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ABSTRACT OF THE DISSERTATION 

 

Simulation and Optimization for Strain-Mediated  

Multiferroic Applications: Memory, Logics and Sensor/Actuator 

 

by 

 

Cai Chen 

Doctor of Philosophy in Mechanical Engineering 

University of California, Los Angeles, 2018 

Professor Gregory P. Carman, Chair 

 

Strain-mediated multiferroic materials have high energy-efficiency when used control 

magnetism using electric fields. Therefore, these materials are good candidates for magnetic 

applications, e.g. memory, logics and sensor/actuator. This dissertation focuses on the numerical 

simulation of strain-mediated multiferroic systems. Numerical codes using finite element and 

finite difference approaches, are developed and implemented to solve the fully coupled governing 

equations of micromagnetism and piezoelectricity. Part I of this dissertation provides a 

fundamental understanding of the equilibrium states of magnetic memory elements with different 

shapes or applied strains at microscale. The simulation results indicate that the equilibrium states 

depend on many factors including the geometry, the exchange constants and even the residual 

strain. Part II of this dissertation primarily discusses spin waves in the mutiferroics. Spin waves 

can be excited by traveling mechanical waves. These spin waves, known as magnetoelastic spin 
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waves, can propagate up to several millimeters of distance without significant decay. In addition, 

perpendicular standing spin waves (PSSWs) can be generated in undulating thin film, since the 

magnetic field is not uniform through the thickness. Thus, multiferroics are promising in 

applications such as spin wave excitation and high-frequency filters. In Part III, the design and 

development of micro-motors are discussed. These motors use electric field to move the soft-

magnetic beads. The simulation predicts the bead dynamics accurately, and describe how it is 

influenced by the input voltage, given the magnetic and electric properties of the piezoelectric 

substrate, the magnetoelastic disk/ring geometry and the properties of the soft-magnetic bead. In 

summary, the models developed in this dissertation provide efficient tools for the design and 

development of the multiferroic applications.  
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1. Introduction 

1.1 Motivation 

Magnetism  has been known  for more than 2500 years. [1] Applications of magnetism started 

after the discovery by Oersted in 1820 [2], that a magnetic field can be generated by passing an 

electric current through a wire. Nowadays, magnetism is everywhere in our daily lives, e.g. 

storage [3,4], logic devices [5,6] and  sensing/actuating [7,8]. In the era of Big Data, the demand 

for high quality magnetic devices are increasing dramatically for data storage, computation and 

sensor/actuator devices. [9,10]  

 

 

Table 1.1. Comparison of non-volatile memory technologies: Flash, Ferroelectric (FE), Phase-Change 

(PC), Resistive (R), Spin Transfer Torque (STT), and Magnetoelectric (Me) memories. (Data from [11])  

 

For memory applications, magnetoresistive random-access memory (MRAM) has received 

considerable research focus due to its non-volatility, high speed, and high efficiency. [3,11,12] 

The traditional MRAM method to switch magnetization direction uses either an external magnetic 

field [3] or a spin transfer torque (STT) approach [4,11]. Both approaches rely on electrical 

currents, which are inefficient due to the increase of Ohmic losses, as current carrying wires shrink 

in size.  [13] 
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Figure 1.1. The limits of Moore’s law: possible future transistor counts per chip due to economic 

limitations. (Data from [14] ) 

 

For the logic applications, the common and effective solution is complementary metal–oxide–

semiconductor (CMOS). [10] CMOS has been widely used in logic applications, namely 

processors, controllers, and memory devices, and in analog circuits, such as sensors and data 

converters since when it was patented by Frank Wanlass in 1963. [15] However, thermal 

dissipation prevents CMOS from moving forward when it is scaled to the nanometer size (see 

Figure 1.1). In addition, the energy dissipation and current leakage [10,16] associated with these 

applications adversely affect the performance of CMOS reducing its efficiency and stability. 

Researchers are seeking paths to overcome the limitation of CMOS. [14,17] 

For sensor/actuator applications, magnetic domain walls have been proposed as candidates for 

several applications. [18–20] Previous works have been focused on the manipulation of the domain 

walls using external magnetic field, to control the position of soft magnetic beads. [8,21] For 

example, Rapoport and Beach used the external field to rotate the domain walls of permalloy rings 

that controlled the location of soft magnetic beads (see Figure 1.2). [22] However, the external 
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field methods cannot realize individual bead manipulation. In biological applications (e.g. micro-

robot [23] and cell sorting [24]), the manipulation of individual beads becomes essential. As a 

result, new methods to change the magnetic domain walls are required for the future design and 

development of magnetic domain wall sensors and actuators. 

 

 

 

Figure 1.2. Soft-magnetic bead driven by applied field around the magnetic ring. (a) Schematic of 

the system; (c-d) DW velocity v.s. bead velocity for different bead diameter, out-of-plane field and different 

ring materials. [8] 

 

Multiferroic materials [25] represent one possible solution to all the above mentioned 

problems. The words “multi” and “ferroic” signifies that a material contains more than one ferroic 

property, such as ferroelectric, ferromagnetic and ferroelastic properties. The magnetoelectric (ME) 

effect of multiferroics is the result of the combination of ferroelectric and ferromagnetic properties, 

which makes it possible to modulate the magnetic moments with an electric potential, instead of 

current. The ability to locally control magnetic moments, makes multiferroics strong candidates 

for the next generation of efficient non-volatile memory devices and bead manipulation. 
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1.2 Multiferroics 

In this section, the history of multiferroics is reviewed as well as the principles of single-

phase and composite (heterostructures) multiferroics are discussed. Several important 

experimental observations are described in detail in the following paragraphs.  

 

1.2.1 Multiferroics and Single-phase ME Effect 

In Figure 1.3, multiferroics are a group of materials that have two or more properties at the 

same time: a) ferromagnetic (hysteresis magnetization-magnetic field curve), ferroelectric 

(hysteresis polarization-electric field curve) and ferroelastic (hysteresis strain- stress curve) [26]. 

Although the pioneering research can be traced back to 60 years ago, the multiferroics boom really 

occurred in the last 10 years because of potential applications, such as processors, memory, 

sensor/actuator and energy harvesting as well as the discovery of strong coupling in strain 

mediated composite. 

Ferroelectricity is considered in relation to the ferromagnetic property. In some crystals, 

highly ordered states of magnetic moments affect the polarization inside the atoms [27]. In the 

same way, some ordered polarization can create weak ferromagnetism [28]. The ideal single phase 

multiferroics does exist, but there are a very limited number of them and virtually all of them 

display weak magnetoelectric coupling. 

The reason why there are so few magnetic ferroelectrics, was explained by Hill [29]. Single-

phase multiferroic magnetoelectrics demonstrate both ferroelectric and ferromagnetic properties. 

As a result, reversed spontaneous magnetization can be achieved by switching the applied 

magnetic field and vice versa. Hill calculated the basic coefficients of some well know ME coupled 



5 
 

multiferroic materials and discussed the physics of these materials. She concluded that the d-

electrons in a transition metal (TM) have a reduced tendency for ferroelectric polarization, which 

comes from the off-center motion of the electrons. In other words, the magnetism inhibits the 

polarization, and single-phase multiferroics usually arise due to the presence of extra electronic or 

mechanical driving forces.  

 

Figure 1.3. Relationship between multiferroic and magnetoelectric. [26] 

 

Ferroelectrically induced ferromagnetism was reported by Fox in 1977. [28] Fox reported a 

completely new effect in which the magnetization is modified by an electric field in the 

antiferromagnetic BaMnF4. The Hamiltonian for the ME coupled systems is written as 

H = ∑ 𝛼𝑖𝑗𝐸𝑖𝐻𝑗𝑖,𝑗       (1.1) 

where 𝛼𝑖𝑗 denotes the ME coupling coefficient and 𝐸𝑖 , 𝐻𝑗 are electric and magnetic fields. Their 

calculation demonstrated the existence of ferromagnetism in BaMnF4, that results from 

ferroelectricity. They also predicted that the ME coupling is non-unique in BaMnF4 and that it is 

possible to demonstrate spin canting induced magnetization as long as the material has 

pyroelectricity and magnetoelectricity. Furthermore, the crystal structure should correspond to one 

of the point group symmetries: 1, m, 2’, m’, or mm’2’, listed in Table 1.2. 
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Point Group Required relations between P and M 

1 None 

m’ P||m′, M||m′ 

m P||m, M ∙ m = 0 

2’ P ∙ M = 0, P||2′ 

m’m2’ P||2||M 
 

Table 1.2. All possible point groups for ME effect. [28]  

 

From a technological point of view, the electric control of magnetization is only the beginning. 

Researchers hope to find a mutually reversed control of the ME effect. Kimura et al. [27] reported 

on a relatively new perovskite manganite, TbMnO3 which has antiferromagnetic order. The 

magnetoelastic coupling causes the lattice constant to change under an applied field. The lattice 

modulation is the cause of a spontaneous polarization. The whole process leads to the polarization 

induced only by magnetic field through direct “strain” for single phase multiferroics. 

One of the most interesting single phase multiferroics is the antiferromagnet BiFeO3 (BFO). 

Wang et al. [30] reported extraordinary polarization and other related properties in epitaxial BFO 

thin film. Structures analyzed show that the epitaxially constrained BFO thin film is a 

rhombohedral crystal structure. The spontaneous polarization in the thin film is about one order of 

magnitude higher than that of bulk BFO. The observed lattice parameters are slightly enhanced 

when the polarization changes, which are reported by ab initio calculations. In the same way, the 

lattice parameters are related to the magnetization in the 2-D system and compared to the bulk. 

The combined effect builds the interconversion of magnetization and polarization in thin film 

single phase BFO.  
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Several years after Wang’s discovery, Heron et al. [31] first reported the magnetization 

reversal in ferromagnet-multiferroic composite systems based on single phase BFO. Although 

BFO has significant magnetoelectric coupling, the antiferromagnetism does not produce an 

external magnetization for BFO. In his study, Herron grew Pt (2.5 nm)/CoFe (2.5nm) bilayers onto 

BFO (grown on the DyScO3 (DSO) substrates) to make the antiferromagnetic coupled to a 

ferromagnetic layer. The whole system demonstrates a nonvolatile and switchable ferromagnet 

induced by an electric potential at room temperature. 

Figure 1.4 shows the motion of magnetic domains under an applied electric field. The gray 

(blue) and black arrows are the schematic diagram of the [1 -1 0] projections of the polarizations 

for BFO and CoFe layers, respectively. This interface coupling “expresses” the change in 

magnetization inside the ordered antiferromagnetic state of BFO.  

 

         Figure 1.4. Left: In-plane PFM image of BFO. Right: XMCD-PEEM image of the CoFe/BFO 

heterostructure.  [31] 

 

 

1.2.2 Composite Multiferroics 

Because of the very nature that single phase multiferroics have very weak ME coupling, 

researchers developed composite multiferroics, where the magnetoelectric coupling is achieved by 
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the mediated strain. This typically occurs in mechanically coupled piezoelectric and 

magnetoelastic systems [7]. The constitutive equations for the strain mediated ME system with 

linear approximations are 

𝛔 =  𝒄𝑺 −  𝒆𝑻𝑬 −  𝒒𝑻𝑯     (1.2a) 

𝑫 =  𝒆𝑺 +  𝛆𝑬 + 𝛂𝑯     (1.2b) 

𝑩 =  𝒒𝑺 + 𝜶𝑻𝑬 + 𝛍𝑯      (1.2c) 

where σ, S, D, E, B, and H denote the stress, strain, electric displacement, electric field, magnetic 

induction, and magnetic field and e and q represent the piezoelectric and piezomagnetic 

coefficients, respectively; 𝛂 is the ME coefficient [31]. We can use Green’s function to solve the 

above constitutive equations (1.2) to get the effective ME coefficient 𝛂∗ = 〈(𝑒∗ −

𝑒)𝑇13〉〈𝑇33〉−1 = 〈(𝑞∗ − 𝑞)𝑇12〉〈𝑇22〉−1 . The stars in the above equation denote the effective 

quantities and T is the T-matrix tensor. 

 

Figure 1.5. Electrical control of magnetic single-domain evolution in Ni nanobars. [32] 
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The theoretical work has been recently confirmed by several experiments. Chung et al. [32] 

reported electric control of magnetization on a Ni nanobar/lead zirconate titanate (PZT) thin film. 

Single domain evolution from its original configuration is experimentally observed by switching 

the applied electric field. Magnetic force microscopy (MFM) is used to visually depict the spin 

reorientation as shown in Figure 1.5. The white color indicates the magnetization pointing out of 

the plane while the black color indicates it pointing into the plane.   

 

          Figure 1.6. Switch on and off the Ni nanodots by electric field in composite multiferroics. [33] 

 

Strain mediation creates an easy anisotropy direction and changes the free energy by adding 

the extra term of magnetoelastic anisotropy energy. Kim et al. [33] exploited the giant anisotropy 

created by the strain, and developed a memory device that could turn on and off the magnetization 

based on superparamagetism. As the size of the ferromagnetic nanodots are scaled down, the 

crystalline anisotropy energy is smaller than the thermal fluctuation energy at room temperature. 

Eventually, the single domain ferromagnets transit into superparamagnets whose average net 

magnetization is zero because of the random thermal fluctuations of the magnetic moment. 

However, the ME effect can generate an external magnetoelastic anisotropy through strain. As a 

result of the external strain generated anisotropy, the thermal energy is smaller than the total energy 

and the superparamagnetic particles transition into single domain particles whose magnetization 

is stable. Figure 1.6 illustrates the process: a) without electric field, the Ni nanodots are at a 
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disordered superparamagetic state; and b) with electric field, the Ni nanodots turn into ordered 

single-domain ferromagnetic state.  

 

 

1.3 Micromagnetics 

 In this section, the fundamental knowledge of micromagnetics including the basic 

assumptions and the partial differential equations are introduced. In what follows, the solution of 

the governing equations of micromagnetics in the composite multiferroic system, using finite 

element analysis is discussed in detail. 

 

1.3.1 Micromagnetic Model 

Theoretical work on magnetism is still being studied and developed today. First principle 

calculations provide exact solutions for the wave function. [34] However, the differential 

equations for multi-body system are extremely complex and do not have analytical solutions. 

Numerical methods to solve the Schrödinger’s equation represent alternative approaches to the 

above problem. Unfortunately, the time complexity of the model produces exponential growth in 

computational costs as the total number of particles increase. Sometimes, we only need 

phenomenological models to describe the magnetic behavior, provided that the model guarantees 

some margin of error which is small compared to the ab initio method. One accepted and validated 

continuum model for magnetism is called micromagnetic theory [2,13,35,36]. 



11 
 

The micromagnetic theory was first developed by Landau and Lifshitz in 1935, when they 

studied ferromagnetic domain walls. Brown developed the theory further based on the previous 

work of Weiss, Landau and Lifshitz, to build the first complete and robust model for ferromagnetic 

system: micromagnetism [37]. There are two basic hypotheses in these models: a) the magnetic 

moments (vector sum of orbital and spin moments) for atoms or ions are a continuous function of  

time and position; and b) the amplitude of the magnetization is constant (𝑀𝑆) but the directional 

vector 𝒎(𝒓, 𝑡) can be calculated by energy minimal method The magnetization can be written as 

𝐌(𝐫, t) = 𝑀𝑆𝒎(𝒓, 𝑡),     (1.3) 

where 𝐫, t are the position vector and time respectively, and the dimensionless directional vector 

𝒎 satisfies |𝒎(𝒓, 𝑡)| = 1. 

The most important part of the micromagnetic model is to develop an acceptable Gibbs free 

energy expression for the ferromagnetic system. The energy terms come from classical 

electrodynamics, quantum mechanics and solid state physics. The most fundamental expression 

consists of four energy terms: 

E = 𝐸𝑒𝑥 + 𝐸𝑎𝑛𝑖𝑠 + 𝐸𝑎𝑝𝑝+𝐸𝑑𝑒𝑚𝑎𝑔    (1.4) 

where E is the Gibbs free energy and subscripts ex, anis, app, demag represent exchange energy, 

anisotropy energy, applied field and demagnetization energy respectively. Each of these terms are 

described in details below. 

The exchange energy 𝐸𝑒𝑥 arises from the exchange effect between the atom and its nearest 

neighbors. In a continuous model described in equation, namely the Heisenberg model, the form 

is 
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𝐸𝑒𝑥 = ∫ 𝐴𝑒𝑥(𝛁𝑚𝑖 ∙ 𝛁𝑚𝑖)d𝑉 = ∫ 𝐴𝑒𝑥(𝛁𝒎)2d𝑉   (1.5) 

where 𝐴𝑒𝑥 is the exchange stiffness and 𝑚𝑖 denotes the ith component of the directional vector. 

The magnetocrytalline anisotropy energy 𝐸𝑎𝑛𝑖𝑠 defines the magnetic easy axis. Commonly 𝑢𝑘 

denotes the direction of the easy axis. If we only use the first two terms of the anisotropy energy, 

it can be written as  

𝐸𝑎𝑛𝑖𝑠 = ∫{𝐾1[1 − (𝒖𝒌 ∙ 𝒎)2] + 𝐾2[1 − (𝒖𝑘 ∙ 𝒎)2]2} dV  (1.6) 

where 𝐾1 and 𝐾2 are the magnetocrystalline anisotropy coefficients. Here, the anisotropic energy 

includes the magnetocrystalline anisotropic energy. We must add another term called 

magnetoelastic anisotropic energy when dealing with magnetism and mechanics. 

The applied field energy 𝐸𝑎𝑝𝑝, or Zeeman energy, comes from the applied magnetic field. The 

applied field forces the magnetization to align along the same direction as the applied field. Thus, 

the expression representing this energy is given by 

𝐸𝑎𝑝𝑝 = −𝜇0𝑀𝑆 ∫ 𝒎 ∙ 𝑯𝑎𝑝𝑝d𝑉    (1.7) 

where 𝑯𝑎𝑝𝑝 is the applied magnetic field.  

 

 

Figure 1.7. The magnetization and the magnetic poles. [37] 

 



13 
 

The exchange energy, anisotropic energy and applied field energy are localized energies, 

which do not depend on the shape of the sample. However, the magnetostatic interaction is highly 

dependent on the shape of the sample. This makes the demagnetization interaction a long-range 

term shown in Figure 1.7. Usually we use the demagnetization field to describe the effective stray 

field. 

