magnetic hysteresis loops.
The Hyx was taken at the M/Ms = 1. The effective saturation magnetostriction
constants (1) were measured using a technique [4] based on the Villari effect (section
4.3.1). Cross-sectional transmission electron microscopy (TEM) specimens were
prepared by Focused Ion Beam (FIB) in FEI Quanta 200 3D and observed on both

FEI Tecnai T20 and Jeol 2010F operating at 200 kV (section 4.2.3and 4.2.4).
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Fig. 6.2 The magnetic hysteresis loops measured along the easy axis of 65 nm CoFe

sputtered at 75W, 150W and 200W respectively and with a 24 nm thick Metglas underlayer

on the Si substrates.
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Fig. 6.3 The magnetic anisotropy of 65 nm CoFe sputtered at 75SW (a) and 200W (b) with 30

nm Metglas underlayer on the Si substrates.
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Laser Detector

Fig. 6.4 A schematic (not to scale) of 65 nm CoFe/24 nm metglas/400 pm (001) PMN-PT
heterostructure. Magnetic properties were measured by MOKE system. Magnetic field (H-
field) was fixed and applied in plane, while the E was applied through the thickness. The

sample was measured as a function of rotating angle.

6.2 Microstructure of bilayered films and interface

To investigate an effect of the sputtering power P on the microstructure of CoFe thin
film grown on the Metglas layer, the sample with the Si substrate was first
investigated. Fig. 6.5 shows the XRD spectra of these samples using the Si substrate.
In Fig. 6.5, all samples show a stronger (110) diffraction peak of the CoFe thin film,
compared with that of the only CoFe thin film without Metglas underlayer (Fig. 5.4).
Moreover, for the sample sputtered at 200 W, when the Metglas thickness is
increased from 24 nm to 30 nm, the (110) diffraction peak becomes stronger. All
these results indicate the underlayer induces the stronger (110) texture in the 65 nm
CoFe film. Similarly, the increased P also favors the strengthened (110) texture.
However, as shown in Fig. 6.3, the in-plane anisotropy for the sample sputtered at

200 W almost disappears, which suggests that the enhancement of out-of-plane
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texture with the increasing power (Fig. 6.5) does not affect the in-plane magnetic
anisotropy. The reason may be understood that domain wall pinning is dominating
the magnetization process. At the P of 75 W, the (110) peak shows the weakest
strength and the (200) peak can be also observed. However, the (200) peak
disappears and the (110) peak becomes stronger as the P increases to 150 W and 200
W. In addition, the (110) peak shifts towards a higher 20 degree compared to the
standard diffraction pattern position (cited from PDF#04-003-5514), which suggests
that a compressive strain exists in the film based on the Bragg law 2dsinf = A. In
addition, the minimum grain size (t) can be estimated by the Scherrer formula [5]
(equation 3.1, Chapter 4): t = 0.9A/(BcosOg ), where B is almost same for these
samples, at about 0.0087 (in radians) (0.5°) and 05 is slightly different but around

22.5 £ 0.1 degrees. Therefore, the calculated gain size is about 17.2 = 0.1 nm.

107 7 7/
1— 65 nm CoFe (75 W)/24 nm Metglas

1— 65 nm CoFe (150 W)/24 nm Metglas
{— 65 nm CoFe (200 W)/24 nm Metglas
65 nm CoFe (200 W)/30 nm Metglas

10

Intensity in log scale (a.u.)

1(110)

10

42 44 46 64 66 68
20 (degree)

Fig. 6.5 XRD spectra of 65 nm CoFe sputtered at 75W, 150W and 200W respectively and

with a 24 nm and 30 nm thick Metglas underlayer on the Si substrates.
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To understand the microstructure of the magnetic films and interfaces in the
heterostructures, cross-sectional TEM was undertaken. Fig. 6.6 (a) gives a bright
field TEM image of the cross-section for the 65 nm CoFe/24 nm Metglas/PMN-PT
heterostructure, while Fig. 6.6 (b) and (c) give high-resolution TEM (HRTEM)
images and selected area electron diffraction (SAED) pattern (d) for the 65 nm film.
Fig. 6.6 (¢)-(h) give both HRTEM and TEM images for the 65 nm CoFe/24 nm
Metglas/Si heterostructure. In Fig. 6.6, a uniform Metglas underlayer thickness is
observed. The interface between the amorphous Metglas film and the PMN-PT (Fig.
6.6 (b)) is well-defined and smooth while that between the Metglas film and the
CoFe film (Fig. 6.6 (c)) is much rougher with about 1-2 nm roughness. The CoFe
film still shows a polycrystalline structure with an out-of plane [110] texture even on
the amorphous layer, as shown in Fig. 6.6 (d). To compare, the same films were also
deposited on the Si substrate and observed using TEM. As shown in Fig. 6.6 (¢) and
(f), the interface between the Si substrate and the Metglas layer is not as sharp as that
between the PMN-PT and the Metglas layer due to the native 1-2 nm thick oxide
layer in position on the Si substrate which is also observed in Fig. 5.5 (a) (Chapter 5).
In Fig. 6.6 (h), the amorphous morphology is seen between the Metglas layer. The
non-uniform thickness of CoFe layer was produced artificially by the final milling

(see section 4.2.3) during the TEM sample fabrication.
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PMN-PT PMN-PT

w200
w211

Metglas ;

