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ABSTRACT 

Spintronics research has been triggered due to the rich physics beneath it and the 

tremendous novel applications. One of the most promising applications of spintronic devices 

is magnetoresistive-random access memory (MRAM) because it promises to be universal 

memory owing to non-volatility, high-endurance and fast operation speed. However, the 

manipulation of spin in MRAM is still dominated by an electric-current application, which 

possesses a Joule heating that too large to be ignored. To achieve a greater impact, energy 

consumption in MRAM have to be reduced and thus novel scenario of magnetization switching 

in MRAM is necessary. One of the candidates is voltage-driven switching based on voltage-

controlled magnetic anisotropy (VCMA) effect. However, some challenges remain for voltage-

driven switching MRAM, such as thermal stability and deterministic switching. These two 

obstacles can be solved by large VCMA effect, so-called VCMA coefficient, and large voltage-

controlled interfacial Dzyaloshinskii-Moriya interaction (VCDMI). Therefore, the research for 

material which possesses a large coefficient of that both effects are necessary. 

I focused on material research for large VCMA, as well as VCDMI.  These two effects 

are interfacial phenomena and therefore, the manipulation of material and interface is the key. 

In this study, several materials 3d-metal (Fe, Co, Ni), 4d-metals (Pd) and 5d-metal (Ir) are 

utilized to manipulate the interface of Fe/MgO. The characterization was conducted by using 

propagating spin-wave spectroscopy. The modulation of resonance frequency of the spin-wave 

due to voltage application is analyzed and the changes in interfacial perpendicular magnetic 

anisotropy (i-PMA) and i-DMI are estimated. I demonstrated the enhancement of VCMA and 

VCDMI via interface manipulation. 

Chapter 2 describes the theoretical method and experimental method. The “theoretical 

method” explains the magnetization dynamics and dispersion relation of magnetostatic surface 

spin wave from which the VCMA and VCDMI are estimated. The “experimental method” 

session explains the procedure of sample fabrication and spin-wave spectroscopy measurement 

through antenna method. 

Chapter 3 presents the result and discussion on VCMA and VCDMI. Different materials 

insertion enhances VCMA in different ways. For Pd, insertion to the top layer are effective to 

enhance VCMA and the ferromagnetic layer underneath it, through ferromagnetic proximity 

effect, determines the magnitude. For Ir, the most effective structural to enhance VCMA is 
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when the Ir atoms are located in the second layer from MgO. Furthermore, I demonstrate that 

the increase in Ni concentration in CoNi-alloy decreases VCMA. We found that pure-Co as the 

3d ferromagnetic layer has the maximum VCMA. The VCDMI is demonstrated to be 

simultaneously tuned and having a magnitude in the same order with VCMA.  These results 

are important for voltage-driven MRAM development.  
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Chapter 1 Introduction 

Spintronics emerged as a new field of study to complement mainstream charge-based 

electronics. In a practical sense, the introduction of electron’s spin degree of freedom promises 

to add more capabilities and performance of the electric products, such as non-volatility, 

increase in areal density, and reduction of electric power consumption. One of the most 

potential application of spintronic device is magnetoresistive random-access memory 

(MRAM). 

Spin-transfer effect induced magnetization switching has become a common way to 

switch the magnetization direction in MRAM devices [1], [2]. However, the energy required 

to switch magnetization directions by the spin-transfer effect is large at ~107 times higher than 

the Landauer limit of kBT ln2, where kB is the Boltzmann constant [3]. This energy dissipation 

occurs by Joule heating caused by the electron flow. Consequently, a new control technique 

for magnetization is necessary. Voltage-controlled magnetic anisotropy (VCMA) in 

ferromagnetic metals [4], [5], a kind of magnetoelectric effect, permits spin manipulation and 

enables the construction of ultralow-power high-density MRAM [6]. The VCMA can be 

observed in Fe–MgO-based magnetic tunnel junctions [7]. Furthermore, pure-electronic 

VCMA, as demonstrated by VCMA-induced precessional magnetization switching [8]–[10] 

and ferromagnetic resonance excitation [11], [12], showed a high-speed response (<0.1 ns), 

indicating the feasibility of voltage-driven MRAM. However, the enhancement of VCMA 

efficiency remains a challenge. 

Interface engineering is a promising approach to improve VCMA efficiency because 

the modulation of magnetic anisotropy arises from electronic modification at the interface of 

the ferromagnet and an oxide layer. In this study, I engineered the interface of Fe/MgO and 

investigated its influence to VCMA efficiency, as well as the magnitude of voltage-controlled 

interfacial Dzyaloshinskii-Moriya interaction (VCDMI).   