𝐸𝑑𝑒𝑚𝑎𝑔 = −
1

2
𝜇0𝑀𝑆 ∫ 𝒎 ∙ 𝑯𝑑𝑒𝑚𝑎𝑔d𝑉   (1.8) 

If we sum up equations from (1.5) to (1.8), the total potential energy for the magnetic system 

can be calculated. The partial derivative of the total energy is the effective field, that is the driving 

torque of the magnetic momentum. 

𝑯𝑡𝑜𝑡 = −
1

𝜇0

𝜕𝐸𝑡𝑜𝑡

𝜕𝑴
      (1.9) 

 

Figure 1.8. (a) Magnetization precession and (b) magnetization relaxation. 

 

Landau and Lifshitz [37] first considered the precession and relaxation of the magnetic 

momentum in ferromagnets as described by equation (1.10a). The torque drives the momentum to 

rotate around the effective field given by equation (1.9). But the precession must decay, thus an 

additional term is needed to represent the damping “force” which is perpendicular to the magnetic 
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moment and its time derivative shown in Figure 1.8. Gilbert [38] modified the Landau-Lifshitz 

equation (1.10a), and developed the Landau-Lifshitz -Gilbert (LLG) equation (1.10b) given as 

(1 + 𝛼2)
𝜕𝒎

𝜕𝑡
= −𝜇0𝛾(𝒎 × 𝑯𝑒𝑓𝑓) − 𝜇0𝛾[𝒎 × (𝒎 × 𝑯𝑒𝑓𝑓)]     (1.10a) 

𝜕𝒎

𝜕𝑡
= −𝜇0𝛾(𝒎 × 𝑯𝑒𝑓𝑓) +  𝛼𝜇0𝛾(𝒎 ×

𝜕𝒎

𝜕𝑡
)   (1.10b) 

The dimensionless damping parameter 𝛼 usually falls within the range [10−4, 5 × 10−1] and 

it is dependent on the materials and the fabrication process. In fact, we cross product 𝒎 on both 

sides of equation (1.10a) and the final expression would be (1.10b) because of the perpendicular 

relation between 𝒎 and 
𝜕𝒎

𝜕𝑡
. In summary, the LL equation (1.10a) and LLG equation (1.10b) 

describe the same physics of micromagnetic model. 

Then we come to the problem: how to calculate all the energy terms that will affect the 

effective magnetic field 𝑯𝑒𝑓𝑓. The exchange energy, anisotropic energy and applied field energy 

are dependent on parameters that can be measured from experiments. The demagnetization energy 

has to be derived from the electrostatic Maxwell’s equation. The demagnetizing field satisfies 𝛁 ×

𝑯𝑑𝑒𝑚𝑎𝑔 = 𝟎. It follows that the demagnetizing field is the gradient of a magnetic scalar potential 

Ф (note: the magnetic scalar potential is true only for electrostatics when there is no current density 

in the space) 

𝑯𝑑𝑒𝑚𝑎𝑔 = −𝛁Ф     (1.11) 

where the magnetic scalar potential satisfies the Poisson’s equation ∇2Ф = −𝜌𝑚. The magnetic 

charge density 𝜌𝑚  is an imaginary charge only to help derive the demagnetizing field. The 

boundary conditions of the magnetic potential following the classical method of electric potential 

are represented as  
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Ф𝑖𝑛𝑡(𝒓) = Ф𝑒𝑥𝑡(𝒓)         (1.12a) 

𝜕Ф𝑖𝑛𝑡(𝒓)

𝜕𝒏
−

𝜕Ф𝑒𝑥𝑡(𝒓)

𝜕𝒏
= −𝜎𝑚(𝒓)    (1.12b) 

where the subscripts int and ext denote the internal and external magnetic potential at the surface 

respectively. The surface magnetic charge density 𝜎𝑚(𝒓) obeys the Maxwell’s law: 𝜎𝑚(𝒓) = 𝑴 ∙

𝒏. There is also an implicit boundary condition of the magnetic potential: 

Ф(𝐫 → ∞) = 0     (1.13) 

Now we have all the equations and boundary conditions for the demagnetization. Hoffmann 

et al. [39] applied Green’s function to solve the magnetic potential producing 

Ф(𝐫) =
1

4𝜋
∭

𝜌𝑚(𝒓′)

|𝒓−𝒓′|
d𝑉′ +

1

4𝜋
∯

𝜎𝑚(𝒓′)

|𝒓−𝒓′|
d𝑆′,   (1.14) 

where the prime means the physical quantities are of the magnetic sample.  

 

1.3.2 Finite Element/Difference Method 

There are several methods to solve the magnetoelastic LLG micromagnetic system of 

equations. The finite element method [40–42] is based on discretizing the domain in small 

elements and using the weak form of the differential equations to solve the set of partial differential 

equations for the unknown coefficients. Apart from that, the finite element method can be used to 

represent very complex geometries when compared with finite difference approach [43–45]. 

Szambolics et al. [46] described the weak formulation for the LLG equations. The weak form 

means that a test function is multiplied to the differential equation and integration is performed 
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over the domain. The key point for finite element method is to find the test functions (or vectors). 

Defining 𝐯 = ∂𝐦/ ∂t, the exchange energy component for LLG equation turns into 

∫ 𝑾(𝛼𝒗 + 𝒎 × 𝒗)dΩ +
2𝐴𝑒𝑥𝛾

𝑀𝑠
∫ ∇𝒎 ∙ ∇𝑾 dΩ = 0   (42) 

where the vector 𝑾 is the test vector for LLG. The weak form for other energy terms can also be 

found in reference [47]. 

 

 

 

Figure 1.9. Magnetic configuration at times a) 0.135 ns, b) 0.218 ns, c) 0.446 ns and d) 0.548 ns for 

4th problem of NIST. [47] 
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Alouges et al. [47] studied the convergence of the weak form micromagnetic LLG equations 

(i.e. absence of magnetoelastic energy term), with the time and space steps gradually decreasing 

to zero. They conducted numerical experiments on solving the 4th standard problem from the 

National Institute of Standards and Technology (NIST). The dynamic magnetization is shown in 

Figure 1.9. We can easily tell the domain wall motion from the dynamic magnetization. 

Brintlinger et al. [48] reported reversible switching of nanomagnets induced by electric field 

in thin film Fe0.7Ga0.3/BaTiO3 both experimentally and theoretically. The simulation showed 

that the strain induced magnetoelastic anisotropic energy plays an important role in rearranging 

the domains in the Fe0.7Ga0.3 layer based on OOMMF [48]. However, Brintlinger’s model 

assumed that the strain was constant and thus did not solve a coupled magnetoelastic problem. 

Liang et al. [40] developed a model including LLG and elestodynamic equations based on 

finite element method. The intrinsically coupled LLG and elastodynamics make it possible to 

simulate dynamic ME effects and intrinsic magnetoelastic coupling. Liang simulated the MH curve 

of Ni thin film under strains shown in Figure 1.10. The simulation results were in good agreement 

with experimental results.  
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Figure 1.10. In-plane strain v.s. coercive field:  comparison of experimental measurements with 

fully coupled LLG, LLG (one directional) and Stoner-Wohlfarth models. [40] 
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2. Multiferroic Memories 

 In this chapter, several micromagnetic simulation works are reported on multiferroic 

memory design and development. In the first section, the equilibrium state of a micro magnetic 

disk is discussed. In general, there are two different magnetic state for sub-micron magnetic disk: 

single domain or vortex state. [49] In order to store information in the magnetic disk, the 

equilibrium state is supposed to form a single domain. In the second section, a potential four-state 

memory design is discussed. In sub-micron magnetic squares, the equilibrium state is a four-fold 

Landau sate. [50] The simulation work shows that the non-uniform strain from the substrate may 

break the symmetry of the Landau state. Thus, a lateral motion of the domain wall is expected 

when the applied strain is large. 

 

2.1 Single Domain or Vortex State in Magnetic Disks 

2.1.1 Introduction 

Magnetoresistive random-access memory (MRAM) has been a research focus since due to its 

nonvolatile property, high speed, and high efficiency.  [4,36,51–54] The traditional MRAM 

method to switch magnetization direction uses either an external magnetic field  [3] or spin transfer 

torque (STT) approach  [4,11]. Both of these approaches rely on electrical currents which are 

relatively inefficient. The recent emergence of multiferroic materials  [19,25,45,51] provides an 

opportunity to write MRAM bits by applying an electric potential instead of using an electric 

current which is representative of the traditional methods. One composite multiferroic approach 

relies on a strain mediated technique consisting of a piezoelectric layer and a magnetoelastic micro-

structure  [55–59] When a voltage is applied to the piezoelectric layer, strain develops in the 
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magnetoelastic nano-dot, altering the dot’s magnetic anisotropy. With appropriate selection of 

materials and dot geometries, the magnetization direction can be more efficiently switched to a 

different stable direction as compared with either an external magnetic field or STT approach.  

Terfenol-D (TbxDy1-xFe2, x~0.3)  [60,61] has the largest magnetoelastic coefficients present 

at room temperature for a relatively soft material and thus represents an ideal candidate for MRAM 

multiferroic strain mediated composites. Landau-Lifshitz-Gilbert (LLG)  [36,44,54,58] equations 

represent an approach to analytically understand the combined magnetic and elastic response of 

Terfenol-D nanodots. For MRAM, the Terfenol-D nano-dot must be a stable single magnetic 

domain to store information rather than vortex or other states.  [62] Thus, it is essential to 

understand the relationship of geometric parameters, material parameters, and single domain 

stability in Terfenol-D.   

The formation of single-domain or vortex states in Terfenol-D nano-dots is mainly the result 

of competing energy terms between exchange and demagnetization. The effective field of the 

exchange energy 𝐇𝑒𝑥 can be written as 

 
2

0

2 ex
ex

S

A

M
 H m       (2.1) 

, where is the exchange stiffness, is the vacuum permeability, is the saturation 

magnetization and is the direction vector of the magnetization. In the literature, two values have 

been published for the exchange stiffness of Terfenol-D: a) 
1 12

ex 9 10 J/mA   from micromagnetic 

simulation estimation  [63–66] and b) 
2 111.79 10 J/mexA    from experimental measurement on 

domain size of TbFe2 nano-dots  [67].  

 

exA 0 SM

m
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Figure 2.1. Magnetic disk model setup. Left: Schematic diagram of the Terfenol-D ellipse thin film 

(center) and the air sphere with radium R = 3B for the demagnetization loop. Right: geometry of the 

Terfenol-D ellipse: major-minor axis ratio B/A = 0.9 and thickness 10 nm.  

 

The first exchange stiffness
1

exA value comes from Vittria et al’s estimation using LLG 

simulation of Tb0.15Ho0.85Fe2 without experimental support. Several papers have used Vittria’s 

exchange constant to model Terfenol-D nano-dots suggesting that it is a reasonable approximation 

for modeling. However, the “reasonable” argument is not a guarantee of the exact value of the real 

exchange stiffness. The second exchange stiffness
2

exA
 
available in the literature is derived from 

domain size measurement on TbFe2 and using a basic model that considers exchange energy and 

anisotropic energy in the domain formation.  [68] Therefore, the important question remains: does 

the difference in these two exchange stiffness parameters strongly influence the size of a single 

domain in Terfernol-D? If the answer is yes, then experimental measurements need to be 

performed to better quantify this value because the analytical models presented in the literature 

may be incorrectly predicting the Terfenol-D response. In this paper, we analytically demonstrate 

the influence these two exchange stiffness constants have on the critical size of single domain 

Terfenol-D nanodots. Results show the two exchange stiffness values produce different single 
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domain formation states. Therefore, this paper concludes that experimental data is needed to 

accurately measure the Terfenol-D exchange stiffness for use in micromagnetic simulations.  

 

 

2.1.2 Model Setup 

The representative geometric model to evaluate the influence of material properties and 

exchange stiffness is shown in Figure 2.1. The model consists of a Terfenol-D thin film ellipse 

surrounded by an air sphere. The ellipse is 10 nm thick with a minor-major axis ratio B/A = 0.9 

resulting a sufficient shape anisotropy to produce an in-plane easy axis. The major axis A is varied 

from 80 nm, 120nm and 180nm (i.e. minor axis B is 72 nm, 108 nm, 162 nm respectively) since 

these values are representative of elements that can be fabricated using conventional E-Beam 

lithography approaches. The air sphere, with a radius R = 3B, is included in the model to allow a 

close magnetic circuit to form the demagnetization field outside the ellipse. The radius of the 

sphere is chosen to be sufficiently large to permit a complete demagnetization field to be developed. 

The magnetic equilibrium state for the nano-dot is determined by solving LLG equation 

0 eff
t t

  
 

    
 

m m
m H m     (2.2) 

, where effH  is the effective field,   is Gilbert gyromagnetic ratio, and   is the Gilbert damping 

constant. The effective field effH  is given by 

eff ex demag H H H      (2.3) 

, including
exH exchange field, and demagH demagnetization field. This model assumes that the 

crystal anisotropic energy is negligible due to the argument that polycrystalline Terfenol-D has 
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relatively small anisotropic energy. In these studies an external applied field is not considered.

exH is calculated using Equation (2.1), and demagH is expressed as a gradient of magnetic potential

based on the assumption that free currents do not exist [14] 

      =-demag H       (2.4) 

where   satisfies Poisson’s equation 

2 =Ms m      (2.5) 

At the boundary of the air sphere, the magnetic potential   is constrained to be zero because 

the sphere is sufficiently large that the boundary can be considered as approximating a position of 

infinity. The system of equations is solved using a weighted residual method with a finite element 

approach.  

 

Figure 2.2. Equilibrium states for different geometries and two exchange stiffness constants. Red 

arrows represent the magnetization vector while the background color shows the z component of the 

magnetization vector (m3). The color bar at right is the reference color scale.  
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The simulation is initialized with a random distribution of the magnetic spins in each element 

contained within the ellipse. From this initial state, the equilibrium state is reached by solving the 

numerical model described previously. The element size is approximately 10 nm which is similar 

in magnitude to the exchange length from these two exchange stiffness values used. Mesh 

refinement was conducted to ensure the solution converged. The time domain model is run for a 

sufficiently long running time to ensure that a stable equilibrium point is reached. All the 

geometries have been analyzed with both exchange stiffness constants
1

exA  and
2

exA . 

 

2.1.3 Simulation Results 

The equilibrium states for three different geometries are shown in Figure 2.2. The first row 

uses the exchange constant of 1 129 10 J/mexA    while the second row used the exchange constant 

of 2 111.79 10 J/mexA   . Red arrows represent the magnetization direction vector m while the ellipse 

background color shows the out-of-plane magnetization (m3) component. All figures are top-view, 

i.e. view from the z axis.  

For the first column of ellipses with 80 nm major axis, a single domain pointing from left to 

right is present regardless of the exchange constant used (Figure 2.2.a). Furthermore, for the third 

column representing ellipses with 180 nm major axis both show a vortex state (Figure 2.2.c). 

While the 180 nm ellipses presented in the third column both show vortex states, it is important to 

point out that the core is centralized for 
1

exA  constant while it is off-center for the
2

exA . The off-center 

core for
2

exA is attributed to the geometry being near a transition zone between single domain and 

vortex. That is, equilibrium states for geometries within transition zone strongly depend on initial 
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magnetic moment configuration. This has been observed and explained by Ha et al’s numerical 

calculation.  

 

Major Axis (nm) 1 129 10 J/mexA    
2 111.79 10 J/mexA    

80  

 

 

100   

 

120  

 

 

160   

 

180   

 

 

Table 2.1. Simulation results for two different states. Straight arrows represent single domain and 

helix arrows represent vortex.  

 

Focusing on the middle row, the ellipses with 120 nm major axis produce two different 

magnetic states for the different exchange stiffness constants (Figure 2.2.b). For the smaller 

exchange constant
1

exA  a vortex core is produced while for the larger exchange constant
2

exA . This 

difference between the two exchange constants can be interpreted as the result of two competing 

energies, namely exchange and demagnetization energy. Exchange energy tends to force all the 

magnetic moments to point in the same direction while the demagnetization energy tends to curve 

the magnetization to form a closed stray field. Exchange energy is proportional to the exchange 

stiffness. As a result, the exchange energy from smaller 
1

exA  fails to dominate in the energy 

competition, and it forms a vortex [21]. This result clearly indicates that the exchange stiffness is a 
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dominant parameter for the equilibrium state formation and in particular for the determination of 

the critical sizes that produce specific single domain states for Terfenol-D.  

Simulations also show that the relatively larger single domain ellipses are easier to rotate (less 

required energy) and to switch the magnetization between equilibrium points (positive and 

negative directions along major axis). Thus, it is essential to know this exact critical size for 

memory applications. For this purpose, the next step of the simulation is to sweep the length of 

major axis to determine the transition zones of both 
1

exA and
2

exA . Table 2.1 shows simulation results 

for different sizes. From Table 2.1 it is seen that the transition zone for
1

exA  is approximately 100-

120 nm while the transition zone for
2

exA  is approximately 160-180 nm. Here it is important to point 

out that these transition regions strongly depend upon other values including general geometry as 

well as thickness. That is, as thickness increases the disparity in these results increases more 

dramatically but this is unimportant if an accurate constant is unavailable except that the results 

are questionable. Therefore, for reasonably accurate predictive capabilities, additional experiments 

are needed for exchange constant. 

In summary, a micromagnetic model was applied to determine magnetic equilibrium states for 

a Terfenol-D nano-dot with different geometries and two difference exchange stiffness constants. 

The simulation results indicate that the published exchange stiffness dramatically influences single 

domain/vortex formation in numerical modeling for even extremely thin and small geometries. A 

parametric sweep of disk diameters is performed to determine the critical size to form a single 

domain state at equilibrium since the single domain state is essential for memory applications. The 

conclusion is that more experiments need to be conducted to accurately measure exchange stiffness 

constants for Terfenol-D. 
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2.2 Magnetic Square with Non-Uniform Strain 

In this section, the experimental and simulation results are presented for the domain wall 

motion in micron-sized Ni squares on top of PMN-PT substrate. [45] As shown in Figure 2.3, the 

domain wall in the Ni square moves when the applied voltage increases. In the following section, 

the simulation work is discussed in detail including the micromagnetic equations and the finite 

difference method. Besides, the simulation results are compared with the experimental data by Lo 

Conte et al [45].  