Fig. 6.6 Cross-sectional bright field TEM image (a) and HRTEM images (b) and (c) of the
65 nm CoFe/24 nm Metglas/PMN-PT heterostructure. The SAED pattern (d) of 65 nm CoFe
film in the CoFe/Metglas/PMN-PT heterostructure. Cross-sectional HRTEM images (e) and

(f) and bright field TEM images (g) and (h) of the 65 nm CoFe/24 nm Metglas/Si

heterostructure.
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6.3 Non-volatile magnetization change by the electric field

In this section, three samples 65 nm CoFe/24 nm Metglas/(001) PMN-PT, 65 nm

CoFe/24 nm Metglas/(011) PMN-PT and 30 nm CoFe/12 nm Metglas/(011) PMN-

PT are characterised. Especially, in 65 nm CoFe/24 nm Metglas/(001) PMN-PT

sample, a non-volatile magnetization change is obtained.
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Fig. 6.7 Electric-field dependence of magnetic hysteresis loops in 65 nm CoFe/24 nm
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Metglas/(001) PMN-PT (a) and (b), in 65 nm CoFe/24 nm Metglas/(011) PMN-PT (d) and
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in 30 nm CoFe/12 nm Metglas/(011) PMN-PT (e) and (f). The variation of effective

saturation magnetostriction constants (A) with Metglas thickness (x) (c).

Fig. 6.7 shows a strong magnetoelectric (ME) coupling in all samples of both (001)-
oriented and (011)-oriented PMN-PT substrates. For the [100] crystallographic
direction (Fig. 6.7 (b), (d) & (f)), when the applied E-field increases, the M,/M;
reduces and Hy increases. In contrast, M,/M; increases and Hy reduces along either
direction [010] (Fig. 6.7 (a)) or [01-1] (Fig. 6.7 (¢)) due to a compressive strain along
[100] and positive magnetostriction constant (A) for the bilayered thin films. As
shown in Fig. 6.7 (c), the A increases from 35 = 5 ppm to 60 + 10 ppm when the
Metglas thickness is greater than 6 nm. The reason may be attributed to a negative
interface effect [6] removed by Metglas underlayer between CoFe and substrate. In
addition, the A for the bilayered magnetic films of 65 nm CoFe/24 nm Metglas and
30 nm CoFe/12 nm Metglas is similar at around 60 ppm. However, the thinner
bilayered films show stronger ME coupling than the thicker bilayered films, as
shown in Fig. 6.7 (d) and (f), which is consistent with the previous investigation [7]
on the effect of magnetic layer thickness on ME coupling. Reducing the magnetic
layer thickness can cause a reduction in the strain relaxation and thus increase the
ME coupling. In the 30 nm CoFe/12 nm Metglas/(011) PMN-PT sample, a
maximum AM,/M; is 80 % measured along the [100] direction at the applied E-field
of 10 kV/em (Fig. 6.7 (f)), while along the [01-1] direction AM/M;s is 60% at the
applied E-field of only 5 kV/cm (Fig. 6.7 (e)), corresponding to a giant ME coupling
constant [8] o = LAM/E = 2.9 x 10 s/m, which is much larger than 1.6 X 107 s/m
[9], 4.55 x 107 s/m [10] and 8 x 107 s/m [7] reported in monolayer magnetic film

systems. In addition, it is noted that the H, increases significantly by a factor of three
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when the E-field of 10 kV/cm was applied to the 65 nm CoFe/24 nm Metglas/(011)
PMN-PT sample (Fig. 6.7 (d)). For (001)-oriented PMN-PT’s heterostructure, more
detailed magnetization change induced by the E-field is discussed as follows from

Fig. 6.8 to Fig. 6.13.

1 +6 kV/em (a) I -0.75 kV/em (b)
+3 kV/em = : ——-3kV/ecm
0kV/ecm V f — -4 kV/cm

—-0.75kV/ecm —-6kV/cm
s o] 3 o
= =
<l __g—:éb -1 _A;&}
From +6 kV/cm to -0.75 kV/cm From -0.75 kV/cm to -6 kV/cm
-20 0 20 -20 0 20
H (kA/m) H (kA/m)
= -6 kV/em ¢) | +0.5 kV/em (d)
—-3kV/em +2 kV/ecm =
0kV/ecm +3 kV/em
+0.5 kV/em +6 kV/cm
S 0 2 o
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N . N o
From -6 kV/cm to +0.5 kV/cm . l~'r01ln +0.5 kV/cm V to +6 kV/cm ‘
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Fig. 6.8 Selection of magnetic hysteresis loops of 65 nm CoFe/24 nm Metglas/(001) PMN-

PT heterostructure measured along [010] at different applied electric field.

Fig. 6.8 (a)-(d) show the normalized hysteresis loops measured along [010] with the
varying E-field. All loops measured are clear and symmetric. Only some selected
loops are shown in Fig. 6.8 to avoid too much confusion. The arrows indicate the
variation trend of My/M; with the varying E-field magnitude and direction. The

squareness of the hysteresis loops first reduces as the E-field reduces from +6 kV/cm
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to -0.75 kV/cm (Fig. 6.8 (a)) and then increases as the E-field increases from -0.75
kV/cm to -6kV/cm (Fig. 6.8 (b)). The similar changes are also observed in Fig. 6.8 (¢)
and Fig. 6.8 (d). In addition, when the squareness reduces, the saturation field
increases correspondingly, and vice versa, which suggests that the magnetization

along [010] becomes alternatively easy and hard with the varying E-field.
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Fig. 6.9 Electrical dependence of the M,/M; (a) and Hy (b) along [010] with different E
sweeping directions in 65 nm CoFe/24 nm Metglas/(001) PMN-PT heterostructure. The

arrows indicate the E-field sweeping direction.