 

1.1. Magnetoresistance Effects 

The discovery of giant magnetoresistance in 1988 opened up a new era for spin-based 

electronics [13]. The giant magnetoresistance could only be demonstrated through magnetic 

hetero-structure which composed of two-ferromagnetic metal (FM) sandwich in between non-
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magnetic metal (NM) (Figure 1.1). The giant resistance different exhibited between parallel 

alignment and antiparallel. The resistance change, so called magnetoresistance ratio (MR), 

typically express as MR = (RAP – RP)/Rp. The discovery of this effect has a profound impact on 

understanding of spin-electron transport and its application. One of the application of giant 

magnetoresistance effect can be found in read head sensor of hard disk drives (HDD), which 

enabled large areal density in HDD. It was considered as one of the main contribution of 

spintronic research to information technology [14].  

By replacing the spacing NM to oxide material, other phenomenon based on quantum 

tunneling was observed. This effect is known as tunneling magnetoresistance. In 1995, 

tunneling magnetoresistance effect in magnetic tunnel junction Fe/Al-O/Fe trilayer was 

reported [15], [16]. In this report, MR ratio about 20% was obtained, which even larger than 

reported tunneling magnetoresistance ratio of giant magnetoresistance effect at that time.  Since 

then, research on tunneling magnetoresistance based-magnetic tunnel junction structure had 

gained significant attention.  

A theoretical calculation predicted a giant tunneling magnetoresistance ratio, more than 

1000% in Fe(001)/MgO(001)/Fe(001) [17], [18]. This enhancement is attributed to high 

symmetry filtering effect across MgO barrier.  After this report, many efforts had been devoted 

to MgO-based magnetic tunnel junction research. In 2004, Yuasa et al. [19] and Parkin et al. 

[20] experimentally demonstrated the giant MR ratio (>180%) in single crystalline MgO- 

 

Figure 1.1: Schematic of the giant magnetoresistance effect in spin valve structure: 

ferromagnetic metal (FM)/non-magnetic metal (NM)/ ferromagnetic metal (FM) trilayer 

structure. (a) parallel state, (b) antiparallel state. In parallel state, current can travel easily 

lead to low resistance. On the other hand, in antiparallel state, current will be scattered 

resulting higher resistance. 
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magnetic tunnel junction. After that, a dramatic enhancement in MR ratio (> 200 %) had been 

observed in sputter-deposited CoFeB/MgO/CoFeB magnetic tunnel junction [21]. Further 

improvement in MR ratio (>600 %) was reported in CoFeB/MgO/CoFeB pseudo-spin valves 

annealed at 525 oC [22] . 

The tunneling magnetoresistance effect had been anticipated mainly as a 

complementary or a substitution for the giant magnetoresistance effect magnetic sensor. 

However, with such huge MR ratio from tunneling magnetoresistance effect, the realization of 

non-volatile magnetic memory, so called magnetic random access memory (MRAM) is 

possible [23]. In the following session, I introduce several methods to switch the magnetization 

in MRAM. Then, I introduced the research on interfacial perpendicular magnetic anisotropy 

(i-PMA) and voltage-controlled magnetic anisotropy (VCMA). After that, I introduced the 

research on voltage effects in antisymmetric exchange, Dzyaloshinskii-Moriya interaction. 

Finally, the purpose of this dissertation will be given. 

 

1.2. Magnetization switching methods  

MRAM is a promising candidate for universal memory owing to non-volatility. The 

building block in MRAM is magnetic tunnel junction. The advancing in current thin-film 

 

Figure 1.2: Schematic of magnetization switching by induced-magnetic field produced by  

electrical wire. By changing the direction of the current, the magnetic field is changing, lead 

to change in the magnetization in thinner (free) layer. 
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technology allows to produce small-size magnetic tunnel junction and thus high density 

MRAM is possible. Moreover, the writing and reading process can be done electrically. High 

magnetoresistance ratio in MgO-based magnetic tunnel junction can decrease the reading error, 

makes a reliable reading process. However, one of the remaining crucial challenge is how to 

efficiently manipulate the magnetization in magnetic tunnel junction.  

One of the oldest method to switch magnetization is using electric wire. Figure 1.2 

illustrates the switching through electrical current in a magnetic tunnel junction. A magnetic 

field generated by current flow in the wire. If the magnetic field is sufficient, the magnetization 

in the free layer can be switched. To toggle the magnetization, simply change the direction of 

the current. However, the required magnetic field is inversely proportional to the magnetic 

tunnel junction size [24]. As a result, for a smaller size magnetic tunnel junction higher current 

is required. Therefore, this way of switching is not suitable for MRAM application in terms of 

scalability. 

Another method is using perpendicular current applied across magnetic tunnel junction 

which called spin-transfer switching [25]. The principle of spin-transfer switching is illustrated 

in Figure 1.3. Here, a magnetic tunnel junction structure is assumed, composed of a thicker 

(fixed) FM layer, insulating layer, and a thin (free) FM layer. The thick FM layer acts as a spin 

polarizer providing spin-polarized current, while thin layer can be excited by the spin torque. 