 

 

 

Figure 2.3. The schematic of the Ni square on top of PMN-PT substrate. When the applied voltage 

increases (E in the figure), the strain (color map of the substrate) induced by the piezoelectricity also 

increases in the PMN-PT substrate. The strain is non-uniform and it transfers onto the Ni square on top of 

the substrate. As a result, the non-uniform strain causes the lateral motion of the magnetic domain wall 

(square inserts) in the Ni square through magnetoelastic coupling. (Figure created by Roberto Lo Conte) 

 

 

2.2.1 Micromagnetic model description 

In this section, we present the micromagnetic model to study the strain induced domain 

state in thin film Ni squares with Landau shapes. A finite difference time domain (FDTD) 
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model [43] was developed to solve the directional vector of magnetization 𝐦. The governing 

equation of micromangetics is the Landau-Lifshitz (LL) equation: 

𝜕𝐦

𝜕𝑡
=

𝛾

1+𝛼2 [𝐦 × 𝐁eff + 𝛼𝐦 × (𝐦 × 𝐁eff)],   (2.6) 

where 𝐁eff is the total effective magnetic field, 𝛾 is the gyromagnetic ratio, and 𝛼 is the Gilbert 

damping coefficient. In the model, 𝐁eff is the derivative of the total energy 𝐸𝑡𝑜𝑡 

 𝐁eff = ∂𝐸𝑡𝑜𝑡/𝜕𝐦 .     (2.7) 

The total energy takes into consideration Zeeman, exchange, demagnetization and magnetoelastic 

energy. [40,52] The magnetoelastic energy 𝐸𝑚𝑒 is expressed as  

𝐸𝑚𝑒 =
3

2
𝜆𝑝𝑌휀𝑠𝑖𝑛2𝜃,                           (2.8) 

where 𝜆𝑝 and 𝑌 represent the magnetoelastic coefficient and Young’s modulus; 휀 is the uniaxial 

uniform strain; and 𝜃 is the angle between magnetization and principal compressive strain. [52] 

The strain 휀 is the total effective strain calculated as the difference between compressive and 

tensile strains.  

In the model, a thin film (thickness 15 nm) Ni square 2x2 μm2 is studied. The finite 

difference cell size for Ni is 8×8×3 nm3 which is smaller than the Ni exchange length (8.5 nm). [58] 

The Ni square was intially magnetizated into a clockwise vortex in the xy plane and allowed to 

relax into its equilibrium state (Landau flux-closure state).  

Experimental results (Figure 2.4) show that the strain distribution is non-uniform at the 

micrometer scale, which is the same of the Ni squares’ lateral size. Accordingly, not only the strain 

can be different from square to square, but a non-uniform strain can also be present in the same 
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square. The non-uniform strain may arise from a combination of residual strains produced during 

the PMN-PT poling process along with the fact that for a [011] cut PMN-PT there are two out-of-

plane [111] variants possible. The residual strain in the PMN-PT produces non-uniform residual 

strains in the Ni film during the deposition process due to atomic registration in thin films, while 

the two polarization variants can produce non-uniform strain during the application of the electric 

field. The strain distribution is modelled by strain domains with a lateral size of approximately 500 

nm. 

Based on what said above, two cases are studied with our numerical model: i) uniform strain 

and ii) non-uniform strain (results reported in Figure 2.5).  

i) For the uniform strain case, a uni-axial magnetic anisotropy energy term is applied 

along the top-left/bottom-right diagonal of the magnetic square. This is equivalent to 

the application of a uniform in-plane strain 휀  along such direction. The strain is 

increased from 0 to 2.5 p.p.t. in steps of 0.050 p.p.t. (λp = -60*10-6; Y = 220 GPa). At 

each strain level, sufficient time was allowed to ensure that the magnetization reached 

its equilibrium state.  

ii) For the non-uniform strain case, for modeling purposes, strain domains were created in 

the Ni square. Different random strain values were assigned to each of the strain 

domains, randomly from a uniform distribution between −휀𝑟
0  and 휀𝑟

0 , where 휀𝑟
0 =

0.100 p.p.t. is the max random strain value. These random strains are assumed as time-

invariant. Furthermore, similarly to what is done for the uniform strain case, we apply 

a step-wise increasing strain from 0 to 2.5 p.p.t., in steps of 0.050 p.p.t. This results in 

a total strain 휀 in each domain that is the sum of an applied uniform strain and the 

random strain. 
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2.2.2 Experimental Observations 

 

Figure 2.4. Strain distribution on the PZT substrate with applied voltage. (a) Imaging of the total 

in-plane strain from the piezoelectricity, ε[100] - ε[01-1], at the location of the 1 µm (Area 1 as the orange 

square) and 2 µm (Area 2 as the black square) squares in array in Figure 3 of reference [45]. The images’ 

pixel has size 2x2 µm2 for each square. Two local 4x4 µm2 regions, a (black frame) and b (grey frame), are 

selected from both Area 1 and Area 2. The dark red line (2 µm in length) in the two strain maps at E = 0.60 

MV/m indicate the distance between two large strain stripes. (b) and (c) The average total strain induced 

locally in the region a (orange squares) and the region b (dark yellow triangles). (d) and (e) The difference 

between the average total strain measured in region a and in region b for Area 1 and Area 2, respectively. 

All strain values are reported in parts per thousand (p.p.t.). (Data measured by Roberto Lo Conte) 
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In order to obtain a more direct comparison between the observed electrical activation of 

magnetic squares and the piezo-strain measured at the micrometer scale, the strain maps for Area 

1 (black solid frame) and Area 2 (grey solid frame) shown in Figure 3a of reference [45] measured 

by Roberto Lo Conte are reported in Figure 2.4. The color maps in Figure 2.4 represent the total 

in-plane (xy plane) strain induced by piezoelectricity, ε[100]-ε[01-1]. The piezo-strain is then 

transferred into the Ni squares which is placed on top of the PMN-PT substrate. The strain in the 

Ni square causes an effective magnetoelastic anisotropy (an extra effective field term in the LLG 

equation) as the source of the magneto-elastic coupling in the measurement. [52,69] One needs to 

notice that Area 1 and Area 2 are defined based on the X-ray micro fluorescence map obtained at 

the Ni edge reported in Figure 1b in reference [45]. The Area definition is the result of the focused 

X-ray beam scan on the PMN-PT sample surface with a 2 µm step-size. Area 1 and Area 2, as the 

color maps in Figure 2.4, are an attempt to localize the position of the imaged magnetic squares. 

The definition of both areas is affected by an error of the order of the convolution of the step size 

with the X-ray beam size (~3 µm). 

A spatially non-uniform strain induced by the piezoelectricity is observed in the measurement 

in Area 1 and Area 2. In Figure 2.4.a, the strain domain patterns can be observed in the non-

uniform color map. There are domain walls between different strain domains, where large strain 

domains (as dark green regions) are separated by small strain domains (as light green regions). 

Specifically, the strain domains appear as stripes aligned approximately at an angle of 45° with 

respect to the [100] direction of the PMN-PT substrate. This is the direction parallel to the 

horizontal edges of the imaged magnetic squares, as shown in Figure 1a and 1b in reference [45]. 
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Furthermore, a distance between two large-strain domains on the order of 10 µm is recognizable. 

The distance is indicated by the 10 µm-long dark red line in the middle of the two strain maps at 

E = 0.60 MV/m (see the 5th column in Figure 2.4.a). The 10 µm-long distance has similar value of 

the size of the magnetic images. Therefore, the fact suggests that there is a direct correlation 

between the observed spatially distributed electric field reorientation and the imaged strain domain 

pattern. Thus, the electric field observed in Figure 2 of reference [45] has a good correlation with 

the strain distribution shown in Figure 2.4.a. 

Next, the electric field distribution is measured for both Area 1 and Area 2. The experimental 

results are presented in Figure 2.4.b and Figure 2.4.c. With a comparison of the non-uniform strain 

distribution, there is a significant dependence between the applied electric field and the averaged 

strain. Two strain regions with 4x4 µm2 size are selected from Area 1 and Area 2, respectively.  

The orange frame, marked as a, has a large averaged strain while the dark yellow frame, marked 

as b, has a small averaged strain. Figure 2.4.b and 2.4.c show the average total strain (expressed 

as ε[100] - ε[01-1]) for both region a and b with different applied electric fields. The orange squares 

(data from region a) always have higher values than the dark yellow triangles (data from region b) 

for all the applied electric field magnitudes.  

Figure 2.4.d and 2.4.e shows the relation between the applied electric field and the piezo-

strain in region a and b for Area 1 and Area 2, respectively. The general trend of two plots are 

highly dependent, which suggests a direct correlation between the electric field and the strain in 

the PMN-PT substrate. When the electric field increases form the initial state, there are strain 

differences in both Area 1 and Area 2. It can be observed that the strain difference saturates at 
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average values around Δε ≈ 0.35 p.p.t. (Area 1), Δε ≈ 0.30 p.p.t. (Area 2), and a maximum value 

of Δε = 0.4 p.p.t., which are observed on the PMN-PT substrate. 

There is an effective energy term, 𝑈𝑚.𝑒. , to present the magnetoelastic coupling in the 

micromagnetic simulation. In the composite strain-mediated system, the effective magnetoelastic 

energy depends on both the electric field induced strain and the spin configuration (or the angle 

difference between strain and the magnetization) in the Ni squares. The magneto-elastic energy 

can be written in a uniaxial anisotropy energy form as the following equation [52]: 

                    𝑈𝑚.𝑒. =
3

2
𝜆𝑝𝑌(휀[100] − 휀[01−1]) 𝑠𝑖𝑛2 𝜃[100],               (2.9) 

where λp is the saturation magnetostriction constant for polycrystalline Ni, Y is the Young’s 

modulus for Ni, and θ[100] is the angle between the magnetization direction and the compressive 

strain direction of the piezoelectric, [100]. Equation (2.9) is the expression of the uniaxial 

anisotropy energy density. Next, we define a magneto-elastic uniaxial anisotropy factor, 𝐾𝑚.𝑒. =

3

2
𝜆𝑝𝑌(휀[100] − 휀[01−1]) which is a function of the induced total strain, in order to implement the 

strain induced effective field in the micromagnetic simulation. 

Till now, all terms and parameters are known to implement a micromagnetic model to 

reproduce the spin dynamics caused by the electric field induced strain: the non-uniformly 

distributed strain from the PMN-PT substrate and the magnetization of the Ni square. Here, the 

effective magnetic field is not an external field but the magnetoelastic effective field.  
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Figure 2.5. Comparison between the strain-induced activation of a 2 µm-large magnetic square 

observed experimentally and the outcome of micromagnetic simulations. The first row reports the magnetic 

state of one of the magnetic squares observed by XMCD-PEEM, as a function of the applied electric field. 

The second and third rows report the outcome of micromagnetic simulations where an increasing uniform 

and non-uniform strain is applied, respectively. The color map shows the initial randomly generated non-

uniform strain distribution used during the latter micromagnetic simulation. 

 

2.2.3 Simulation Results 

In order to understand the electrical activation of magnetic squares reported above, 

micromagnetic simulations are carried out using a MuMax code. [43–45] Here we focus on 

understanding how the magnetic reorientation process presented above would be affected by the 

presence of a non-uniform strain inside a single magnetic square.  
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A 2µm x 2µm magnetic Ni square is simulated, where a Landau initial state is modified by 

a step-wise increase of a uniaxial anisotropy energy term (which, according to the 

phenomenological model presented above, corresponds to the application of a uniaxial strain). 

Two different simulations are carried out: the first one assumes a uniform strain (i.e. a uniform 

uniaxial magnetic anisotropy); the second one includes the presence of a non-uniform strain. In 

both cases, the uniaxial strain is oriented along one of the square’s diagonals, so to reproduce the 

same conditions of the actual experiment.  More details can be found in Section 2.2.1 of this 

chapter. In Figure 2.5 the outcome of the micromagnetic simulations is compared with the 

experimental data for one of the 2µm x 2µm magnetic Ni squares reported in Figure 2 of 

reference [45]. The experimental results are reported in the first row of Fig. 5, while the outcome 

of the micromagnetic simulations with uniform strain and non-uniform strain are reported in the 

second and third row, respectively.  

Four images for each case are shown. The four images of the experimental Ni square show 

the observed magnetic steady state when an electric field of 0, 0.18, 0.36 and 0.54 MV/m is applied 

through the PMN-PT substrate. On the other hand, the frames shown for the simulations are chosen 

in the following way. The first images (first column) are the two initial steady states obtained in 

the simulated squares, with no applied uniform strain. The other frames correspond to the 

application of a uniform uniaxial anisotropy energy density, 𝐸𝑢 = 𝐾𝑢𝑠𝑖𝑛2𝜃[100], with Ku values of 

8, 16 and 24 kJ/m3, which is added to the initial anisotropy defined in the magnetic square (zero 

for the uniform case, non-zero for the non-uniform case). By equaling Ku and Ke.m., and assuming 

a linearly increasing piezo-strain at a rate of 0.4 (p.p.t.)/0.18 (MV/m) (based on the data reported 

in Figure 2.5.c for region a), the experimental observations are quantitatively reproduced by the 
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micromagnetic simulation for the following parameters: λp = -60*10-6 and Y = 220 GPa. Y=220 

GPa is the bulk Young’s modulus of polycrystalline Ni, while λp = -60 * 10-6 is close to the range 

of experimentally reported values of the saturation magnetostriction constant for polycrystalline 

Ni [51]. 

Experimentally, while the electric field is increased step-wise, the magnetic state inside the 

Ni square is observed, at first, to transform from an initial Landau flux-closure state to a two-

domain state. Subsequently, for even larger electric field values the magnetic domain wall (DW) 

separating the two domains is observed to curve and propagate towards the bottom-left corner of 

the square. When compared to the results of the micromagnetic simulations, both cases reproduce 

the vortex-to-two-domain transformation, but only the simulation with a non-uniform strain is able 

to reproduce the curving and the lateral motion of the magnetic DW.  

Our understanding of the observed magnetic DW motion is the following: The non-

uniformity of the strain inside the square results in the generation of a spatially varying magnetic 

energy landscape, which evolves while the electric field is increased. This evolution initially 

pushed the DW to move from strain-regions with larger anisotropy to strain-regions with smaller 

anisotropy to minimize its DW energy density, 𝜎𝐷𝑊 ∝ √𝐴𝑒𝑥𝐾; where Aex is the micromagnetic 

exchange constant and K is the total magnetic anisotropy. Furthermore, the propagation of the DW 

towards the corner of the square results in the minimization of the total DW energy, 𝜖𝐷𝑊 ∝

𝜎𝐷𝑊𝑙𝐷𝑊; where lDW is the length of the magnetic DW. Finally, the dipolar field energy, which 

increases while the system evolves away from the perfectly symmetric two-domain state, 

counteracts the DW motion, in order to minimize itself. All this results in a step-wise motion of 
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the DW, which propagates at each increase of the strain as a result of the balance between the 

lowering of the DW energy and the increase of the dipolar energy. 

This finding is further confirmation that the magnetic squares in the actual multiferroic 

actuator are experiencing a non-uniform strain. The transferred strain can be non-uniform, not only 

from square to square, but also within the same square, substantially affecting the ideal behavior 

of the designed multiferroic system. 

2.2.4 Conclusion 

In summary, we reported a system-level study of a PMN-PT/Ni composite multiferroic 

system which has potential applications in the four-state memory and the magnetic acturator. The 

experimental measurements were reproduced using a micromagnetic simulation with finite 

difference method. In the simulation, the magnetization of the Ni squares was oriented with the 

voltage induced strain. Further study indicates that a non-uniform strain was observed on the PMN-

PT substrate with different applied electric fields. The non-uniform piezoelectric strain then 

transfers onto the magnetic Ni squares on top of the substrate. The magnetization of the Ni square 

is reoriented driven by the strain through magnetoelastic effect. Besides, a lateral motion of the 

magnetic DW was observed. From the simulation results, all these observed effects can be 

explained with an energy minimization process. The magnetization aligns with the compressive 

strain to minimize the total potential energy and then the lateral motion of the magnetic domain 

wall also minimizes the energy due to the non-uniform strain. The system-level study directly 

unveils the presence of non-idealities inside the investigated multiferroic hetero-structure both 

experimentally and theoretically. The non-idealities are important to be studied in the simulation 
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for the composite multiferroic applications since the ideal applied strain assumptions are not 

always expected in the fabricated devices. 
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3. Multiferroic Logics 

 Current logic devices, such as CPU in computers and smartphones, suffer from high 

thermal dissipation. Spin waves (SWs) are proposed to be the next generation logic devices since 

the energy consumption of SW logics (shown in Figure 3.1) is only 0.01% as the current logic 

devices in market. However, challenges still remain toward SW logics: 1) generation and 

propagation of SWs and 2) signal amplification and noise absorption at ~10 GHz frequencies. 

Strain mediated SWs provide solutions for both problems.  

 

     

 

Figure 3.1. Spin wave logic devices. (a) Spin waves generated by surface acoustic waves; (b-c) 

Principles of spin wave interferometer: output 1 or 0 by turning on and off the gate voltage to control the 

phase of the spin wave. (Figure created by Qianchang Wang) 

 

In this chapter, a fully coupled model was developed to solve the coupled micromagnetic, 

piezoelectric and elastodynamic equations for the strain mediated SWs. In the simulation results, 

we found that strain mediated SWs can be efficiently excited by strain and can propagate over 

orders of magnitude longer distances than classical exchange SWs. In addition, strain mediated 

SWs can be excited at any frequencies, which breaks the clock frequency limit of the SW logics. 

In addition, we have been using parametric pumping (PP) for signal amplification and 

a) b) c) 
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perpendicular standing spin wave (PSSW) for noise absorption. This is the very first modeling 

work to study the fully coupled mechanical/spin waves. Our work will have significant impact on 

the research and the development of the SW applications for the next generation high energy 

efficient logic devices. 

 

3.1 Couple Spin/Mechanical Waves 

3.1.1 Introduction 

Spin waves (SWs) have been proposed as the basis for the next generation of logic 

devices [70,71] due to their energy efficiency [4] as compared to conventional complementary 

metal–oxide–semiconductor (CMOS) [15]. SW logic uses spin canting as the information 

transmission medium [72] instead of moving charges present in CMOS. The energy required to 

generate a single spin wave by straining a magnetoelastic is 1000 times less than the energy needed 

to switch a logical state in a CMOS transistor-based logic device. [4,73]  

The first SW logic device was a Mach-Zender-type interferometer built by Kostylev et al 

in 2005. [74] This device used a current induced AC magnetic field to generate and manipulate 

the SWs. The AC magnetic field produces stray fields and is not considered a pathway towards 

nanoscale devices. Later devices used spin transfer torque (STT) approaches to generate SWs. [75] 

However, STT suffers from low efficiency (i.e. 0.001% efficient) as a consequence of Ohmic 

losses. [4] While efficiently generating SW represents a significant problem, SWs also decay 

rapidly traveling distances of < 1 um for most materials due to Gilbert damping (magnetic 

losses). [76] Consequently, new approaches are needed to generate spin waves efficiently that can 

propagate relatively larger distances. 
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  One approach is to use strain mediated multiferroics [32,55] to overcome these problems. 