119



Chapter 6

Fig. 6.9 (a) and (b) show the electrical dependence of the M,/M; and Hy along [010]
direction with two opposite sweeping fields from + 6 kV/cm to — 6 kV/cm and from
- 6 kV/em to + 6 kV/em, respectively. Both M,/Ms and Hy are taken from the
hysteresis loops (Fig. 6.8). The M,/M; is taken at H-field = 0 kA/m, while Hy is taken
at M//M; = 1. The arrows indicate the E-field sweeping direction. The changes in
M,/M; and Hyg show typical “butterfly” curves dependence on the E-field, which
resembles curves of piezoelectric strains against the E-field change (Fig. 6.10),

suggesting that piezoelectric strains induce the strong ME coupling through the

inverse magnetostrictive effect.

1000 - g v

5004 . e g

e (ppm)

E (kV/em)

Fig. 6.10 The in-plane piezoelectric strains (€) against the applied E-field curve cited from

[13]

The sharp valleys and peaks of the curves in Fig. 6.9 are caused by a large nonlinear
strain jump below the ferroelectric coercive field (E. = 2 kV/cm), which is attributed

to the reorientation of non-180° ferroelectric polarization [11]. When the E-field
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changes from +6 kV/cm to -6 kV/cm, the nonlinear strain jump happens at -0.75
kV/cm, while when the E-field changes from -6 kV/cm to +6 kV/cm, the strain jump
happens at +0.5 kV/cm. Both M,/M; and Hy are altered at the same E-field. The
comparable change ratios of M,/M;, Hy and H, to the initial values are 71%, 76% and
69%, respectively. In addition, a non-volatile magnetization change of 16.1% is
demonstrated, as shown in Fig. 6.9 (a). Two distinct bistable magnetization states “1”
and “2” are created by the different sweeping E-field direction and can be also
controlled reversibly by the E-field. Therefore, theoretically, these can be directly
read out electrically by magneto-transport measurements [12], which demonstrates
the potential for the MERAM memory cell application. A short voltage impulse can
change the magnetization without needing a continuous E-field and an opposite
voltage signal can return the magnetization to the other state. This may be typically
utilized to develop fast, low-power and high-density information storage device by
E-field instead of the H-field generated by bulky and energy-consumed

electromagnets.

For investigating ME coupling dependence of in-plane crystallographic orientations,
the measurements of magnetic properties were also carried out along the [100]
direction. Fig. 6.11 (a) and (b) show the electrical dependence of M,/M; along [100]
with the different E-field sweeping direction. The arrows indicate the E-field
sweeping direction. The results along [010] are also plotted in Fig. 6.11 for
comparison and contrast. The opened symbols (square and circle) represent the as-
grown M,/M; along [010] and [100], respectively. The as-grown M,/M; are taken
from magnetic hysteresis loops measured along [100] and [010] before any applied
E-field. It is seen that the results between the two directions of [100] and [010] show

an opposite variation trend, which is consistent with previous reports [7,14,15]. The
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positions of valleys and peaks along [100] and [010] are the same, with +0.5 kV/cm

in Fig. 6.11 (a) and -0.75 kV/cm in Fig. 6.11 (b). The M,/M; along [100] and [010] for

the as grown sample are 0.67 and 0.69, respectively.
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Fig. 6.11 Electrical dependence of the M,/M; along [100] and [010] with different E-field
sweeping directions (a) from -6 kV/cm to +6 kV/cm and (b) from +6 kV/cm to -6 kV/cm in
65 nm CoFe/24 nm Metglas/(001) PMN-PT heterostructure. The arrows indicate the
direction of the E-field sweeping. The M,/M; along [100] and [010] for the as grown sample

was also plotted.

When the E-field sweeps from -6 kV/cm to 0 kV/cm, the M,/M; along [100] and
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[010] become 0.69 and 0.55, while when the E-field sweeps from +6 kV/cm to 0
kV/cm, the M,/M; along [100] and [010] become 0.48 and 0.71. This suggests that
the M,/M; does not return to the as-grown state after removing the E-field regardless
of the E-field direction, but remains a permanent change in magnetization state and
anisotropy. The reason is that the E-field creates two stable remaining strain states

which are transferred to the bilayered magnetic films due to the elastic coupling.
6.4 Magnetic anisotropy change by the electric field

To investigate a more detailed magnetic anisotropy change in the multiferroic
heterostructure, magnetization changes were measured along a series of different

angular directions (0°-360°).
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Fig. 6.12 Easy axis and hard axis magnetic hysteresis loops of CoFe/metglas/(001) PMN-PT

heterostructure measured at different applied electric field.
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Fig. 6.13 The angular dependence of the M,/M; (a) and H, (b) with the increasing applied E:
0 kV/em, +3 kV/cm and +6 kV/cm in in 65 nm CoFe/24 nm Metglas/(001) PMN-PT

heterostructure

An obvious change in the strength of anisotropy can be seen directly from some
magnetic hysteresis loops selected, as shown in Fig. 6.12. Fig. 6.13 shows an angular
dependence of the M,/M; and Hi in the 65 nm CoFe/24 nm Metglas/(001) PMN-PT
sample. The 0° corresponds to the [010] direction of PMN-PT substrate. The
magnetic anisotropy in both M,/M; and H; is weak uniaxial almost isotropic without
the applied E-field. With the increasing E-field to +3 kV/cm and +6 kV/cm, the
anisotropy 1is steadily strengthened. At the maximum E-field of +6 kV/cm, the
bilayered magnetic films show uniaxial anisotropy. The magnetization becomes easy
along [010], while it becomes hard along [100] due to the E-field inducing positive

effective Hy along [100] and negative effective Hy along [010].

The results are consistent with the previous reports in CoPd/(001) PMN-PT system

[7] and NiFe;04/(001) PMN-PT system [14]. Similarly, for Fe;O4/PZT (d31 = d32 < 0)
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system[16], a large change M; of 44 % was also observed when an external magnetic
field was along the in-plane direction. However, the reason why the in-plane biaxial
strain can induce the large in-plane anisotropy change was not explained in these

reports.

Here, the magnitude of the compressive strains along [100] and [010] is thought to
be different, which leads a total compressive strain along a sole direction. The reason
may be attributed to some factors. For example, the crystal is not perfectly grown or
cut. Therefore, the uniaxial anisotropy is induced by the biaxial compressed strains
[3] with an estimated total compressive strain (A e= -0.07% cited from [14,15])

along [100] at applied E-field of 6 kV/cm.
6.5 Magnetoelectric memory

A hysteresis loop of the MR measured along [100] as a function of the applied E-
field is demonstrated in Fig. 6.14. When the E-field changes from -2 kV/cm to 1.75
kV/cm or from -0.75 kV/cm to -1.75 kV/cm, the magnetization is along [100], while
when the E-field changes from 6 kV/cm to -0.75 kV/em or from 1.75 kV/em to 6
kV/cm, the magnetization is along [010]. Based on the anisotropic magnetoresistance
effect (AMR) [17], when the magnetization is parallel to a test current, a low MR is
measured, while when the magnetization is perpendicular to the test current, a high

MR is measured.
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Fig. 6.14 A hysteresis loop of MR as a function of the applied E with magnetization change.

On the other hand, when a non-magnetic metal layer is introduced between the two
magnetic films, with the bottom film magnetisation pinned in a fixed direction, then
based on the GMR effect, the low MR is measured when magnetization in the free
magnetic layer is parallel to that in the pinned magnetic layer, while the high MR is
measured, when magnetization in free magnetic layer is anti-parallel to that in
pinned magnetic layer. The parallel and anti-parallel magnetization between the free
layer and the pinned layer is easy to achieve by choosing ferromagnetic films with

obvious different A. For example, when the pinned magnetic layer has a small A, a
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piezoelectric strain will not cause an obvious magnetization and magnetic anisotropy
change in this layer. In contrast, when the same amount of strain is applied on the
free layer with a much larger A, it will cause the obvious magnetization and magnetic
anisotropy change. Initially, the magnetization between two layers is assumed to be
parallel. Then, when the strain is applied, the magnetization between them can be
anti-parallel. In this chapter, the work is focused on E-field controlled magnetization
change for bilayered magnetic films, the real either AMR or GMR change remains to

be done.

6.6 Summary

In summary, HRTEM images show a sharp and smooth interface between Metglas
and substrate and conversely a rougher interface was observed between Metglas and
CoFe films. Strong ME coupling was observed in all these heterostructures: 65 nm
CoFe/24 nm Metglas/(001) PMN-PT, 65 nm CoFe/24 nm Metglas/(011) PMN-PT
and 30 nm CoFe/12 nm Metglas/(011) PMN-PT based strain mediated mechanism.
The giant ME coupling constant o = 2.9 x 10° s/m was demonstrated in 30 nm
CoFe/12 nm Metglas/(011) PMN-PT heterostructure due to the improved A and
reduced magnetic layer thickness. The non-volatile magnetization change was shown
in 65 nm CoFe/24 nm Metglas/(001) PMN-PT heterostructure. Two new created
bistable magnetization states could be reversibly controlled by an E-field, while the
as-grown state was permanently altered. Based on GMR or AMR, the MERAM
memory cell was proposed for the fast, low-power and high-density information

storage.
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Chapter 7

7 Strain-mediated converse magnetoelectric
coupling strength manipulation by a thin titanium

layer

In this chapter, the effect of the introduction of a thin Ti buffer layer (0-10 nm) on
the ME coupling strength in CoFe/PMN-PT heterostructures was investigated. The
effect of the underlayer on magnetic thin films has been widely studied [1-6] in the
past few decades. The thin underlayer could lead a change of the texture and the
stress in the magnetic thin films. Jung et al. [3] found a thin Cu underlayer changed
the preferred orientation from (200) to (110) in the CoFe films and thus improved
the magnetic softness. In this chapter, a record high remanance ratio (M,/Mj)
tunability of 100% has been demonstrated in a 50 nm CoFe/8 nm Ti/PMN-PT
heterostructure. Magnetic energies were calculated to explain the experimental

results.
7.1 Sample fabrication and measurements

50 nm thick CoFe/x nm Ti films (x =0, 2, 4, 6, 8, 10) were RF sputtered on the (011)
oriented PMN-30%PT substrate with mean surface roughness 1.31+0.08 nm at room
temperature (see section 3.1.1). The polished substrate [7] was cleaned prior to use
with n-Butyl acetate, acetone and IPA. An in-situ magnetic field (H-field) of 65.3
kA/m was applied along the [100] crystallographic direction of the PMN-PT