In these systems, a piezoelectric substrate [77] generates dynamic strain transferred to a 

magnetoelastic material [78] to modify the magnetic anisotropy and reorient spin states [12]. 

Recently, several experiments have demonstrated dynamic control of magnetization at the 

nanoscale in strain mediated multiferroics [49,53,79] with efficiencies larger than 10%. [2,80] In 

Figure 3.2, the application of multiferroic cells to excite SWs has also been experimentally 

demonstrated by Cherepov et al. [81] However, their experimental results did not provide a valid 

model to understand of the physics of the multiferroic system as well as the interactions between 

SWs and elastic waves. Therefore, more work is needed to explore and fully understand the 

dynamic magneto-mechanical coupling for strain mediated SWs.  

 

 

 

Figure 3.2. Observation of spin wave generation from magnetoelectric cells by Cherepov. [81] 
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Most analytical models for magnetoelastically coupled SWs assume small magnetic 

perturbations. Furthermore, most nonlinear numerical models typically decouple micromagnetics 

from elastodynamics. For example, analytical models [34,82–84] use a linearized form of the 

Landau–Lifshitz–Gilbert (LLG) equation with coupled elastodynamic constitutive law to predict 

the response of simple geometries like infinite thin plates. These linearized LLG models cannot 

accurately represent the physics present in non-linear SWs, especially in shock-wave induced 

SWs. [85] Nonlinear LLG numerical models [86,87] have also been developed to model complex 

geometries.  These models help understand experimental results in magnetomechanically driven 

SWs, like surface acoustic wave driven ferromagnetic resonators [87]. However, many of these 

numerical models solve uncoupled sets of partial differential equations (PDEs) governing the 

micromagnetics and elastodynamics yielding questionable results. More recently, Liang et al [40] 

developed a finite element model which solved the fully coupled LLG and elastodynamic 

equations for the dynamic problem but did not study propagation of SWs. 

  In this section, we use a nonlinear finite element approach (FEA) to investigate the coupled 

mechanical/spin wave problem based on Liang’s coupled model. SWs were excited by either an 

oscillating magnetic field or by a voltage induced displacement in a magnetoelastic Ni bar. The 

magnetically excited SWs decays exponentially with distance while the mechanically excited SWs 

shows an absence of significant decay.  

 

 

 

 



43 
 

3.1.2 Model Setup 

In this section, we present the governing PDEs for solving a coupled micromagnetics and 

elastodynamic problem. The PDEs are reduced to their weak form and solved numerically using a 

finite element approach. The mathematical formulation is used to predict the magnetically and 

acoustically driven spin waves SW in a Ni nano-bar. 

In the magnetic regime, we use the phenomenal micromagnetic relation known as LLG 

equation [2]: 

0 eff
t t

  
 

    
 

m m
m H m .    (3.1) 

effH is the effective field and m is the magnetization directional vector ( | | 1m ). 0 ,  and   

represent the permeability of vacuum, the gyromagnetic ratio and the Gilbert damping 

coefficient, respectively. In the mechanical regime, the displacement field u is governed by the 

elastodynamic equation of motion: 

2

2t



  


u
σ 0 ,      (3.2) 

where σ  is the stress tensor and   is the mass material density and the strains are assumed to be 

small.  

We also assume that the magnetoelastic material has either a fine crystalline structure (i.e. 

exchange length is larger than grain size) or is amorphous, producing negligible magneto-

crystalline anisotropy. Therefore, effH can be written as the summation of the Zeeman, exchange, 

demagnetization and magnetoelastic terms: 
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eff Zeeman ex demag me   H H H H H .    (3.3) 

The Zeeman field ZeemanH  corresponds to the applied field, the exchange field exH is given by the 

relation
2

0

2 ex
ex

s

A

M
 H m where exA is the exchange stiffness constant and sM  is the saturation 

magnetization. The demagnetization field demagH is calculated from the gradient of the magnetic 

potential   as 

demag  H ,      (3.4) 

and  is the solution of the Poisson’s equation 

2

sM  m .     (3.5) 

The magnetoelastic field ( , )meH m ε is a function of the magnetization direction m and strains ε

(i.e. related to displacements induced by the AC voltage). The ith component of meH can be 

expressed as  

1 2

0

2
[ m ( m m )]i

me ii i ij j ik k

s

H B B
M

  



       ( i j k  ),  (3.6) 

where 1B  and 2B are the magnetoelastic coupling coefficients, and the summation convention does 

not apply to the Equation (3.6).  

  The total strain ε  consists of the linear elastic strain and the magnetic strain:

( )el m ε ε ε m . The magnetic strain components have the following expressions for a cubic crystal. 

2

100

3 1
(m )

2 3

m

ii i         (3.7a) 
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111

3
m

2

m

ij i jm    ( i j )    (3.7b) 

where 100  and 111  are magnetostriction constants in the <1 0 0> and <1 1 1> directions 

respectively. The elastic strain has the relation 1el ε C σ  where C is the 4th order elastic stiffness 

tensor.  

 

Figure 3.3. (a) The finite element geometry and mesh of the Ni waveguide and surrounding air 

sphere are shown. The magnified inset details the central excitation area, which is 10 nm wide. (b) The 

equilibrium magnetization and bias field orientations are diagrammed, showing that magnetization lies 

along (1 1 0) direction when the in-plane bias field, Hbias, is applied. (c) The time domain harmonic 

excitation used to generate SWs in the central area is shown. The magnetization first relaxes to the steady 

state, and the excitation is applied at time t0 = 1 ns. 

 

  The above LLG and elastodynamic equations are a function of seven variables, namely 

three components of m  and u each and one  . These two sets of equations, defined by 

micromagnetics and elastodynamics, represent 7 coupled PDEs. The direct coupling between these 
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equations implicitly implies that a change in magnetization produces a change in displacements or 

conversely a change in strain produces a change in magnetization. In this paper these coupled 

nonlinear PDEs are formulated in weak form and then solved using a finite element algorithm. 

 

   The spin wave structure analyzed in this paper is shown in Figure 3.3.a consisting of a 

Ni spin bus (40×80×2000 nm3) surrounded by an air sphere (R = 2 μm).  The boundary conditions 

(BCs) for the magnetic potential at the interface of Ni and air are 

in out        (3.8a) 

in out
sM

  
   

 
m n

n n
,    (3.8b) 

where in and out are the magnetic potentials inside and outside the Ni bar and n  is the normal 

vector at the interface. The magnetic potential 0   is enforced along the air sphere boundary. A 

uniform spin state is achieved by applying an in-plane magnetic bias field (0.071, 0.207, 0) T along 

the (110) direction (Figure 3.3.b). The angle between (110) magnetization direction and the 

acoustic wave direction is 45˚ in order to achieve maximal SW amplitude. [88]  A low-reflecting 

BC is applied at the end of the bar to absorb incoming waves and prevent reflection [89] thus 

simulating an infinite bar. The mesh size for the Ni bar is 5 nm which is smaller than exchange 

length (8.5 nm). In all studies a mesh convergence test was performed to ensure that the numerical 

solution accurately represented the physics being studied. 

  During the solution process, the Ni bar initial magnetization m is aligned along the (100), 

then released at t=0 and settles to the lowest energy direction until t = 0t . This process forms the 

equilibrium magnetic state aligned with the (110) direction. At t = 0t , an excitation is applied either 
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with an AC magnetic field or alternating voltage induced mechanical displacement in the x 

direction.  This excitation is applied over the spin bus’s central area shown by the white outlined 

area, 10 nm wide, in Figure 3.3.a. The AC magnetic field amplitude is 800 A/m while the voltage 

amplitude is 2.08 mV (representing a displacement amplitude of 0.005 nm). These voltage and 

magnetic field values produce the same effective changes of magnetization changes in the central 

area of the spin bus.   

   The SW signals are evaluated after the system reaches steady state which is 

approximately 3ns. The Ni magnetoelastic coupling coefficients used in the simulations are

6 2

1 6.2 10 N/mB   ,
6 2

2 4.3 10 N/mB   , 100 46ppm    and 111 24ppm   . The Ni magnetic 

constants are
54.8 10 A/msM   ,

111.05 10 J/mexA   , and 0.038  . The Ni mechanical 

properties are
38000kg/m  , Young’s modulus 180GPaNiE   and Poisson’s ratio 0  . The 

negligible Poisson’s ratio prevents undesirable lateral oscillations of the Ni bar producing a 

uniform compressive wave from the applied voltage/mechanical oscillations. Therefore, the 

mechanical oscillation will only generate non-dispersive compressive mechanical waves without 

exciting complex shear waves. This provides a more direct comparison of results between SW 

generated with an applied magnetic field to those generated with an applied voltage/mechanical 

oscillation. 
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Figure 3.4. Normalized S12 is plotted in the frequency domain to find the FMR (highlighted by the 

vertical dashed line). The top right inset shows the Gaussian magnetic field pulse applied in the central 

region for broadband excitation. The Gaussian pulse is centered at t = 3 ns with 0.015 ns standard deviation. 

The peak in S12 indicates the FMR = 9 GHz. 

 

3.1.3 Simulation Results 

The Ni bar’s ferromagnetic resonance (FMR) was first evaluated.  A Gaussian-shaped 

magnetic field pulse (see insert in Figure 3.4) was applied to the excitation area (Figure 3.3.a). The 

Gaussian pulse is centered at 3 ns with a standard deviation of 0.015 ns. The magnetization 

response is calculated in time domain and then transformed to frequency domain using fast Fourier 

transform (FFT). The z-component of magnetization, m3 is chosen for analysis because it is 

orthogonal to both the equilibrium magnetization and the wave propagation directions. FMR was 

determined by observing the absorption peaks in the SW transmission S12. Here, S12 is defined as 

the ratio of the measured m3 at 100 nm to the m3 produced at center of the excitation area. Figure 

2 shows the S12 signal normalized to 1. FMR is found to be 9 GHz, where maximum excitation 

occurs for the uniform mode (i.e. where SW wavenumbers are 0). 
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Figure 3.5. Normalized m3 vs. propagation distance is plotted for both AC magnetic field and 

voltage induced strain excitation at 10 GHz. The blue, red and yellow lines indicate the value of m3 as 

measured at probes 200, 250 and 300 nm from the SW source, respectively. (a) A SW excited by AC 

magnetic field exhibits -5.2 dB decay over 100 nm. (b) By comparison, a strain-excited SW shows almost 

no decay over the same distance. 

 

Figure 3.5 shows m3 as a function of time simulated at three different probes, located 200, 

250 and 300 nm from the center for 10 GHz harmonic excitations (above FMR) using either: 1) 

AC magnetic field (Figure 3.5.a) or 2) voltage-induced displacements (Figure 3.5.b). In both plots 

the maximum amplitude of m3 at the 200 nm probe is normalized to 1 for easy comparison. Figure 

3.a shows that for the AC field-generated SWs, the energy decay is -5.2 dB over a 100 nm distance. 

The phase velocity is 1200 m/s, with a wavelength of 120 nm. These characteristics indicate that 

the AC field-generated SW dispersion is exchange dominated [76]. Figure 3.b, by comparison, 

shows that the strain-excited SW has little decay over the same 100 nm distance. The phase 

velocity in this case is 4500 m/s (wavelength 450 nm), which agrees with calculated phase 

velocities for a compressive mechanical wave in Ni (4743 m/s). The phase velocity of the strain-

mediated SW is 3 times as that of the magnetically excited SWs. This indicates that strain-mediated 
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SWs are not classical SWs. The strain-generated SWs (Figure 3.5.b) also show noticeable changes 

in the sinusoidal SW profile which is attributed to magnetoelastic coupling.  

 

Figure 3.6. The Gilbert damping dependence of both strain-excited and AC field-excited SWs is 

examined by comparing their SW decay profiles over a 100 nm distance. Decay profiles for two Gilbert 

damping coefficients are shown:  = 0.038 (circle markers) and  =0.5 (square markers). Solid lines 

represent the decay profile of strain-mediated SWs while dashed lines represent the decay of AC magnetic 

field excited SWs. 

 

This behavior can be explained in three steps by examining the non-linear magnetoelastic 

contribution to the magnetic LLG-driven dynamics. 1) The mechanical wave propagates along the 

Ni bar without significant decay since the mechanical damping and magnetic feedback are 

negligible. 2) The mechanical wave acts as a continuously propagating magnetic field source to 

generate SWs through magnetoelastic coupling, which causes 3) the amplitude of the coupled SW 

to remain relatively constant at the mechanical wavefront. In summary, the strain-mediated SWs 

are continuously excited by the moving source (mechanical waves) while the magnetic field 

excited SWs are excited by the static source in the central area. Thus, the strain-mediated SWs can 



51 
 

propagate together with the mechanical waves over long distances. Since the coupled wave is 

magnetoelastically driven near FMR, the non-linear magnetoelastic effective field excites higher 

order modes. The superposition of traveling waves in these non-linear modes results in the 

modified sinusoidal curve shape shown in Figure 3.5.b. The existence of these higher order modes 

was further confirmed by examining the FFT of m3. 

 

 

Figure 3.7. Magnetization response is plotted for below FMR SW excitation (3 GHz) by two 

methods: (a) AC magnetic field-excitation, for which the SW exhibits -13 dB decay over 100 nm (blue, red 

and yellow lines indicate magnetization measured 200, 250, and 300 nm from the source, as in Figure 3.5), 

and (b) strain-excitation, for which SWs exhibit almost no decay over the same distance. 

 

Figure 3.6 shows the simulated SW signals using two different Gilbert damping 

coefficients, 0.038   [51] (circle markers) and 0.5   (square markers) at 10 GHz in the 

calculations The normalized m3 is plotted at distances between 200nm-300nm from the excitation 

area for both magnetic field (dashed lines) and voltage/displacement excited spin waves (solid 

lines). For magnetic field generated SWs, a significant decay in the wave amplitude is observed at 

0.5   (-20 dB) and a more moderate decay for 0.038   (-5.2 dB). In sharp contrast, the 
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voltage/displacement induced SWs show little decay and are relatively insensitive to the Gilbert 

damping coefficient value. This is attributed to the nearly lossless behavior of mechanical waves 

in metals (< 0.1 %) [90] and the insignificant amount of energy dissipated in the magnetic phase 

as compared to the amount of energy present in the mechanical wave.  

To study the SW properties at frequencies below FMR, Figure 3.7 plots the normalized m3 

simulated at three different probes in the spin bus for both magnetic field and strain driven SW at 

3GHz (below FMR). From Figure 3.7.a, the magnetic field excited SWs exhibit a -13 dB decay 

between 200 and 300 nm. This indicates SWs cannot be generated by AC magnetic field at 

frequencies below FMR something in agreement with the theory of exchange SWs.  Specifically, 

the FMR represents the lowest frequency to excite exchange SWs because of the second-order 

dispersion relation ( 2~ k ). [91] In contrast, Figure 3.7.b shows that strain driven SWs exhibit 

only a -0.26 dB decay over a similar distance (compare with Figure 3.7.a). Also, the SW phase 

velocity is 4500 m/s which is almost identical to the phase velocity of the SW generated by strain 

shown in Figure 3.5.b.  While similar, the SW profile in Figure 3.7.b is clearly sinusoidal 

suggesting that the non-linear magnetoelastic coupling present at 10 GHz (Figure 3.5.b) is less 

significant at 3 GHz.  
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3.1.4 Conclusion 

In this section, a FEA based model was used to solve the fully coupled non-linear LLG and 

elastodynamics to study SWs. The model was used to compare the propagation of voltage induced 

strain and AC magnetic field excited SWs in Ni. Strain generated SWs were observed to propagate 

further, with less decay than AC field generated waves, while exhibiting near zero dependence on 

the Gilbert damping. Simulation results also confirmed that strain-mediated SWs can be excited 

even below FMR.  
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3.2 Perpendicular Standing Spin Wave in Undulating Thin Film 

 In this section, we developed a finite difference model to simulate the spin dynamics of the 

perpendicular standing spin waves in the undulating thin film. The perpendicular standing spin 

waves are excited since the applied magnetic field (induced by the coplanar waveguide) is not 

uniform through the thickness. The perpendicular standing spin waves have high excitation 

frequencies (>20 GHz) while the required bias field is low (no more than 100s Oe). Besides, two 

optimization methods are applied in the model in order to provide the max perpendicular standing 

spin wave absorption power. The model helps the design and development of the applications, 

such as high frequency filter and the spin pumping. [44] 

 

3.2.1 Introduction 

Spin-waves in FM materials can enable many possibilities in applications such as carrying 

spin currents [92,93] in logic devices [72,94,95] and information propagating busses [96] among 

others [71,97].  Spin-wave excitations in FM materials are typically achieved by using a DC bias, 

Hbias, and an RF magnetic field, hrf, which has a component perpendicular to Hbias.  The excited 

spin-wave mode is determined by two factors: the angle between Hbias and the spin-wave 

propagation direction, and their orientation with respect to the FM layer [98].  The dispersion 

relation of the modes are different, i.e. the relation between the spin-wave oscillation frequency 

and its wavenumber k for a given Hbias in an FM material of saturation magnetization MS [98]. 

Magnetostatic surface spin-waves (MSSWs) are one spin wave of particular interest due to their 

surface nature and relatively higher frequency and group velocity.  However, frequency of MSSWs 

is still narrowed by the MS value of the FM material and in order to achieve higher frequencies, 
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greater magnetic fields are required, resulting in the limitation of the realization of RF applications 

utilizing spin-waves, e.g. bias fields of above 1000 Oe for frequencies above 12 GHz for CoFeB.  

Although it has been proved that by separating two FM layers with a thin non-magnetic layer, a 

resonant frequency of 27 GHz at a bias field of 60 Oe can be achieved [99], this method requires 

sub-nanometer accuracy of thin film deposition. 