substrate during the growth of the CoFe film for obtaining a maximum normalized
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remanence (M,/M;s) ratio (~ 1) and thus maximum variation in My/Ms. The (011)
PMN-PT (PMN-PT3, see Table 4.1) was used in this study due to its large
anisotropic strains. The piezoelectric constant d33 was measured to be 400 + 10 pC/N
for all these substrates on a d33 testing meter in the Functional Ceramic Lab,
University of Sheffield. The difference between all PMN-PT substrates used in this
work was ~2.5% arising from the d33 measurement. The polarization (P) and out of
plane piezoelectric strain (g,) of the (011) PMN-PT substrate as a function of the E-
field was measured ' using triangular voltage waveforms by a ferroelectric hysteresis
measurement tester (National Physics Laboratories, UK) [8]. The piezoelectric strain
was converted to a voltage signal by a pair of NXB2-AL nanosensors and sent to a
digital voltmeter for acquiring data [9]. When the overall volume of the substrate is
kept constant, the in-plane piezoelectric strain (ey+y) is -€,. Magneto-Optical Kerr
Effect (MOKE) measurements (see section 4.3) were used to investigate the
magnetic properties when a large range dc E-fields (0-17 kV/cm) were applied to the
MF heterostructures (see section 4.4). The CoFe film and the bottom Au on the
PMN-PT surface were used as the electrodes. To test the CoFe electrode, the electric
capacity was measured to be about 3000 pF using an impedance analyzer, which is
comparable to a sample with two Au electrodes. The effective saturation
magnetostriction constants (Aefr) (see section 4.3.1) were measured using a technique
[7,10] based on the Villari effect. To investigate the microstructure of the
heterostructure, X-ray diffraction (XRD) measurements (see 4.2.2) were made on the

samples using a Siemens D5000 X-ray diffractometer with CuK, radiation. Cross-

! This measurement was carried out by Dr. Tian Ye in School of Engineering and Materials Science,

Queen Mary University of London.
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sectional transmission electron microscopy (TEM) (see section 4.2.4) specimens
were prepared by Focused Ion Beam (FIB) in FEI Quanta 200 3D (see section 4.2.3).

The fabricated TEM specimens were observed on a JEOL R005 operating at 300 kV.

7.2 Microstructure of the heterostructures

Fig. 7.1 (a) shows the XRD patterns of the 50 nm CoFe/x nm Ti/PMN-PT
heterostructures at a scan speed of 0.23 degree/min and the 65 nm CoFe/PMN-PT
heterostructures at a scan speed of 0.5 degree/min. It shows strong (011) and (022)
diffraction peaks for the PMN-PT substrate. The vertical lines indicate the 26
position of the standard diffraction peaks (110) and (002) (cited from PDF#04-003-
5514) for the CoFe film. The weak (110) diffraction peak of CoFe film at 26 = 44.9°
is only seen on a smaller intensity scale (Fig. 7.1 (c)), while the (002) diffraction
peak at 20 = 65.3° overlaps with the strong PMN-PT (022) peak at 26 = 65.5° and
thus it is hard to observed, as shown in Fig. 7.1 (b). The (110) peak of CoFe is clearly
observed for 50 nm CoFe without Ti, however, the peak disappears when the Ti
layer was added, with all data being taken at the same scan conditions. This suggests
that the Ti layer promotes random orientation of the CoFe grains, which is helpful to
reduce the magnetocrystalline anisotropy energy contribution to total magnetic

energy and thus makes the magnetoelastic energy dominant.
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Fig. 7.1 (a) XRD spectra of 50 nm CoFe/x nm Ti/PMN-PT and 65 nm CoFe/PMN-PT
heterostructures. (b) and (c) show the enlarged parts around the (002) and (110) diffraction

peaks of the CoFe film, respectively.
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100 nm \ / 20nm  PMNPT

N
Y

Fig. 7.2 ? (a), (c) and (e) The BF STEM image and SAED pattern of CoFe/2 nm Ti/PMN-PT
heterostructure. (b), (d) and (f) The HAADF image and SAED pattern of the CoFe/8 nm

Ti/PMN-PT heterostructure. “1” and “2” refer to the different selected diffraction areas.

In Fig. 7.2 (a), the bright field (BF) scanning TEM (STEM) image shows a uniform
thickness for both CoFe and Ti layers. In Fig. 7.2 (b), the High Angle Annular Dark

Field (HAADF) image shows columnar growth structure of CoFe film, with an

* This work was carried out with help from Dr. Joanne Sharp on a JEOL R005.
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average columnar grain size of 3.6 £ 0.5 nm in the CoFe/8§ nm Ti/PMN-PT
heterostructure, which is almost same as that of 3.3 + 0.5 nm in the CoFe/ PMN-PT

heterostructure[7].

Selected area electron diffraction (SAED) pattern (Fig. 7.2 (c)-(f)) show the
polycrystalline structure of CoFe film. The areas “1” and “2” show almost the same
diffraction pattern for both heterostructures, which suggests the films were grown
uniformly as expected. However, the crystalline plane of (110) in CoFe film for the
CoFe/2 nm Ti/PMN-PT and the CoFe/8 nm Ti/PMN-PT heterostructures shows
weaker diffraction than that for the CoFe/ PMN-PT heterostructure [7], which is
consistent with XRD results of CoFe film. It is also observed that there are some
spots on the diffraction ring, which suggests that the columnar grains are composed

of randomly oriented nanocrystals.