 

Figure 3.8. Perpendicular standing spin waves excited in the twisted state in the FePt/Py bilayer 

structure. Left: spin configuration in the saturated state. Right: spin configuration in the twisted state. [100] 

 

PSSW [101], which can be excited at higher frequencies compared to MSSWs, is another 

spin-wave mode that has been less utilized. The high frequency of PSSWs is achieved due to the 

fact that they are confined by the FM material and can have large wavenumbers and thus are highly 

exchange-dominated. Therefore, PSSWs have mainly been used in determining exchange 

interactions [102,103], exchange stiffness [104–106], and damping [107] in FM materials. What’s 

more, PSSWs have recently been used in switching field reduction of highly coercive magnets 

shown in Figure 3.8 [100].  Nevertheless, a non-uniform dynamic field across the thickness of the 
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FM layer is required to excite such spin-waves [101]. One method is to use high power 

lasers [93,108,109]. Other methods include using a microstrip [107,110], but these are highly 

inefficient since the coupling between the RF magnetic field created by the microstrip and the 

PSSW modes is very little [101,110,111]. Although an out of plane magnetic field can also be 

utilized to excited PSSWs, for some cases of FM materials, a large bias field is required, which 

significantly limits their practical applications; for example, Permalloy or CoFeB requires bias 

fields above 104 Oe [107].  Therefore, efficient excitation of such exchange-dominated spin-wave 

modes is needed to enable novel high-frequency spintronic application. 

Here, we demonstrate that by creating a periodic undulation in a 100 nm thick CoFeB layer 

using micrometer scale coplanar waveguides (CPWs) as transducers, high-frequency PSSW 

resonances can be efficiently excited. With proper model setup, spin-waves were excited at two 

strong resonant frequencies for low bias fields; the lower frequency corresponds to the MSSW 

mode and the higher one to PSSW mode. High-frequency oscillations above 20 GHz, which 

requires a bias field above 2500 Oe if using MSSW, were then excited at fields even below 100 

Oe. More importantly, efficient coupling of microwave excitations to these non-uniform modes is 

achieved due to the periodic undulation.  We performed same measurements on flat and undulating 

YIG structures and observed the same effects, suggesting that it was the undulation of the FM 

layer that enabled the observation of the second higher frequency mode. A finite difference time 

domain (FDTD) Micromagnetic simulation was then built to confirm the excitation of spin-wave 

modes, and good agreement was found between experimental data and simulation results of 

absorption peaks for both CoFeB and YIG samples. We can also get an insight into the dynamics 

of these standing spin-waves with the simulation results.    
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3.2.2 Model Setup 

The finite difference code MuMax3 [112] was used to simulate the time evolvement of 

magnetization directional vector m when there is an effective magnetic field
effB .  MuMax3 solves 

phenomenal micromagnetic relation known as Landau-Liftshitz (LL) equation.  In our model, effB  

consists of Zeeman field 
ZeemanB , exchange field 

exchB , demagnetization field demagB .  Zeeman field 

ZeemanB  is the externally applied field.  Exchange field 
exchB  can be expressed as 

22 ex
exch

s

A

M
 B m      (3.9) 

, where 
exA  and 

sM  are exchange stiffness constant and saturation magnetization.  Demag-

netization field demagB is calculated as  

demag s demagMB K m          (3.10) 

, where demagK is the demagnetizing kernel matrix [112]. The demagnetization kernel (or called 

demagnetization matrix) is calculated with an analytical solution of the shape anisotropy.  

Our model used periodic boundary conditions (BCs) to simulate the undulating CoFeB.  

However, there is no need to simulate the whole geometry as the experiments to save running time.  

The periodic BCs are in X and Z directions.  The repeated structures will have some influence on

demagB , and thus resonance frequencies may change due to different periodic BCs.  Convergent 

tests were conducted to make sure that our model can capture all the physics. 
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First, the periodic BC in X direction was chosen to be three and the repeated structures in Z 

direction swept from 40 to 70.  There is always a 1000 Oe bias field in Z direction.  The input 

Gaussian pulse is  

2

0 2

(t )
exp[ ]

2
inputH H






      (3.11) 

, where H0 = 50 Oe, μ = 2 ns and σ = 2 ps.  The FFT of the Gaussian pulse indicates that the 

amplitude difference is less than 10 % in the 0 to 50 GHz frequency range.  This means that the 

Gaussian pulse is a broad band input in the frequency range as the experiments. 

The FFT of the susceptibility was calculated for different periodic BCs in Z direction.  The 

two peaks in the spectrum are the two resonance modes in the undulating CoFeB.  From 50 periodic 

BCs, the increase in repeated structures only changes the resonance frequency by less than 1 %.  

Therefore, it is concluded that 50 periodic BCs are considered convergent in our model.  The 

similar tests are conducted for periodic BCs in X direction.  It is found that only three repeated 

structures can make the resonance frequency convergent. In summary, three and 50 repeated 

structures in X and Z directions can make the model convergent to the real geometry.   

In the optimization part, a modified MuMax3 code is used to output the averaged spin wave 

power over the structure. The modified code has been added a function to compute the averaged 

magnetization square |𝐦|2 for each time step. Since the spin waves are mostly pinned in the Z 

direction, we can use |𝐦|2 as an effective term of the spin wave power. A Gaussian pulse is first 

applied to some design of the undulating CoFeB thin film. The FFT of the normalized output signal 

indicates the resonance frequency of the PSSW (first mode). The next step is to apply a harmonic 

magnetic field at the PSSW resonance to collect the output signal where the amplitude is the PSSW 

power. 
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 After the power is able to be tracked for an arbitrary design, the gradient descent and 

parametric sweep methods are applied to optimized the shape of the undulating film in order to 

achieve the maximum power absorption. In the end, more than 200 % increase of power absorption 

is realized with the change of top length, leg length and film thickness. 

 

 

3.2.3 Experimental Measurements 

A SiO2 layer, which was one dimensional undulating, was created on a lightly doped Si 

substrate. Figure 3.9.a shows the cross sectional SEM image of a 100 nm CoFeB deposited on the 

undulating SiO2 substrate. After that, CPW structures, which were used as transducers for spin-

waves excitation, were deposited. Figure 3.9.b displays the schematic of the spin-wave device. We 

also prepared flat spin-wave devices for control experiments by using the non-patterned areas of 

the samples. Spin-waves were excited and measured by means of vector network analyzer 

ferromagnetic resonance (VNA-FMR).  MSSW were then excited in the FM layer by aligning Hbias 

along the x direction (see Figure 3.9.b) and measuring the S-parameters via the VNA [113,114], 

with Hbias sweeping from -2000 to 2000 Oe and S-parameters measured and recorded. Subtracting 

the measured S parameters from those of measured at 3500 Oe eliminated the background 

electromagnetic coupling [114]. 
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Figure 3.9. S11 parameters measured from the flat and undulating CoFeB thin films. (a) A CoFeB layer 

was deposited (sputtering, thickness 100 nm) on the undulating SiO2 substrate retains the topography of the 

Si substrate. (b) Schematic of the spin-wave excitation device. A magnetic bias field, Hbias, with a dynamic 

applied magnetic field, generated in the CPW structure by passing through a RF current, is used to excite 

spin waves in all the frequencies. (c) Measured S11 parameter of the flat CoFeB layer (thickness 100 nm).  

(d) Measured data for the MSSW mode (circle markers) along with fitted curve (solid line) using the MSSW 

dispersion relation. (e) Measured S11 parameter of 100 nm thick undulating CoFeB layer. (f) Measured data 

for the MSSW and PSSW modes, as the circle and square markers, respectively, along with fitted curves 

using the MSSW dispersion relation (Eq. 3.11), the bottom solid line and PSSW dispersion relation (Eq. 

3.12), the top dashed line. (Data measured by Aryan Navabi) 
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Spin-waves in the flat CoFeB control sample was firstly analyzed. Figure 3.9.c shows the raw 

S11 parameter measured.  The color map displays the magnitude of the power absorbed by the spin-

waves excited under the signal line; the red means on energy absorption at all and the blue means 

most of the energy has been absorbed. The data can show the absorbed power by the excitation of 

spin-waves in FM layer once they have been subtracted from the electromagnetic coupling. The 

curved line observed in the S-parameters corresponds to the MSSW mode, also called the Damon-

Eshbach mode, and the dispersion relation can be described by the following equation [98] 

  
2 2

2 exp 2
2 2

M M
H kd

 
 

   
      
   

  (3.11) 

, where ωH is given by γHbias and ωM is given by γµ0MS with MS in units of 𝐴 ∙ 𝑚−1 and µ0 the 

permeability of free space equal to 4πx10-7 H/m, with d as the thickness of the CoFeB layer; in 

this case, 100 nm.  γ is the gyromagnetic ratio which is given by 𝑔𝑒𝑚𝐵 ℏ⁄ , where ge is the Landé 

g-factor, mB is the Bohr magneton, and ℏ is plank’s constant.   

Values of 28 𝐺𝐻𝑧 ∙ 𝑇−1 for γ and 1408 𝑒𝑚𝑢
𝑐𝑐⁄  for MS were determined after fitting the 

curve in Figure 3.9.c to the above equation (Figure 3.9.d). With Equation 3.11, the wavenumber k 

is estimated to be 1.47x105 m-1 , which agrees to the values determined by numerical 

methods [107,115,116].  After that we repeated the same steps of measurement on the undulating 

CoFeB sample and the S11 parameter in which a second strong resonance was observed at higher 

frequencies is shown in Figure 3.9.e. Then, by fitting the second resonance with the dispersion 

relation (Figure 3.9.f) [93,101,117], 
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  (3.12) 

 

we determined that the second mode is indeed PSSW as consequence of non-uniform excitation 

of magnons across the FM layer thickness.  In the equation above, Hk is the field created due to 

the shape anisotropy, A is the exchange constant in the unit of 𝐽 ∙ 𝑚−1 and has the value of 

approximately 28.4 𝑝𝐽 ∙ 𝑚−1 for the CoFeB thin films  [106], k|| is the in-plane wavenumber (xy 

plane), and p is the PSSW mode number determined by the number of nodes in the mode profile 

across the thickness of the CoFeB layer (the simulation predicts the PSSW model number. See 

section 3.2.4).  Fp is a constant that depends on the pinning parameter  [117,118]. The total 

wavenumber k is calculated by the following equation 

𝑘 =  √𝑘||
2 + (

𝑝𝜋
𝑑⁄ )

2

.      (3.13) 

By fitting the MSSW mode (first mode) in Figure 3.9.e with Equation 3.11 and using the 

values of γ and MS derived from the measurement of the control flat CoFeB sample, the wave 

number k was estimated to be 2.56x105 m-1.  For the PSSW mode, we used k|| as the value of k 

since we cared more about the in-plane traveling wave.  However, as will be shown, because k|| is 

much smaller than the out-of-plane wavenumber, it does not change the fitting significantly.  The 

same values of MS and γ form MSSW mode were also used in the calculation for the PSSW 
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wavenumber.  We determined the out of plane (z direction) wavenumber, expressed as 
𝑝𝜋

𝑑⁄ , to 

be 9.94x107 m-1. 

With the cross section SEM image in Figure 3.9.a, we estimated the thickness of the FM 

layer on the sloped regions to be approximately 70 nm, indicating that p is just over 2.2. Fp, the 

pinning parameter, is the second fitting parameter in the PSSW mode. It was estimated to be 0.6 

from equation (3.12). Since it has been a long standing problem to determining the exact values of 

the those parameters [117], we performed simulation based on our model to examine the validity 

of some of the key parameters.  The simulation results are presented in the later sections as well 

as the optimization of the geometry to achieve the maximum PSSW excitation power. 
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3.2.4 Simulation Results 

To confirm the dominance of the PSSW mode’s contribution to the undulating FM’s 

resonant behavior, a FDTD micromagnetic simulation was created using MuMax3 [43]. The 

simulated magnetic state was time evolved in accordance with the Landau-Lifshitz-Gilbert 

equation, taking into account the Zeeman, exchange, and demagnetizing effective fields.  

To model the undulating FM geometry (Figure 3.10.a), a 50 nm wide cross-sectional slice 

of one period was approximated by a trapezoidal arch (Figure 3.10.b).  The space in this element 

was discretized using 2×2×2 nm3 cuboidal finite difference cells, whose sizes were picked because 

they are smaller than the exchange lengths of CoFeB and YIG [105,106,119].  To capture the 

effects of long range coupling in large area films, periodic boundary conditions were applied on 

the magnetic state in the X and Z-directions. These periodic conditions enforced 1) that the 

magnetization m at the two opposing boundaries (red dashed lines in Figure 3.10.b) were held 

equal and 2) that a number of repeated images of the magnetic state are added to the ends of the 

geometry when calculating the magnetostatic field. Consequently, a separate parametric study was 

done to find the number of periodic images that were required to ensure convergence of the 

dynamic micromagnetic behavior. Convergent behavior was reached with 50 images in both ±Z 

directions, as the model approached a large aspect ratio limit, but periodic images in ±X did not 

strongly affect the result since the PSSW modes of interest exist along Y. Three images in both 

±X directions were kept to allow any dipolar coupling between neighboring arch elements. 
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Figure 3.10. Micromagnetic model geometry and simulated S11 parameters for the undulating and 

flat CoFeB and YIG FM’s. (a) SEM image detailing the as-fabricated undulating FM structure which was 

approximated for the model geometry. (b) The FDTD model approximation to the structure in (a), most 

importantly showing matching out-of-plane thickness dimensions (where the PSSWs form). (c) A 

comparison is made between the frequency dependent susceptibility of flat and undulating CoFeB for a Z-

directed 1000 Oe bias field. (d) The same comparison made in (c) for CoFeB is made for YIG. Note the 

comparatively smaller gap between resonances for YIG. (e) The absorption spectrum is shown for flat 
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CoFeB. Grey line indicate peaks in experimentally measured absorption whereas blue circle markers 

indicate the corresponding simulated peaks. (f) The measured (solid and dashed lines) and simulated (red 

circle and square markers) absorption spectrum for undulating CoFeB. (g) The comparison between 

experimental and simulated absorption is made for flat YIG. (h) The same comparison is made as in (f-g), 

but for undulating YIG.  

 

To probe the structure’s resonant modes, the following protocol was used: 1) a bias field 

Hbias was applied in Z to ensure a single domain configuration; then, 2) a broadband Gaussian 

magnetic field pulse (details for the pulse shape can be found in supplementary materials) with 50 

Oe magnitude was applied in the X-direction.  The time-domain response of magnetization was 

recorded by taking the mx, my, and mz components averaged over the volume every 0.5 ps.  The 

time response was then Fourier transformed to yield the frequency dependent susceptibility.  This 

process was then repeated while sweeping Hbias from 500 to 1500 Oe in 100 Oe steps to recover 

the full field-frequency dependent absorption. 

This protocol was used to create simulated absorption spectra for all four of the fabricated 

samples, which include both undulating and flat control samples, made from both CoFeB and YIG, 

as described in Section 3.2.2.  Table 3.1 shows key materials parameters used in the protocol.  The 

flat sample model geometry was 500×100×50 nm3. The periodic conditions, the bias field, and 

the excitation protocols were matched with those previously mentioned.   

Once the absorption spectrum was determined, additional simulations were carried on the 

undulating CoFeB sample.  The structure was harmonically driven at both resonant frequencies 

for a bias field of 1000 Oe.  This allowed for analysis of the time-domain magnetic responses 

which were plotted into x-y plane cross section animations to spatially locate the dominant 

standing modes.  
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Parameters 

 

CoFeB YIG 

MS (emu
cc⁄ ) 1408 87.5* 

Aex (
pJ

m⁄ ) 28.4 0.037 

α 0.035 0.01** 

 

Table 3.1. Key materials parameters used for micromagnetic simulations. *An Ms value of 71 

𝑒𝑚𝑢
𝑐𝑐⁄  was used for undulating YIG, which was based on SQUID measurements. ** The Gilbert damping 

for thin film YIG grown on SiO2 substrate was taken to be orders of magnitude higher than that for bulk 

YIG based on propagating spin-wave spectroscopy. 

 

Figure 3.10.c-d show absorption plots for a fixed bias field of 1000 Oe for flat (blue lines) 

and undulating (red lines) films for both CoFeB and YIG samples.  The amplitudes are normalized 

by the maximum absorption of the corresponding flat samples.  The full field-frequency dependent 

absorption for the flat and undulating CoFeB and YIG, shown in Fig. 3.10.e-h, were obtained by 

taking the local maxima of the normalized absorption plots for fields ranging from 500 to 1500 

Oe.   

When contrasted with those for the flat CoFeB and YIG (Fig. 3.10.e and 3.10.g, and the 

blue lines in Fig. 3.10.c-d), it is clear that the dual resonances are unique to the undulating 

geometries.  As was described in the experimental section, the simulation confirms that the dual 

resonances are the result of two resonance modes at a single bias field.  One of these modes forms 

at low frequencies (MSSW) and one at high frequencies (PSSW). The PSSW was mostly 

dominated in the structure’s sloped regions which was confirmed using animations of the magnetic 

time response to analyze where the standing modes appear when the structure is resonantly driven.   
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Figure 3.11. The 𝑚𝑦  component is plotted structure-wide while being driven at resonant 

frequencies with a 1000 Oe bias field in z direction. (a-c) A uniform mode excitation is generated at 12.4 

GHz in the structure’s left sloped region. In (a) the left sloped region is red, indicating 𝑚�̃� = 1, in (b) it 

averages to 0, so 𝑚�̃� ≈ 0, and in (c) it is red, so 𝑚�̃� = 1 again. Since each sloped region has a constant 

color, the oscillations are in phase, and thus showing the dynamics of the fundamental mode. (d-f) The 

PSSW mode is excited in the left sloped region at 24 GHz. (d) shows a red-blue-red profile through the 

thickness of the left sloped region, whereas (f) shows a blue-red-blue profile. The inlay in (f) indicates that 

this profile (cross section at solid line) corresponds to a sinusoidally shaped PSSW mode. 

 

The full animations are available in the supplemental material of reference [44], but several 

snap shots from these animations are shown in Figure 3.11. Figure 3.11.a-c show the normalized 

Y-component of dynamic magnetization, 𝑚�̃�, for the whole structure where red is 𝑚�̃� = +1, and 

blue is 𝑚�̃� = -1, at 160, 180, and 200 ps, while the structure is being driven in a 1000 Oe Z-directed 

bias field by a 50 Oe resonant 12.4 GHz uniform external field. These images show a uniform 

mode in the structure’s sloped regions.   

At 24 GHz (Figure 3.11.d-f), the mode becomes non-uniform as indicated by the inset in 

Figure 3.11.f which shows the Y-component of the magnetization in the left sloped region 
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indicated by the black dashed line (at 171, 181, 192 ps).  The inset shows two nodes in the standing 

spin-wave which confirms the value determined for p in the PSSW dispersion relation (Equation 

3.12) by fitting to the experimental data. This demonstrates that the higher frequency mode must 

be from non-uniform excitation across the thickness of the FM layer, which we attribute to the 

angle of the sloped regions. 

Since we are reporting good agreement between simulation and experiment for all four 

structures (flat and undulating, for both CoFeB and YIG), we take the simulated dynamics to 

accurately reflect the dynamics of the fabricated structures.  The simulations also support the 

exchange stiffness values determined by fitting the experimental data with values of ACoFeB=28.4 

pJ ∙ m−1 and AYIG=3.7x10-2 pJ ∙ m−1.  

 

 

 

Figure 3.12. PSSW power absorption v.s. bias field. The red solid line indicates the experimental 

measure of the original design (as Figure 3.10.a). The blue circles represent the simulation results of the 

ratio of the absorbed PSSW power compared to the input spin wave power. 
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Finally, we address the excitation efficiency of the PSSW mode. The red line in Figure 

3.12 show the power absorbed at the center frequency of the PSSW mode for fields ranging from 

0 Oe to 2000 Oe.  The results show a maximum absorption of almost 10% by these modes for our 

device structure and dimensions. Compared to other methods of exciting PSSW using CPWs, 

where these modes are observed as only minor resonances [13], the method presented here shows 

great promise for efficient excitation of these exchange-dominated modes.  A key limiting factor 

in realizing practical spin-waves applications is the requirement for an external magnetic field 

often above 100 Oe especially for high-frequency applications. These external fields come from a 

permanent magnet which provides fields in the order of 10s of Oe or by the Oersted field created 

by a current through a loop where larger currents are required for larger fields.  With undulating 

CoFeB, high-frequency oscillations can be excited at low fields which is another aspect that makes 

this method very efficient.   

The blue circles represent the simulated PSSW power absorbed at the resonance frequency 

with the bias field from 500 Oe to 1500 Oe. The power absorption is calculated with a modified 

MuMax3 code which has been described in Section 3.2.2. In general, the simulation results predict 

the overall trend of the PSSW power absorption along with different bias field. Based on this, the 

next step is to optimize the geometry.  

In the optimization part, the objective is to maximize the square of the magnetic directional 

vector |𝐦|2. This is because the spin wave power is proportional to the square of the magnetization 

with the assumption that the bias is large enough to pin the magnetization in the z direction, i.e. 

𝑚𝑧 ≈ 1 . The variables in the optimization are the top length 𝑙𝑡𝑜𝑝 , leg height ℎ𝑙𝑒𝑔  and film 

thickness 𝑡𝑡𝑜𝑝 . Besides, we set the upper bound for  𝑡𝑡𝑜𝑝 < 250 nm . The thickness of the 
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undulating film has a 250 nm upper bound constraint due to the CoFeB sputtering. It gets more 

and more difficult to deposit thick CoFeB undulating film on to the pre-etched SiO2 substrate.  

 

Figure 3.13. The optimization process to maximize the power absorption at PSSW resonance 

frequency with a 1000 Oe bias field. The orange region (left) shows the increase of the PSSW power 

absorption with gradient descent method. The power absorption increase from 8% to 18% and then it 

saturates at design cycle 4. The blue region (right) shows the increase of the PSSW power absorption with 

parametric sweep. At the last design cycle, the optimized structure can absorb 28% of the input power. 

 

To optimize the shape of the CoFeB film, two sequential optimization methods are applied 

at a fixed bias field 1000 Oe: gradient descent and parametric sweep. At the beginning, the gradient 

descent method is used to quickly search for the power maximum area and several starring points 

were used. In the gradient descent step, the gradient is calculated by adding a small value to the 

current design. Then the small change will induce a change in the power absorption at the PSSW 

resonance. The model then will change the structure along the gradient direction. It will stop until 
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the maximum power absorption is found in this direction. Then parametric sweep method is 

applied to locate the precise design of the shape and detect any other local minima in the vicinity.  

Figure 3.13 shows the power increase in the optimization process. The original design is 

arbitrary (𝑙𝑡𝑜𝑝 = 150 nm, ℎ𝑙𝑒𝑔 = 175 nm and 𝑡𝑡𝑜𝑝 = 100 nm) and the pre-optimized structure 

only has 8% power absorption. The horizontal axis represents the design cycle for each 

optimization iteration while the vertical axis represents the percentage of the power absorbed from 

the input power. The orange region in Figure 3.13 (left) shows the gradient descent method. The 

power absorption increases from the original 8% to 18%. One can notice that the power absorption 

curve has a large slope at the first two design cycles. However, the gradient descent method quickly 

saturates after the design cycle 2.  

 

 

Table 3.2 Parameters of the presentative designs and their power absorption percentage. The power 

absorption of the post-optimized geometry increases 185% from the original design.  

 

This can be explained that the “small change” to derive the gradient is not mathematically 

small (e.g.10−4 nm). In reality, the small change has to be at least 1 nm since the mesh size of the 

finite difference model is chose as 1 nm. The mesh size is a compromise of the running time and 

computational accuracy. The mesh size (1 nm) is smaller than the exchange length of CoFeB (3.5 
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nm) [44], which is considered appropriate in the micromagnetic simulation [40]. When the design 

is getting close to the optimal design, the gradient descent method saturates since the gradient is 

not calculated in an appropriable approach. Therefore, the parametric sweep method is effective 

to search for the maximum power absorption.  

In the blue region of Figure 3.13 (right), the parametric sweep method increases the power 

absorption from 18% to 28%. The cross-sections are shown in the inserts of Figure 3.13. Detailed 

design parameters are shown in Table 3.2. It is obvious that the top length is decreasing while the 

top thickness and leg height are increasing.  

 

 

Figure 3.14. The normalized 𝑚𝑦
2  for the pre- and post-optimization designs. The post-optimization 

design (a) has more excitation within the whole structure while the excitation is concentrated in the middle 

of the left leg in the pre-optimized design (b).  
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 In Figure 3.14, the normalized 𝑚𝑦
2  for both pre- and post-optimization designs is shown. 

First, one may notice the typical feature of the PSSW that the oscillation has standing nodes for 

both pre-optimized and post-optimized structures. In both color maps, the red refers to relatively 

higher excitation intensity which induces more magnetic energy absorption and damped in the 

undulating film while the blue color refer to no excitation at all. In Figure 3.14.a, the PSSW of the 

original design has no standing node which indicates the PSSW is oscillating at the ground mode. 

Basically, most area of the cross-section is blue resulting in the excitation concentrating in the 

central region of the left leg. The PSSW excitation appears in both left and right legs periodically 

in the time domain. However, rarely region in the flat top is excited. This is the reason why the 

power absorption is as low as 8% for this design. Thus, the optimization is expected to reduce the 

top length to maximize the power absorption for the whole structure. In addition, it would have 

even more energy absorption efficiency if the excitation is spread to the whole legs instead of the 

central region of one leg.  

 The power absorption distribution of the post-optimized structure is shown in Figure 3.14.b. 

In general, most of the cross-section has PSSW excitation resulting in a significantly higher 

percentage of power absorption. Besides, the standing node number of this structure is 3 which 

indicates the PSSW resonance at mode 4. The higher mode of oscillation enables the excitation 

over the whole structure. The excitation manners enable the more efficient absorption of the input 

power. 
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3.2.5 Conclusion 

 In this section, we have demonstrated that high-frequency magnetic oscillations (> 20 GHz) 

can be efficiently excited at low fields (even below 100 Oe) in the form of PSSW in the undulating 

CoFeB films. Using the periodically undulating silicon oxide substrate that Aryan Navabi has 

fabricated, other FM materials, e.g. CoFeB and YIG, are deposited on top to create an undulating 

geometry. The PSSW modes have mostly been used for determining FM material parameters, such 

as the exchange constant A, whereas other spin-waves modes have been utilized in other practical 

applications (high frequency filter and spin pumping) as well. A finite difference model is 

developed to simulate the spin dynamics of the PSSW as well as MSSW in the undulating thin 

film. The simulation results match the experimental data in the PSSW resonance frequency and 

the absorbed power. Next, optimization is conducted to find out the geometry design to achieve 

~30% input power absorption. With the possibility of efficient excitation of high-frequency 

exchange-dominated modes such as PSSW, new possibilities in spintronic applications (e.g. 

exchange constant measurement, high frequency filter and spin pumping) are now feasible. 
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4. Multiferroic Sensor/Actuator 

 In this chapter, the simulation works on multiferroic sensor/actuator are discussed. The bi-

directional coupling between magnetoelastics and piezoelectrics in the composite multiferroics 

makes the applications of sensor and actuator possible. For example, the external magnetic field 

can induce the strain/stress change in the magnetoelastic layer which is transferred to the 

piezoelectric layer. Thus, the electric potential is changed and the electric signal in the electrodes 

can be easily sensed and analyzed. As a consequence, the magnetic field can be sensed in the form 

of an electric signal. Conversely, an input electric field can induce a magnetization change. Those 

characteristics make composite multiferroics an excellent candidate for sensor and actuator 

applications. In order to have potential application of multiferroics, a fully coupled model is 

needed to understand the physics behind the devices. 

 In what follows, one multiferroic motor design is studied with a fully coupled 

micromagnetic and piezoelectric model. The design has important applications, including micro-

swimmer and biology sorting/control.  

 

4.1 Introduction 

Magnetic nano-particle manipulation and control has various applications including 

nanoscale motors [120,121], magnetic separation [122,123] and drug delivery [124,125], among 

others. For example, the nanoscale motor concept presented, consists of a soft-magnetic particle 

and a helical propeller (Figure 4.1 from reference [126]). [23,120,121,126] In those applications, 

soft magnetic particles, as small as 5 nm in radius [127], are controlled to move in fluids driven 

by magnetic forces. In most applications, the manipulation of the magnetic particles is realized by 
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applying an external magnetic field with permanent magnets or electromagnet. [120,121] However, 

the external field is not a localized field, and does not allow manipulation of individual particles 

at nanoscale.  

 

 

 

Figure 4.1. Propulsion mechanisms of helical propeller based on magnetic micro-devices. (a) 

Planar beating of flexible flagella. (b) Rotating rigid helical flagella. (c) Cilia. (d) Flexible beam. (e) 

Flexible magnetic micro-bead tail. (f) Rotating rigid helical tail fixed to a magnetic bead. (g) Cilia array of 

flexible micro rods or beams. (h) Cilia array of self-assembled magnetic micro-beads.  [126] 

 

Recently, micro-patterned magnetic structures [22,128] have been studied as a generic tool 

to control individual particle motion, as transition [8,21] and resonance [22]. In those cases, 

magnetization can generate localized magnetic forces to control a single particle while the 

magnetization is controlled by the external field. However, the external field method suffers from 

long-range manipulation of all the particles. It is still impossible to realize multiple localized 

control of individual particles on the same wafer. A sub-micron on-chip method is needed to realize 

individual manipulation of magnetic particles for further applications.  

Strain-mediated multiferroics provide a scalable and energy-efficient platform to conduct 
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localized and deterministic magnetization motion [45,55,79,129]. This system consists of a 

piezoelectric substrate [77] and a magnetoelastic device [61,130]. Sohn et al., first experimentally 

proved the concept that strain-mediated multiferroics could manipulate magnetic particles only by 

applying voltage [19]. In Sohn’s work, dynamic strain, generated from the piezoelectric substrate, 

transfers to the magnetoelastic ring to create magnetic anisotropy. The domain wall of the ring 

rotates due to the induced strain and then generates magnetic forces to move the magnetic beads. 

In order to help develop applicable devices, there should be an accurate model which considers 

both the micromagnetics and the particle dynamics simultaneously. 

There are several numerical models to simulate magnetization in multiferroics [19,41,131].  

These models have been widely used and verified in other strain-mediated multiferroic 

applications. There also exist analytical models to simulate the domain wall driven magnetic 

particle motion, but they only estimated the max velocity of the magnetic particles [19,21,59,132]. 

In these models, magnetic forces are evaluated from the magnetic field induced by the domain 

wall at equilibrium state. However, the models do not consider the force change at different 

locations, nor the real-time dynamics of the magnetic particle.  

In this section, we describe the numerical code we developed combining our previous 

model [41,79] with the dynamics of the particle. The model can simulate the particle dynamics 

(both translation and rotation) with pre-designed applied voltage curves in multiferroics. The 

model can predict the particle motion given the frequency of the magnetization rotation and the 

fluid properties (see Figure 4.2.a). 
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4.2 Results and Discussion 

 

Figure 4.2. (a) Schematic of a multiferroic motor for biology applications. (b) When applying 

voltage to the electrodes (e.g. AA’ pair), the PZT substrate will generate strain which transfers to the 

FeGa disk. The strain can change the magnetization of the disk through magnetoelastic coupling. (c) 

Voltage control law: the relation between applied voltage and the tensile strain angle to the x direction. 

(d) Voltage induced magnetization rotation at 300 MHz. The inserts show three representative 

magnetization configuration. The write arrows are the magnetic directional vector and double-headed 

arrows are the in-plane principal strains.  

 

Figure 4.2.b shows the schematic of the nano-motor controlled by voltage. The system 

consists of a ferromagnetic disk on a piezoelectric substrate. There is a soft magnetic particle 

around the disk. The material of the disk is amorphous magnetoelastic FeGa [48], which is placed 

on a lead zirconate titanate (PZT) [36] substrate. The 10 nm thick FeGa disk has a diameter of 100 

nm. The PZT substrate has dimension 500 nm (length) × 500 nm (width) × 300 nm (thickness). 
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The bottom of the PZT substrate is electronically grounded and mechanically fixed. An airbox 

with the same size of the PZT is added on top of the substrate in order to simulate the magnetic 

stray field in the air. The soft magnetic particle is made of Ni with a diameter 10 nm. There are 

three pairs of 10 nm thick Au electrodes surrounded the FeGa disk, marked as A-A’, B-B’ and C-

C’.  

When applying voltage on the electrodes (e.g. A-A’ pair in Figure 4.2.b), deformation is 

generated in the PZT substrate, and this strain is transferred into the FeGa disk creating the 

magnetoelastic effect to control the magnetization. The voltage control law, shown in Figure 4.2.c, 

gives the relation between the applied voltages and the desired rotation angle for the tensile 

principal strain, which in turn causes magnetization rotation. The voltage control law makes sure 

that input electrical energy is minimal. The different scenario presented in this paper make use of 

these curves, while adjusting the angle to realize a uniform rotation or an accelerated magnetization 

rotation. 

The FeGa disk has single magnetic domain, due to the dominating exchange energy in our 

model. [133] When strain is applied to the FeGa disk, there is a uniaxial anisotropy along the 

tensile strain direction, due to the positive magnetoelastic coupling of FeGa. For example, if the 

objective tensile strain angle is 0° (i.e. tensile strain is parallel to the x axis), the voltage on A-A’ 

electrodes is 1.7 V while the voltages are 0 V for both B-B’ and C-C’ electrodes. 

Figure 4.2.d shows how magnetization changes with time when rotated at 300 MHz 

constant frequency. The blue line is the average for the  x component of magnetization (𝑚𝑥) in the 

FeGa disk. The sinusoidal shape of 𝑚𝑥  shows that the magnetization rotates at the designed 

frequency of 300 MHz. Three time frames are shown at 0 ns, 0.83 ns and 2.50 ns marked as A, B 

and C, where inserts show the magnetization and principal strains at each time frame. The white 
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arrows represent the magnetic directional vector 𝒎 while the double-headed arrows represent the 

average principle tensile and compressive strain in the FeGa disk. At tA = 0 ns, a single domain 

shape was formed in the FeGa disk at equilibrium without any applied strain. Initially, the 

magnetization is along the +y direction. At tB = 0.83 ns, the magnetization rotates 90° 

counterclockwise to -x axis to follow the tensile strain. It further rotates to +x axis at tC = 0.83 ns.  

In our numerical model, there is a piezoelectric (PZT) substrate and magnetoelastic (FeGa) 

disk. The PZT substrate has geometry 500 nm (length) × 500 nm (width) × 300 nm (thickness). 

The FeGa disk has diameter 100 nm with thickness 10 nm. In order to calculate the magnetic stray 

field, an air box is added on top of the PZT substrate and the air box has the same size as the PZT 

substrate. There are three pairs of Au electrodes (thickness 10 nm) surrounded the FeGa disk, 

marked as A-A’, B-B’ and C-C’ (See insert of Figure 4.3). The distance between electrodes and 

the FeGa disk is 50 nm and the width of the electrodes is 20 nm. 

 

Figure 4.3. The schematic of the micro-motor model. There is a PZT substrate on which sits the 

FeGa disk and three pairs of electrodes. An air box is added to calculate the magnetic flux in the air. The 

insert on the right is a zoomed-in schematic figure shows the geometry of the FeGa disk and the electrodes. 

A soft-magnetic bead is attached to the sidewall of the disk. 
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In the simulation, the Fe0.8Ga0.2 has saturation magnetization 𝑀𝑠 = 1.32 × 106 A/m and 

exchange constant 𝐴𝑒𝑥 = 1.4 × 10−11 J/m. [134] The FeGa is considered as amorphous. Thus, 

the magneto-crystalline anisotropy is considered as zero. The amorphous assumption is to simplify 

the control of magnetization. We have to point out that our model has the ability to calculate the 

magneto-crystalline anisotropy. The magnetolastic constant 𝜆𝑠  is 250 ppm [135] with Young’s 

modulus E = 75 GPa [136]. The calculated magnetolastic coupling coefficients are 𝐵1 = 𝐵2 =

2.1 × 107 N/m2 based on the isotropic properties of amorphous FeGa. 

 

Figure 4.4. (a) Deformation with applied voltage. The color represents the total displacement in 

nm. (b) Principal strain – time plot: the blue and red lines are the principal strain in the X and Y direction. 

 

When voltage is applied to one pair of electrodes, strains are generated due to the 

piezoelectric coupling. Figure 4.4.a shows the total deformation (colormap) caused by a -2 V 

voltage on A-A’ (along x direction). The A-A’ electrodes have about 0.7 nm displacement which 

drives the FeGa to extend in the x direction. With our energy minimum control method, the voltage 

induced strains can rotate to any angle with different voltage inputs for three pairs of electrodes. 

The voltage tensile principal strain relation is plotted in Figure 4.2.b. In order to realize the 

magnetization rotation (300 MHz) in Figure 4.2.c, the strains are required to rotate at twice the 



83 
 

frequency, i.e. 600 MHz. Figure 4.4.b shows the time dependence of the average axial strains 휀𝑥𝑥 

and 휀𝑦𝑦 in the FeGa disk. The harmonic relation of 휀𝑥𝑥 and 휀𝑦𝑦 indicates that the input voltage (as 

in Figure 4.2.b) can control the strain to rotate at a constant angular velocity. 