7.3 Piezoelectric strain and ferroelectric measurement

Fig. 7.3 shows the P and ¢ of (011) PMN-PT substrate as a function of the E-field.
The ferroelectric and piezoelectric properties were studied at an alternating E-field
with a maximum amplitude of 16 kV/cm and a frequency of 0.5 Hz. The ¢-E loop
was measured with applying three different E-field ranges, as shown in Fig. 7.3 (a).
The range “1” and “3” includes both the positive and negative E-field directions,
hence the ¢-E loop is called a bipolar loop, while the range “2” is only the positive E-

field direction, hence, the loop is a unipolar loop [11].
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Fig. 7.3 ’ (a) In-plane piezoelectric strain loop of (011) oriented PMN-PT with the applied

different E-field ranges: range 1 between -16 kV/cm and +16 kV/cm, range 2 between 0

kV/em to +16 kV/cm and range 3 between — 8 kV/cm and + 8 kV/cm. (b). Ferroelectric

hysteresis loop.

It is seen that the unipolar and bipolar &-E loops depend on the applied E-field range.

The strain value at the same E-field is different for the three different ranges. It also

? Data courtesy of Dr. Tian Ye
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shows an obvious hysteresis characterization. Therefore, in this chapter, all samples
were measured with the same applied E-field range (Range 2) to rule out any effect
of the E-field range on the strain. In Fig. 7.3 (b), the ferroelectric coercive field taken
from the P-E loop is ~3.5 kV/cm and slightly higher compared to ~2 kV/cm reported
previously [11], which results in the larger operational E-field up to around 16

kV/cm compared with the reported [12,13] 10 kV/ecm for PMN-PT single crystal.
7.4 Electric field controlled magnetic properties

Fig. 7.4 and Fig. 7.5 show the strong E-field dependence of the hysteresis loops
measured along [01-1] and [100] in the 50 nm CoFe/x nm Ti/PMN-PT
heterostructure (x = 0, 2, 4, 6, 8, 10), respectively. As we can see, the magnetization
process along [01-1] becomes easy (Fig. 7.4), while the magnetization process along

[100] becomes hard with the applied E-field (Fig. 7.5) in all samples.

The results can be qualitatively analysed by the strain induced domain wall motion.

The magnetoelastic energy can be described as [14]:
Eme = (—3/2)Aocos?6 (7.1)

Where A and o are the magnetostriction constant and stress, while 0 is the angle
between the saturation magnetisation (M;) and o. For minimizing the Ey. in the
system, the external E-field induces tensile strain (i.e. ¢ > 0) along [01-1], causing
more magnetic moments to align along this tensile stress direction due to the positive
A. When the H-field is applied along [01-1], a lower H-field will be required to
saturate the sample due to the relatively easy 180° wall motion [14]. In contrast, the

compressive stress (¢ < 0) along [100] causes more magnetic moments to align
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perpendicular to [100]. Thus, when the H-field is applied along [100], a higher H-

field is required to rotate the magnetic moments 90° into the [100] direction.
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Fig. 7.4 Electric dependence of magnetic hysteresis loops measured along [01-1] in 50 nm

CoFe/x nm Ti/PMN-PT heterostructures.
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Fig. 7.5 Electric dependence of magnetic hysteresis loops measured along [100] in 50 nm

CoFe/x nm Ti/PMN-PT heterostructures.

It is also seen that the magnetoelectric coupling strength (i.e. E-field induced
magnetization change magnitude) depends on the different Ti layer thickness.
Briefly, with increasing Ti layer thickness, the coupling strength increases gradually

and achieves a maximum. In Fig. 7.5, it is clear that the E-field of 16 kV/cm or 17
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kV/cm induced the higher and higher saturated field along [100] as the Ti layer
thickness increases from 0 nm to 4 nm. More detailed analysis was carried out in Fig.

7.6 & Fig. 7.8.
7.5 Magnetoelectric coupling strength manipulation

Fig. 7.6 shows the detailed variation in the M,/M; taken from the magnetic hysteresis
loops (Fig. 7.4 & Fig. 7.5) measured along [01-1] and [100] at each applied E-field in
these heterostructures. When the E-field is increased, the M,/M; is increased along
the [01-1] direction towards 1 and reduced along the [100] direction towards 0 in all
the samples. As the E-field is increased further, the M,/M; along [01-1] is almost
constant close to 1, while the My/M; along [100] is decreased as the E-field is
increased. At the E-field of 17 kV/cm, the maximum M,/M; change along [100] is 72%
for the sample without Ti layer, corresponding the o of 1.0 x 10 s/m, while a larger
M,/M; change of 100% is reached at the E-field of 16 kV/cm for the sample with 8
nm Ti layer, corresponding the o of 1.5 x 10" s/m. This suggests the addition of a Ti

layer significantly improves the converse ME coupling strength.
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Fig. 7.6 (a) and (b) The normalized remanance (M,/M;) as a function of applied E-field in 50

nm CoFe/x nm Ti/PMN-PT heterostructure along [01-1] and [100], respectively.

In Fig. 7.7, the magnetoelectric coupling constant o at 9 kV/cm is shown for
comparison and contrast with the results in Chapter 4. The maximum o of 2.1 x 10
s/m in the 50 nm CoFe/8 nm Ti/PMN-PT3 heterostructure is slightly smaller than
that of 2.5 x 10 s/m in the 65 nm CoFe/PMN-PT2 (see section 4.5). The reason is

due to a lower piezoelectric coefficient d3; of the PMN-PT3 substrate (see Table 4.1).
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Fig. 7.7 The calculated magnetoelectric coupling constant a at 9 kV/cm for different Ti

thickness. More information about a calculation can be found in section 5.5.