The time and strain relation are given in Figure 4.4. One can notice that i) the strains have 

harmonic oscillations with twice of the frequency (600 MHz) of the magnetization, and ii) there is 

a 0.16 ns time delay of the magnetization as compared with the average tensile strain. When the 

magnetization rotates one cycle (360°), the double headed strain arrows rotate two cycles.  

 

Figure 4.5. (a) Top view of the all the forces: including the magnetic, drag, frictional and adhesive 

forces. (b) Side view of cross sections from a-a’ and b-b’ cuts. (c) Equilibrium state of FeGa disk. The read 

arrows represent the magnetic directional vector and the color represent the magnetic potential. (d) 

Magnetic force of the FeGa disk in the tangential and radial directions. 
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In what follows, we study the dynamics of a magnetic bead driven by the rotating 

magnetization under different conditions in order to assess the effect of forces and angular velocity. 

In order to simulate the dynamics, we have to estimate all the forces and torques on the 

bead. Figure 4.5.a shows the top view (x-y plane) of the all the forces when there is an angle 

difference 𝜃 between the average magnetization and the bead. In this model, we consider the 

magnetic force 𝐅, the fluid drag force 𝐃, the frictional force 𝒇 and the traction force 𝐓. Figure 4.5.b 

shows the cross sections from a-a’ and b-b’ cuts as in Figure 4.5.a. For the case of frictional forces, 

there are two sources: friction from the sidewall  𝒇𝑠 and from the substrate 𝒇𝑤. The direction of 

the frictional force is opposite to the relative velocity at the contact point. Friction force 𝒇𝑠 acts at 

the interface between the bead and the substrate, and 𝒇𝑤 acts at the interface between the bead and 

the sidewall. The torque created by the two frictional forces induce the self-rotation of the bead 

along z (out-of-plane) and r (radial) directions. As shown in the a-a’ cross-section, the angular 

speed along z and r directions are denoted as 𝜔𝑧 and 𝜔𝑟. Drag 𝐃, traction 𝐓 and friction 𝒇 were 

evaluated from existing analytical models [8,19,137] (Section 4.1.3 Methods).  

Figure 4.5.c shows the equilibrium magnetic state for the FeGa disk. The red arrows 

represent the magnetic directional vector 𝒎 and the color represents the magnetic potential 𝜑 by 

solving the magnetostatic equation (See 4.1.3 Methods). The initial magnetization state is random 

in the FeGa disk. A large external field was applied along the +x direction and then the external 

field was removed to obtain the initial equilibrium state. Eventually, a single domain was formed 

in the FeGa disk. Although called “single domain”, the magnetic directional vectors are not all 

parallel to the +x direction but had some curvature. The curvature is the consequence of the 

competition between exchange and demagnetization energy.  
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In the bead dynamic model, the frequency used was tens of MHz which is much lower than 

the thin-film ferromagnetic resonance (FMR) frequency [76]. Therefore, we can treat the 

magnetization change as quasi-static rotation, i.e. the equilibrium state can be used to evaluate the 

magnetic forces. In Figure 2c, the FeGa disk exhibited some extension in the x direction, where 

the single domain aligned. The deformation is caused by the magnetoelastic coupling. FeGa has 

positive magnetoelastic constant 𝜆𝑠  [48]. Therefore, the induced magnetoelastic strain was 

positive in x direction, leading to the geometry extension in the ±x directions. 

Figure 4.5.d, shows the two components of magnetic force 𝐅 acting on the bead. These 

forces are given in terms of the angle difference 𝜃. This angle difference between magnetization 

and bead position is written as 𝜃 = 𝜃𝑀 − 𝜃𝑏𝑒𝑎𝑑 where 𝜃𝑀 and 𝜃𝑏𝑒𝑎𝑑 represent the rotation angles 

of the average magnetization and bead, respectively. We can observe that the radial magnetic force 

𝐅𝑟 has the largest value of 18 nN at 0° and gradually decreases to 0 nN at 90°. 𝐅𝑟 provides the 

attraction of the bead to the disk sidewall. The tangential magnetic force 𝐅𝑡 increases from 0 nN 

at 0° to 2 nN at 20°. When 𝜃 passes 20°,  𝐅𝑡 gradually decreases to 0 nN at 90°. This profile for  

𝐅𝑡 indicates the maximum lag angle for the bead to follow the rotation, is approximately 20°. If 

the bead lags the magnetization rotation, the angle difference 𝜃 will increase. As a result, 𝐅𝑡, which 

is the driving force for the bead, increases before 𝜃 reaches 20°. The larger driving force tends to 

dominate the total resistance including fluid drag 𝐃 and friction 𝒇. The total effect is to prevent 

the further increase of 𝜃, which constrains the ability of the bead to follow the magnetization 

rotation. Otherwise, if  𝐅𝑡 is unable to balance the total resistance even at its maximum value, 𝜃 

further increases to go through 20°. Beyond 20°, the driving force 𝐅𝑡 decreases after reaching the 

peak, which makes the angle difference 𝜃 to continue growing. 
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After all the forces are included, the bead dynamics are studied with different 

magnetization rotation velocity. First, constant magnetization rotation cases are carefully studied 

and compared. In Figure 4.6, four cases with 𝑓0 = 20 MHz constant magnetization rotation are 

shown. All cases have the same initial conditions: i) the initial angle difference 𝜃0 is chosen as 20°; 

and ii) the bead has initial angular velocity 𝜔0 = 2π𝑓0, which is the same as the magnetization 

rotation. The larger initial angle difference makes the oscillation angle to be significant. Thus, 𝜃0  

 

Figure 4.6. Magnetic bead dynamics (solid lines) with 20 MHz magnetization rotation (dashed 

lines). (a) No drag and friction: the bead oscillates around the magnetization when there are no resistive 

forces. (b) With drag and friction: the bead reaches the equilibrium state with a lag angle. (c) and (d) Bead 

dynamics with different drag and frictional coefficients.  
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is set at 20°, since it is the maximum possible angle for which the tangential magnetic force reaches 

the maximum. The initial rotating frequency 𝜔0 follows the constant magnetization rotation at 𝑓0 

to prevent the lagging effect at the beginning. 

 The simplest case is to ignore both the fluid drag and frictional forces, namely 𝐃 = 𝟎 and 

𝐟 = 𝟎. This is the conservative case with no energy dissipation. Figure 4.5.a shows the bead angle 

𝜃𝑏𝑒𝑎𝑑  (red solid line) and the magnetization angle 𝜃𝑀  (blue dashed line) changing with time. 

Starting at 0 ns , the bead approaches the magnetization direction with an increasing angular 

velocity 𝜔𝑏𝑒𝑎𝑑. At  𝑡1 = 0.326 ns, the bead catches up with the magnetization rotation and starts 

to overshoot (𝜃 = 𝜃𝑀 − 𝜃𝑏𝑒𝑎𝑑 = 0).  Starting from 𝑡1, the magnetic tangential force 𝐅𝑡 changes to 

the opposite of the bead velocity because of 𝜃 becomes negative. As a consequence, the 𝜔𝑏𝑒𝑎𝑑 

gradually decreases. Between 𝑡1 and  𝑡2 = 0.652 ns, the bead approaches the maximum angle 

beyond the magnetization direction while 𝜔𝑏𝑒𝑎𝑑  keeps decreasing to 0 until it reaches the 

maximum angle difference beyond the magnetization. This behavior repeats and the bead oscillates 

about the magnetization direction. If the initial angle is small, the whole oscillation is within the 

linear regime for both the tangential magnetic force and the oscillation angle.  

A simple spring-mass analytical model was created to explain the bead dynamic oscillation 

without any resistance. In Figure 4.5.a, the bead oscillates around the magnetization with no drag 

or frictional forces. The total energy is conserved since there is no energy dissipation for the FeGa 

disk and magnetic bead system. In Figure 4.5.a, the oscillation has a constant frequency ~800 MHz 

(the time difference between t1 and t2 is 1.25 ns). From the magnetic force plot (Figure 4.5.d), the 

tangential force has a linear relation with angle in the range between 0 to 15 degrees. 
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A simple spring mass model can be used to calculate the oscillation with the assumption 

that the bead is released with a small angle difference (i.e. < 5o). The tangential magnetic force 

can be expressed with a simple linear equation in this region: 

𝐹𝑡 = −𝑘𝑡𝑟𝜃 = −𝑘𝑡∆𝑥     (4.1) 

, where 𝑘𝑡 is the effective spring constant for the magnetic bead and ∆𝑥 is the bead displacement 

from the magnetization. In this case, the effective spring constant is 𝑘𝑡 = 9.5 × 10−5N/m. The 

dynamic equation for the spring mass system is  

−𝑘𝑡∆𝑥 = 𝑚𝑏∆�̈�.     (4.2) 

The mass of the bead is marked as 𝑚𝑏. The resultant resonance frequency is  

𝑓 = 2𝜋√𝑘𝑡/𝑚𝑏 = 897MHz.     (4.3) 

The resonance frequency is very close to the oscillation frequency (800 MHz). In summary, a 

simple spring mass model explains the oscillation of the magnetic bead around the magnetization.  

 The following case considers both drag forces and frictional forces shown in Figure 3.6.b. 

At the beginning, the initial velocity generates a resistance larger than the magnetic tangential 

force 𝐅𝑡 , therefore, the bead gradually decreased the angular velocity while approaching the 

magnetization direction. The angle difference 𝜃 reached the minimum value (6°) at 𝑡 = 4.80 ns. 

At this point, the bead rotates at the same frequency as the magnetization (20 MHz). Once 𝜃 gets 

to the minimum value, 𝜃 remains invariant. The steady state for 𝜃 is termed the lag angle 𝜃𝑙𝑎𝑔. It 

should be noted that the frictional forces are zero at steady state, indicating rotation with no sliding. 

𝜃 reaches the dynamic equilibrium in which magnetic tangential force balances the drag force. 

However, the bead did not experience the oscillations as in Figure 3a. This is because the total 
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resistance (drag and friction) dominates the magnetic force in the process. In the linear spring-

mass model, this will be the overdamped case. Although our model is non-linear, it should have 

similar oscillation behaviors, with different damping terms, as the spring-mass model: 

underdamped, critically damped and overdamped cases.  

To study this effect, two other cases were studied, namely drag only and friction only. In 

Figure 4.6.c, only drag force was considered while the frictional force was set to zero. The bead 

will only have translation without self-rotation since there is no friction induced torque. The 

magnetization still rotates at 20 MHz and the blue dashed line represents the constant change of 

magnetization angle with time. Three different drag constants were used to simulate different drag 

forces 𝐃 in the model and the oscillation profiles were compared. The model studied the dynamics 

of the bead submerged in liquids with different viscosity. The input drag constant is expressed as 

𝑐 = 𝑘𝑑𝑐0 where 𝑘𝑑 is the drag ratio 𝑘𝑑 = 𝑐/𝑐0, where 𝑐0 is the drag coefficient for water. The first 

case considers the drag constant of water, i.e. 𝑘𝑑 = 1. The purple line shows the bead motion in 

the water. The bead moves directly towards the magnetization, before it passes the magnetization 

direction. It then rotates r with the magnetization at constant lag angle 6°. So this represents an 

equivalent overdamped case with no oscillation about the magnetization. Smaller values for the 

drag ratio (𝑘𝑑 < 1) should be used to search for the critically-damped and underdamped cases. For 

the critically-damped case, the bead should have the fastest convergent line to the steady state. A 

parametrical sweep was used to locate the critical damping drag ratio 𝑘𝑑 as 0.45. For even smaller 

drag ratio (𝑘𝑑 = 0.05), bead oscillation about the magnetization direction appears. The bead 

eventually converged to the steady state when the running time is long enough. At steady state, 

there is a small lag angle of about 1 degree (not shown in the Figure 4.6.c). This is now an 

equivalent underdamped case. 
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In Figure 4.6.d, only frictional force was considered while the drag force was set to zero. 

As in the Figure 4.6.c, the blue dashed line shows the 20 MHz rotation for the magnetization. 

Three different friction coefficients were used to find the underdamped, critically-damped and 

overdamped cases. It is assumed that both the frictional coefficients are the same for the substrate 

and the sidewall. The model studied different coating materials for the bead. The frictional 

coefficient is written as 𝑛 = 𝑘𝑛𝑛0 where 𝑘𝑛  is the friction ratio 𝑘𝑛 = 𝑛/𝑛0. 𝑛0 is the frictional 

constant for Ni bead in contact with PZT. Similar to the drag only case (Figure 4.6.c), the 

overdamped, critically-damped and underdamped profiles were found with three different 𝑘𝑛 of 

1.00, 0.45 and 0.05, respectively. However, the angle difference kept decreasing until it reaches 

zero. This means that the lag angle is  𝜃𝑙𝑎𝑔 = 0 at steady state, which is significantly different to 

the drag only case.  

It is explained that i) there was no frictional force at steady state since the friction induced 

torque is zero; and ii) the drag force was set to zero in the friction only case; thus, iii) the magnetic 

tangential force must be zero to balance the total resistance at steady state. Therefore, the friction 

only case is a completely different phenomenon as the drag only case. It can be concluded that the 

fluid drag and frictional force have different impact on the bead dynamics. The previous works 

used a correction factor [19,21,22] to the drag force in order to include the friction in their models. 

Compared to Figure 4.6.c and 4.6.d, the correction factor was a poor assumption since the friction 

has significant different impact on the particle dynamics.  
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Figure 4.7. Phase diagram for constant magnetization rotation in terms of drag and frictional ratios. 

The color represents the lag angle at equilibrium state. (a) Magnetization rotates at 20 MHz. Region I&II 

represent underdamped and overdamped cases for the bead. The dashed line represents the critically 

damped case. (b) Magnetization rotates at 100 MHz. A new region, marked as III, represents the lagging 

case where the bead cannot follow the magnetization. The solid line represents the boundary where the bead 

starts to lag behind. 

 

In order to better understand the physics, multiple combinations of different drag ratio 𝑘𝑑 

and friction ratio 𝑘𝑛 were studied. The results are presented as a phase diagram shown in Figure 

4.7.a and it shows the different damping cases for the 20 MHz magnetization rotation with the 

initial angle difference as 20°. The horizontal and vertical axes are the drag and the friction 

coefficient ratios. The dashed line represents the critical damping boundary on which any point 

(𝑘𝑑 , 𝑘𝑛) represents a critical damping case. The critical damping boundary divides the phase 

diagram into two regions. Region I is the underdamped case while Region II is the overdamped 

case. The color represents the lag angle 𝜃𝑙𝑎𝑔 as a function of 𝑘𝑑 and 𝑘𝑛 at the steady state. 

The origin point of the phase diagram corresponds to the no damping case, i.e. both drag 

and friction are zero, where the steady state is a continuous oscillation about the magnetization. 

The lag angle is set to be the average of the angle difference over time, i.e. 𝜃𝑙𝑎𝑔 = 0. In fact, the 



92 
 

drag only and the friction only cases correspond  to  the horizontal and vertical axes, where 𝑘𝑛 =

0 or 𝑘𝑑 = 0. For the friction only case (𝑘𝑑 = 0), 𝜃𝑙𝑎𝑔 is zero for all the drag ratios. The phase 

diagram can help the design and development for the future applications. It is easy from the phase 

diagram to determine the damping type and the lagging angle at steady state, when the material 

constants are known.  

In addition, the bead may not be able to follow the magnetization rotation if the damping 

term is too high or the magnetization rotates too fast. Therefore, another phase diagram was 

generated using the rotation frequency at 100 MHz. Initially, the angle difference was 20° and the 

initial angular velocity of the bead was the same as the magnetization (100 MHz). The results are 

presented in Figure 4b. In the bottom left, there are two regions separated by the dashed line. Same 

as Figure 4a, the dashed line is the critically-damped boundary and region I & II denote 

underdamped and overdamped cases. However, there is a new region, marked as III in the top-

right of the phase diagram. Region III is defined as the lagging case, which means the bead cannot 

follow the magnetization rotation, and it is separated by a solid line from region II. As mentioned 

in Figure 2b, the magnetic tangential force has a peak at 20°. If the resistant force cannot be 

balanced within 20° angle difference, the angle difference increases. At the end, the bead can no 

longer follow the magnetization.  

As a result, there does not exist the steady state where the bead follows the magnetization 

rotation with constant lag angle [21]. This situation is defined as the lagging case, i.e. region III in 

Figure 4b. Since the lag angle is meaningless in region III, 𝜃𝑙𝑎𝑔 is set to zero for better recognition. 

If the application is to accelerate the bead to the designed angular velocity, the material selection 

should not drop into region III. In summary, our model can create the phase diagrams in terms of 
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different drag and friction ratios with different magnetization rotation frequencies. This can be a 

design tool for the devices requiring constant magnetization rotation. 

 

 

 

Figure 4.8. Bead dynamics with constant acceleration of the magnetization. The dashed line 

represents the magnetization rotation angle and the solid lines represent the bead angle. (a) and (b) are 

two different accelerations: 6.28 × 1016rad/s2 and 9.42 × 1016rad/s2. 

 

Another common rotation case is the constant acceleration for the magnetization in the 

FeGa disk. This can be used to continuously inject energy into the bead kinetics. For a constant 

angular acceleration 𝛼 , the angular velocity is expressed as 𝜔𝑀 = 𝛼𝑡 , i.e. the rotation speed 

increase linearly with time. In Figure 4.8.a, the constant acceleration was chosen as 𝛼1 = 6.28 ×

1016rad/s2. After 8 ns, the rotation frequency will be 80 MHz after the acceleration. The blue 

dashed line is the magnetization angle and it shows the quadratic profile indicating constant 

acceleration. The red, yellow, purple and green solid lines represent four different cases: no 

resistance, drag only, friction only and drag and friction. The no resistance case had the typical 

“underdamped” oscillation as the constant rotation case. Besides, the bead followed the 

magnetization rotation within 8 ns. The drag only and friction only cases exhibited the 
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“overdamped” characteristics: the bead followed the magnetization rotation but the bead  never 

passed beyond the magnetization. The drag & friction cases were similar to the lagging case in 

which the bead could not follow the rotation.  