It is also observed that the E-field induced magnetization change difference between
[01-1] and [100] under the E-field ranging from 0 kV/cm to 16 kV/cm due to the
anisotropic strains along these two in-plane directions. In the low applied E-field
range (i.e. 0-2 kV/cm), the M,/M; change is relatively larger along [01-1] than that
along [100]. In 50 nm CoFe/10 nm Ti/PMN-PT heterostructure, the M,/M; measured
along [01-1] increases from 0.6 to 0.9, while that change along [100] is the decrease
from 0.98 to 0.9. The reason is that a tensile strain jump occurs at the 2 kV/cm, as
shown in Fig. 7.3 (a). In contrast, when the E-field is in the higher range from 4
kV/em to 16 kV/cm, the total in-plane piezoelectric strain ex+y becomes a
compressive strain. Therefore, the M,/M; decrease along [100] is larger from 0.82 to

0.25 in this E-field range in the 50 nm CoFe/10 nm Ti/PMN-PT heterostructure.

The total magnetic energy (Eotw1) of the samples can be described as [13]:
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Etotal = Ezeeman + Ems + Eme + Echarge + Euni (72)

where E ceman, Ems, Eme, Echarge and Eyp; are the Zeeman energy, magnetostatic energy,
magnetoelastic energy, charging induced surface anisotropy energy and uniaxial

magnetic anisotropy energy. In the present work, only the last three energy terms are

changed.
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Fig. 7.8 (a) The E-field induced maximum effective anisotropy field Hy.sr and the effective
saturation magnetostriction constant A.g. (b) The anisotropy field Hy without the applied E-

field and the calculated E,,; for the different Ti thickness.
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Firstly, when the conductive Ti layer is introduced into the interface between the
CoFe and the PMN-PT substrate, the charge accumulation is hindered on the
interface due to the metallic short charge screening length [13]. Therefore, Echarge 1S
reduced in the sample with the addition of the Ti layer. Next, the E,, without E-field
can be calculated as [15]: Euni = (1/2)HiM;, where the anisotropy field Hy is taken
from the measured hysteresis loop at the M/M; = 1 and shown in Fig. 7.8 (b) and M;
is 1900 emu/cm’ taken from the reference [16]. As shown in Fig. 7.8 (b), when the Ti
thickness increases, the E,y; is gradually reduced. For the sample without a Ti layer,
the Euy is 43 + 1 kJ/m’, while the Eyy; is 29.8 + 1 kJ/m’ in the sample with 8 nm Ti.
Therefore, the Euy; is reduced by 13.2 kJ/m® in the 8 nm Ti sample. The anisotropy
change also can be clearly observed in Fig. 7.9, which shows the M,/M; measured

along a series of angles between 0° to 360° for the 0 nm and 8 nm Ti samples.

0.2 :
—oc—0nm Ti
—«—8nm Ti
0.0 . . . . : : i
0 90 180 270 360

Angle (degrees)

Fig. 7.9 The angular dependence of Mr/Ms for 0 nm Ti and 8 nm Ti. The 0° corresponds to

the [01-1] direction of PMN-PT substrate.
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The other contribution to the ME coupling strength change by the Ti layer is the
increasing En due to the varying A with the varying Ti thickness. In a (110) textured
film, the A is given by Aii0) = (1/5)Aioo + (4/5)hi11 = 54 ppm [10], while in a
randomly orientated polycrystalline film, the A is given by Aisowopic = (2/5)hio0 +
(3/5)A111 = 78 ppm [10], where Ajop and A;;; are magnetostriction constant along the
[100] and [111] of a single crystal, 150 ppm and 30 ppm respectively [17]. As
discussed in the XRD results (Fig. 7.1 (c)), the (110) texture exists in the sample
without Ti layer, while the texture disappears in the sample with a Ti layer.
Therefore, the A can be altered due to the texture change in the CoFe film. The A is
estimated by measuring the same grown films on the Si substrate. As shown in Fig.
7.8 (a), the effective saturation magnetostriction constant A increases from 37 £ 2
ppm to 48 + 2 ppm, as the Ti layer thickness increases from 0 nm to 4 nm, similar to
the increase in A from (100) to random orientation as given above. However, when
the thickness increases further, the A.¢r is almost constant. Based on the measured A,
the En. can be deduced to be increase as Epe = 3/2AheY [15] , where Y is Young’s
modulus of CoFe. Therefore, the energy reduction of Ecparee and Euyi and meanwhile
the increase of Ep. make the E. contribution to the Ei dominant, thus produces
the stronger converse ME coupling. Here, the E.. is only qualitatively discussed
rather than precisely calculated because the € measured in Fig. 7.3 (a) is the total in-
plane strain, i.e. ex+y but the separate €, and €, are needed to know for the calculation

in the biaxial strain system.
7.6 The repeatability of the E-field controlled magnetization

To investigate the repeatability of the ME coupling, Fig. 7.11 (a) & (b), only first 16

times magnetic hysteresis loops measured at the either 12 kV/cm or 14 kV/cm are
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demonstrated because the other measured results are the same. Each magnetic

hysteresis loop measurement takes about 30 seconds in the high H-field MOKE.
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Fig. 7.10 Magnetic hysteresis loops measured repeatedly along [100] in the 50 nm
CoFe/PMN-PT heterostructure when the alternative 12 kV/cm (a) and 14 kV/cm (b) were

applied for 16 times.

The heterostructure shows a stable magnetization change between these high E-fields.