In Figure 4.8.b,  constant acceleration was chosen as 𝛼2 = 1.5𝛼1. At 8 ns, the rotation 

frequency will reach 120 MHz. The no resistance (red line) and the friction-only (purple line) cases 

had very similar profiles. However, the drag only (yellow line) case lagged due to the higher drag 

force induced by the higher velocity. One interesting change happened in the drag and friction 

(green line) case. After 5.8 ns, the bead angle decreased and bead angular velocity (the slope) 

became negative. This means that the bead was not moving to the north pole. In fact, there are two 

poles for the magnetic disk. When the bead went outside the north pole effective region, the bead 

would be attracted to the south pole instead. In this case, the north pole effective region is (-90°, 

90°). Before 5.8 ns, the large resistance makes the bead lag behind the magnetization. When the 

bead goes through the 20° angle difference, the trend is then to further increase the angle difference, 

and, at 5.8 ns, the angle difference reaches 90°. After 5.8 ns, the bead dropped at the south pole 

effective region and it went towards the south pole. As a result, the green line decreased after 5.8 

ns. 

 

 

4.3 Methods 

The system shown in Figure 4.2.b consists of a magnetoelastic disk placed on top of a 

piezoelectric substrate. The electrodes placed around the disc are used to apply an electric field 

through the substrate in order to induce strain in the nano-disk which allow for magnetization 
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control. The magnetization generates magnetic forces which will, in turn, drive the particle 

dynamics. In what follows we will describe the modeling for each component.  

 

Micromagnetic Model. A numerical model, based on Liang’s work [40], was developed using 

finite element approach (FEA). The model solves the fully coupled micromagnetic, piezoelectric 

and elastodynamic equations simultaneously. In the magnetic regime, the effective magnetic field 

𝐇eff induces time evolvement of the magnetic directional vector 𝐦 (|𝐦| = 1), which is given by 

the Landau−Lifshitz−Gilbert (LLG) equation: 

𝜕𝐦

𝜕𝑡
= −𝜇0𝛾𝐦 × 𝐇eff + 𝛼𝐦 ×

𝜕𝐦

𝜕𝑡
    (4.3) 

where 𝜇0 , 𝛾 and 𝛼 represent the vacuum permeability, the gyromagnetic ratio, and the Gilbert 

damping coefficient, respectively. 𝐇eff  includes the Zeeman, exchange, demagnetization and 

magnetoelastic terms. The demagnetization field 𝐇demag is obtained from the magnetic potential 

𝜑𝑚 (𝐇demag = −𝛁𝜑𝑚) by solving the Poisson’s equation 

∇2𝜑𝑚 = 𝑀𝑠∇ ∙ 𝐦      (4.4) 

where 𝑀𝑠 represents the saturation magnetization. The magnetoelastic 𝐇me effective field, which 

depends on 𝐦 and 𝛆, is expressed as 

 𝐻𝑚𝑒
𝑖 =

−2

𝜇0𝑀𝑠
[𝐵1휀𝑖𝑖𝑚𝑖 + 𝐵2(휀𝑖𝑗𝑚𝑗 + 휀𝑖𝑘𝑚𝑘)]  (𝑖 ≠ 𝑗 ≠ 𝑘)   (4.5) 

, where 𝐵1 and 𝐵2 are 1st and 2nd order magnetoelastic coefficients. 𝛆 is the total strain, i.e. the 

summation of elastic strain 𝛆𝑒𝑙, piezoelectric strain 𝛆𝑝𝑒 and magnetoelastic strain 𝛆𝑚𝑒 . [58] 
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In the mechanical regime, the stress 𝛔  induces the displacement field u according the 

elastodynamic equation: 

𝜌
𝜕2𝐮

𝜕𝑡2 − 𝛁 ∙ 𝛔 = 𝟎      (4.6) 

in which 𝜌 is the mass density. The constitutivity law gives the relation between 𝛔 and 𝛆𝑒𝑙: 

 𝛔 = 𝐶𝛆𝑒𝑙 = 𝐶(𝛆 − 𝛆𝑚𝑒 − 𝛆𝑝𝑒)    (4.7) 

, where 𝐶 is the elastic stiffness tensor [40].  

The electrostatic equation solves the electric potential 𝑉 from 

∇ ∙ [𝐝𝑇𝝈 + 𝝐(−∇𝑉)] = 0       (4.8) 

, where 𝐝 and 𝝐 are the piezoelectric tensor and dielectric tensor. The FEA model solves the fully 

coupled partial differential equations in the weak form [36]. The mesh of the magnetic disk (free 

tetrahedral) has a size smaller than the exchange length of FeGa (3.6 nm). 

  

Voltage Control. The voltages applied to the electrodes are designed such that the magnetization 

rotates with a given angular velocity. For this purpose, a control law was derived in order to control 

the rotation of the principal strains. By doing this, we can control the magnetization rotation 

through magnetoelastic effect. The selection of the voltages is done by minimizing the required 

input electrical energy. Since all electrodes have the same geometry, and the surface charge is 

linear in the voltage, we can then solve the following parametric optimization problem 

𝑀𝑖𝑛 𝑉𝐴𝐴′
2 + 𝑉𝐵𝐵′

2 + 𝑉𝐶𝐶′
2      (4.9) 

    Subject to Angle of tensile principal strain = theta changes 
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, where 𝑉𝐴𝐴′, 𝑉𝐵𝐵′ and 𝑉𝐶𝐶′ are the input voltage on three pairs of electrodes and  “theta” is the 

desired angle. The deformation generated by each pair of electrodes can be added assuming linear 

behavior of the substrate Thus, the solution are the voltages as a function of the angle desired (see 

Figure 4.2.c). Then the angle is selected according to the angular speed and the acceleration 

required.  

 

SP Particle Dynamics. Given the magnetic forces calculated using FEA, we solve for the dynamics 

of the magnetic particles. A 3D model is constructed for the particle dynamics considering 

translation and rotation degrees of freedom.  The forces acting on the particle are shown in Figure 

4.3.a and 4.3.b. 

The forces considered are magnetic force, fluid drag, adhesive force and friction. The 

magnetic force is evaluated from the equilibrium state of the FeGa disk. The magnetic force density 

is evaluated as 

 𝐅𝑑
𝑀 = −∇(𝐌 ∙ 𝐁).      (4.10) 

where B is the field generated by the nano-disk at the location of the particle and M is the 

magnetization of the bead. We use the assumption that the magnetic field generated by the particle 

is small and does not change the magnetic field generated by the nano-disk. The magnetization of 

the bead aligns with the magnetic field generated by the FeGa disk at the center of the bead. Then, 

the magnetization of the magnetic particle is 𝐌 = χ𝐇 where χ (we use χ =10 in the model) is the 

bead susceptibility and H the magnetic field generated by the nano-disk.  
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Since the particle radius is only 5 nm, we assume that the total magnetic force is 𝐅 = 𝐅𝑑
𝑀𝑉𝑃, 

where 𝑉𝑃 is the volume of the particle. It is important to note that since the magnetic force is 

dependent on the particle location, the dynamic behavior is non-linear. 

The fluid drag force D is calculated with the Stokes equation [8,19]:    

𝐃 = −6𝜋𝜂𝑟𝐯 = c𝐯     (4.11) 

, where 𝐯 is the center of mass velocity, 𝜂 and 𝑟 are the fluid viscosity and radius of the particle 

respectively. We defined the drag coefficient c to represent the constant. 

The adhesive force A, is caused by the van der Waals force. The Adhesion forces must 

consider the effects of asperities (they increase/reduce effective contact) and the elasticity of the 

attracting surface. To model this force, we used a Rumpf model [138]. The magnetic bead moves 

in the fluid which causes fluid drag to the magnetic bead. Assume the bead with radius 𝑟 = 5 nm 

moves with velocity 𝐯 = 6 m/s (to follow the 20 MHz rotation)in the water. The viscosity of water 

is 𝜂 = 10−3 m2/s. The calculated Reynolds number 𝑅𝑒 =
𝑣𝑟

𝜂
= 3 × 10−5 ≪ 1. [120] Therefore, 

it is the laminar flow for this case and the fluid drag can be evaluated with the Stocks equation 

𝐃 = −6𝜋𝜂𝑟𝐯 = −𝑐𝐯 [19,21]. For water, the drag coefficient is calculated and marked as 𝑐0 =

9.42 × 10−11N ∙ s/m. 

The magnetic bead has contact with the substrate and the sidewall of the disk. At the 

interface, there are adhesive forces to attract the bead to the substrate or the sidewall. The adhesive 

forces are evaluated with a sophisticated model [138], considering the height and breadth of 

asperities in our system. The adhesive force includes both van der Waals force and elastic 

deformation force. The adhesive force is written as  
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𝐹𝑎𝑑 =
𝐴𝑟

6𝐻0
2 [

1

1+58𝑟∙
𝑟𝑚𝑠

𝜆2

+
1

(1+1.8𝑟𝑚𝑠/𝐻0)2]   (4.12) 

, where 𝐴 is the Hamaker constant and 𝜆 is the average peak to peak distance between asperities. 

𝐻0 is minimum separation distance between the bead and substrate/sidewall and 𝑟𝑚𝑠 is the root 

mean square roughness of the substrate/sidewall. Here, the substrate and the sidewall are assumed 

to have the same material properties. The Hamaker constant is estimated as 𝐴 = 2 × 10−11 J. [139]  

The parameters of the roughness are 𝜆 = 250 nm, 𝐻0 = 0.35 nm and 𝑟𝑚𝑠 = 0.3 nm. [138] The 

calculated adhesive force is 𝐹𝑎𝑑 = 1.24 × 10−11 N.  

With this the total traction force T includes both adhesion and magnetic forces on the side 

of the disk and only adhesion to the substrate.  The friction force is evaluated from 

𝐟 = 𝑛𝐓       (4.12) 

in which 𝑛 is the frictional coefficient [137]. The traction from the substrate 𝐓𝑠 comes from the 

adhesive force from the substrate. The traction from the sidewall 𝐓𝑤 comes from the adhesive 

force from the sidewall and the radial magnetic force. 𝑛 is estimated as 0.15 from the experimental 

data in the nanoscale [137]. The direction of the friction force is opposite to the relative velocity 

at the interface. For the side wall of the disk, the relative velocity is 𝑣𝑟
𝑤 = 𝑣 − 𝜔𝑧𝑟 while 𝑣𝑟

𝑠 =

𝑣 − 𝜔𝑟𝑟 for the substrate. 𝜔𝑧 and 𝜔𝑟 are the angular velocity in out-of-plane and radial directions. 

Rotational moments are induced only by frictional forces. 

The dynamic equations for the particle are then given by  

𝑚𝑆𝑃�̇� = 𝐹𝑡 − 𝑓𝑠 − 𝐷      (4.13a) 

𝐼𝜔�̇� = 𝑓𝑠𝑟      (4.13b) 



100 
 

𝐼𝜔�̇� = 𝑓𝑤𝑟      (4.13c) 

where 𝑚𝑃 is the particle mass,  𝐼 is the mass inertia of the particle. The system of equations is 

numerically solved using finite differences. The dynamic model then solves for the translation and 

rotation of the particle with the moving magnetization.  

 

Magnetization and tensile strain angle difference. During the continuous rotation of voltage 

induced strain, the magnetization is driven by the dynamic strain through magnetoelastic coupling. 

At equilibrium state, the magnetization sits in the same direction as the averaged tensile in-plane 

strain. However, there is always a constant angle difference between the magnetization and the 

tensile strain in the dynamic control of the magnetization, shown in Figure 4.2.d. In fact, more 

simulation cases indicate that the angle difference between the magnetization and the tensile strain 

varies for different input frequencies. 

 

 

Figure 4.9. Principal in-plane strain and magnetization of the FeGa disk. The blue and red double-

headed arrows represent the averaged principal tensile and compressive in-plane strains induced by the 

voltage in the FeGa disk. The angle of the tensile and compressive strains is 𝛼𝑝  The red arrow is the 

magnetization with angle 𝜓.  
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In what follows, a single spin model is applied to explain the delay of the magnetization. 

The origin of this angle difference results from the dynamic solution of the LLG equation. 

Figure 4.9 shows the relationship between the averaged principal in-plane strains and the 

magnetization in the FeGa. The red arrow m indicates the averaged in-plane magnetic directional 

vector. Two double headed arrows, in blue and red colors, represent the averaged principal tensile 

strain e1 and compressive strain e2, respectively. The angle αp is the angle between tensile 

principle strain e1 and the +x axis, while Ψ represernts the angle between the magnetization and 

the +x axis.  

In our simulation results, it is observed that αp is always larger than 𝜓, causing a delay of 

the magnetization from the tensile strain. In micromagnetic simulation, the effective 

magnetoelastic field in the xy plane is written as: 

𝐻1 = −
2

𝜇0𝑀𝑠
(𝐵1𝑚1𝑒11 + 𝐵2𝑚2𝑒12)    (4.14a) 

𝐻2 = −
2

𝜇0𝑀𝑠
(𝐵1𝑚2𝑒22 + 𝐵2𝑚1𝑒12)    (4.14b) 

, where the subscripts 1 and 2 represent the x and y components of the physical quantities, e.g. the 

effective field, the magnetization and the strains. With the constant rotation of the magnetization 

in the FeGa disk at steady state, we assume the magnetization is described as: 

𝑚1 = cos (𝜔0𝑡)     (4.15a) 

𝑚2 = sin (𝜔0𝑡)     (4.15b) 

, where 𝜔0 is the angular frequency of the magnetization rotation.  

Substitute Equations 4.14 and 4.15 into the LLG equation, we derived the expression of 

the angle frequency of the magnetization rotation and the principal in-plane strains: 
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𝜔0 = −
𝛾𝑒𝑏

2𝛼𝑀𝑠
𝐵1(sin 2𝛿)    (4.16) 

, where 𝑒𝑏 = 𝑒1 − 𝑒2  represents the net in-plane strain and 𝛿 = 𝛼𝑝 − 𝜓  represents the angle 

difference between the tensile strain angle and the magnetization angle. From Equation 4.16, it is 

obvious that there is an angle difference between the magnetization and the tensile strain when the 

magnetization rotates at 𝜔0. In addition, there is an upper bound of 𝜔0 when sin 2𝛿 = 1. The 𝜔0 

has the maximu value −
𝛾𝑒𝑏

2𝛼𝑀𝑠
𝐵1 when the angle difference reaches it maximum at 45 degrees.  

 

 

  



103 
 

4.4 Conclusion 

In summary, we demonstrated the individual magnetic bead manipulation by electric field 

in strain-mediated multiferroics. A fully coupled model has been built to solve micromagnetic, 

piezoelectric and particle dynamic equations. A voltage control law is developed to achieve tensile 

strain rotation in the FeGa disk. The magnetization of the disk follows tensile strain through 

magnetoelastic coupling. In this way, the magnetization is controlled by the applied voltage to the 

electrodes. For the magnetic bead, we considered both translation and self-rotation in this model. 

Using the model, the constant magnetization is studied first. Different drag and frictional 

coefficients are studied to show under, over and critically damped cases. Phase diagrams are 

developed to select the appropriate fluid and substrate to realize desired bead dynamics. The 

constant accelerated magnetization rotation shows that the bead has different dynamics. This 

model is the very first to demonstrate the bead dynamics induced by the multiferroics. It will help 

in the design and development of real multiferroic motors. 
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5. Summary and Conclusions 

 In this dissertation, micromagnetic simulations are described for the design and 

development of three different composite multiferroic applications: memory (Chapter 2), logics 

(Chapter 3) and sensor/actuator (Chapter 4). In these composite multiferroic systems, there is a 

piezoelectric substrate and a magnetoelastic micro-structure. Our model has the ability to solve the 

fully coupled micromagnetic and piezoelectric partial differential equations. This model explains 

the fundamental physics in these complex systems, and can also be used to design and optimize 

the geometries, materials or input voltages. This model is an efficient tool for other multiferroic 

applications as well. 

 In Chapter 2, the fully coupled model is used to study the memory devices. In section 2.1, 

the equilibrium states of the Terfenol-D disks are simulated with two different exchange constants 

reported in literatures. The results show that two different exchange constants result in single-

domain and vortex state, even for the same magnetic disk size. This means that the exchange 

constant is an essential parameter in micromagnetic simulation. Thus, the precise measurement of 

the exchange constants is required for further Tefenol-D applications. In section 2.2, the magnetic 

states of Ni squares are discussed for potential four-bit memory. The equilibrium state of a Ni 

square is a four-fold Landau state. However, there is always non-uniform residual strain in the Ni 

square when deposited on a PMN-PT substrate. The simulation work predicts a lateral domain wall 

motion, induced by the broken-symmetry. This is the very first work to study the influence of non-

uniform residual strain in micro-patterned magnetic structures.  

 In Chapter 3, the spin wave excitation and absorption are studied with our model. In section 

3.1, the spin waves excited by traveling mechanical waves, can propagate up to several millimeters 
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of distance without significant decay. It is found that the spin waves have the same wavelength 

and velocity as the mechanical wave. It can be explained from the fact, that the spin waves are 

generated while the mechanical waves are traveling through magnetoelastic coupling. Moreover, 

the magnetoelastic spin waves are not sensitive to the Gilbert damping coefficient and they can be 

excited below FMR. The advantages of the magnetoelastic spin waves make them a good candidate 

for potential energy-efficient logic devices. In section 3.2, the perpendicular standing spin waves 

(PSSWs) are simulated in the undulating CoFeB film. This novel undulating thin film can make 

the magnetic excitation field to be non-uniform through the thickness. As a result, PSSWs are 

generated in this structure. Next, we optimized the geometry of the structure to achieve ~185% 

increase in the power absorption. The simulation and optimization works can help the design and 

development of the applications based on PSSW. 

 In Chapter 4, the multiferroic sensor and actuator are discussed in detail. In section 4.1, the 

multiferroic motors consist of a magnetoelastic ring/disk on top of a piezoelectric substrate, 

surrounded by several electrodes. A soft-magnetic bead is attached to the magnetic ring/disk. With 

the applied voltage, the magnetization can rotate at the designed angular velocity. The magnetic 

force provides a binding force to drive the bead to move. The model solves the bead dynamics in 

several typical situations. In the simulation, a phase diagram is produced for the selection of the 

appropriate materials, e.g. substrate and fluid, and the magnetization rotation velocity. Therefore, 

our model can predict more robust results, compared to models in which only the max magnetic 

force or fluid drag were considered.  

 In summary, we have a reliable simulation tool to study the coupled micromagnetics and 

piezoelectrics. The simulation can help to develop and engineer products in memory, logics and 

sensor/actuator. The multiferroic applications have high energy efficiency in the sub-micron size. 
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These findings can greatly push the community towards the real applications, based on strain-

mediated multiferroics.  
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