In Fig. 7.10, the measured magnetic hysteresis loops at the either 12 kV/cm or 14
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kV/cm are overlapped under more than ten times measurements. Firstly, it means
that the strain hysteresis effect is almost negligible at the high E-field range, which is
also observed in Fig. 7.3 (a). Secondly, it suggests that the elastic coupling between
the film and the substrate is strong and the strain is not relaxed gradually within
many times repeated measurements, which can be attributed to a high-quality

interface existing between the film and the substrate.

Fig. 7.11 (a)-(d) shows the magnetic properties change (taken from the magnetic
hysteresis loops, as shown in Fig. 7.10) induced by E-field in the 50 nm CoFe/PMN-
PT heterostructure, when the E-field is applied at 12 kV/cm, then at 14 kV/cm and

repeated for 30 measurements. Other heterostructures with the Ti layer also show a

similar repeatability.
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Fig. 7.11 Reproducible and quick magnetic property changes: M,/M; (a), H. (b) and Hy (¢)

with the change of E-field (d).
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Previously, the most dynamic E-field impulse induced magnetization change [13,18]
was carried out at fields lower than 8 kV/cm for PMN-PT substrates due to the poor
FE stability at the high E-field range. The results in this work suggests potential

applications in high voltage handling capability and high output power devices [19].
7.7 Summary

In summary, the effect of the introduction of a Ti layer (0-10 nm) between a 50 nm
CosoFesp layer and a (011) oriented PMN-PT substrate on the converse ME coupling
strength was investigated. Both the interface structure and the film structure were
altered by the Ti layer. A record high remanance ratio (M,/M;) tunability of 100%
has been demonstrated in the 50 nm CoFe/8 nm Ti/PMN-PT heterostructure, when
an E-field of 16 kV/cm was applied. Magnetic energy calculation showed that with
increasing the Ti layer thickness the uniaxial magnetic anisotropy energy (Eni) was
reduced from 43 = 1 kJ/m’ to 29.8 + 1 kJ/m’. The reduction of E,,; makes the strain
effect dominant in the total magnetic energy, thus gives an obvious enhanced ME
coupling strength. In addition, these heterostructures also show good high-voltage
stability suggesting potential applications in high voltage handling capability and

high output power devices.
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Chapter 8

8 Summary and Future Work

An optimal RF sputtering power (P) for soft magnetic properties was explored in
both CoFe/Si heterostructures and CoFe/Metglas/Si heterostructures. The coercive
field was increased when the sputtering power P increased from 75 W to 200 W in
both heterostructures. Therefore, the sputtering power 75 W was used in the rest of

the work.

Firstly, a single layer CoFe film was deposited on the (011) PMN-PT substrate. The
CoFe film thickness (from 30 nm to 100 nm) effect on the magnetoelectric coupling
was investigated. The magnetoelectric constant (o) has been improved by reducing
the magnetic layer thickness in the multiferroic heterostructures. A large remanance
ratio (My/M;) tunability of 95% has been demonstrated in the 65 nm CoFe/(011)
PMN-PT heterostructure, corresponding to a giant magnetoelectric constant o of 2.5
x 10 s/m, when an external electric field (E-field) of 9 kV/cm was applied.
Moreover, a large E-field induced effective magnetic anisotropy field (Hesr) of 38.2

kA/m was also observed in this heterostructure.

Secondly, bilayered magnetic films (CoFe/Metglas) were deposited on either (001)
PMN-PT or (011) PMN-PT substrate. A larger magnetoelectric constant o = 2.9 X
10° s/m was demonstrated in the 30 nm CoFe/12 nm Metglas/(011) PMN-PT
heterostructure due to the improved A and reduced magnetic layer thickness. More
interestingly, a non-volatile magnetization change was demonstrated in the 65 nm

CoFe/24 nm Metglas/(001) PMN-PT heterostructure. Two bistable magnetization
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states could be reversibly controlled by an E-field. Based on the giant
magnetoresistance (GMR) effect or anisotropic magnetoresistance (AMR) effect, the
magnetoelectric random access memory (MERAM) memory cell was proposed for

the fast, low-power and high-density information storage.

Finally, a thin Ti buffer layer (0-10 nm) effect on the magnetoelectric coupling was
investigated. A record high remanence ratio (M,/M;) tunability of 100% was
demonstrated in the 50 nm CoFe/8 nm Ti/(011) PMN-PT heterostructure, when a
total in-plane piezoelectric strain of -1821ppm was applied at an E-field of 16 kV/cm.
Magnetic energy calculation showed that with increasing the Ti layer thickness the
uniaxial magnetic anisotropy energy (Eun) was reduced from 43 £ 1 kJ/m’ to 29.8 +
1 kJ/m’. The reduction of E,,; made the strain effect dominant in the total magnetic

energy, thus gave an enhancement in the ME coupling strength.
The following future work has been proposed:

v" More mechanism studies of magnetization change by the E-field is required. In
this thesis, film thickness is above 10 nm, but for films thinner than 10 nm, the
interfacial coupling mechanism can be not negligible. Hence other coupling
mechanisms need to be taken into account.

v Electric field controlled magnetization change within nanostructured patterns
still has to be investigated for practical applications. For example, is it feasible
to control magnetic properties of each pattern independently? If so, this will be
a big progress for really magnetoelectric memory.

v' In this thesis, the non-volatile magnetization change was demonstrated.
However, the magneto-transport measurements have not been done for

electrically reading out the magnetization change within practical applications.
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Hence, the magnetoresistance measurements (GMR or AMR) have to be done

in future.
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