In Figure 1.3(a), electrons flow from thick to thin layer. First, the electrons are polarized 

favoring the magnetization of thick layer, and then the torque is applied to free layer. If the 

 

Figure 1.3: Principle of spin-transfer switching in a  magnetic tunnel junction. Reversing 

the current flowing direction will induce either parallel or antiparallel configuration 
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initial position is antiparallel, the free layer will switch. When electron flows from thin layer 

to thick layer, the direction of the torque applied to thin layer will be reversed, due to opposite 

spins of reflected electron from thick layer.  

Figure 1.4 shows magnetic tunnel junction area dependence of switching energy from 

several reports on current-induced magnetic field and spin-transfer switching [26].  Drastic 

reduction of writing current in MRAM had been achieved by spin-transfer switching in 

comparison to current-induced magnetic field switching (approx. 100 fJ/bit ≈ 107 kBT) [2]. 

However, if we compare to required energy for data retention (60 kBT, correspond to green line 

in Figure 1.4), there is still a large gap of energy in the order of 105 [26]. This energy loss is 

caused by Ohmic dissipation from the electric-current flow. Therefore, to overcome this issue, 

a novel magnetization control, free of electric-current, is highly desirable. One of the 

candidates is by using voltage-effect induced magnetization switching based on voltage-

controlled magnetic anisotropy (VCMA) effects. In the next session, more details about VCMA 

effect and its switching will be given. 

 

 

Figure 1.4: Comparison of reported value of switching energy from different magnetization 

switching techniques as function of magnetic tunnel junction area. The current-induced 

magnetic field (red-dot), and spin-transfer switching (blue-dot). Green cloud represents the 

target area of voltage-driven switching MRAM. Picture is reproduced after Ref. [26]. 
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1.3. Interfacial perpendicular magnetic anisotropy (i-PMA) 

 

Figure 1.5: A typical Keff.t vs t graph: Thickness of Co layer dependence on Keff.t in Co/Pd 

multilayer [27]  

Normally, the easy axis in ferromagnetic thin film lies in-plane of the film due to 

domination of demagnetizing field (shape anisotropy). However, at lowered thickness, the easy 

axis in perpendicular direction can be observed. This phenomenon appears due to magnetic 

anisotropy result from spin orbit interaction from the lowered symmetry at surface/interface 

[27],[28],[30].  Therefore, it is often called interfacial perpendicular magnetic anisotropy (i-

PMA).  

Early experimental observation of i-PMA were reported for ferromagnetic/heavy metal 

multilayer such as Co/Pd [27] and Co/Pt [31].  Phenomenological effective magnetic 

anisotropy energy (Keff) can be separated into volume contribution (Kv) and interface 

contribution (Kint), which can be express as: 

 
2int int

v cry 0 s

2 21
        ,

2
eff

K K
K K K M

t t
      (1.1) 

where, the volume contribution is attributed to bulk-magnetocrystalline anisotropy and 

demagnetizing field. A typical way to separate these two contribution is by measuring the total 

effective magnetic anisotropy energy at various thickness, as shown in Figure 1.5. Here, a 

positive (Keff) indicates the perpendicular magnetic easy axis while negative indicates the in-

plane. The Kv can be determined from the slop and Kint intercept at 0-nm Co from Keff.t vs t plot 

(see Figure 1.5). It can be seen, below a certain thickness the interface anisotropy contribution 

overcome the volume contribution lead to a perpendicularly magnetized film. Later, the i-PMA 

was also discovered at the ferromagnetic/oxide interfaces such as CoFe/AlOx  [32] and Fe/MgO 
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[33]. The magnitude of the i-PMA in these system is surprisingly has the same order with that 

found in ferromagnetic/heavy metal (~1.4 mJ/m2) [30], even though Co and Fe considerably 

has low spin-orbit coupling.  

1.4. Voltage-controlled magnetic anisotropy (VCMA) 

The electric-field manipulation of spin has been reported in various system, i.e. 

magnetostriction effects manipulation of magnetic properties in magnetic tunnel 

junction/piezoelectric-material [34], electric-field control phase transition in ferromagnetic 

semiconductor [35] or in ultrathin-ferromagnetic metal [36], and multiferroics materials [37]. 

However, these systems have some drawbacks, such as limited operation temperature, and/or 

low endurance and thus, doesn’t suit for MRAM application. Therefore, in this dissertation, I 

focused on voltage-controlled magnetic anisotropy (VCMA) effect in ferromagnetic-

metal/oxide interface. These type of VCMA is known also as pure-electronic VCMA effects. 

 Voltage effects in ferromagnetic metal have long been considered impractical, because 

of screening effects by free electrons (see Figure 1.6(a)). However, if we see closely to the 

interface, actually, electric field penetrates to the interface of metal (order of an atomic layer, 

as shown in Figure 1.6(b)), before its potential drop as increasing distance from interface. 

Moreover, in ferromagnetic-metal/oxide system the interface perpendicular magnetic 

anisotropy (i-PMA) can be existed. Therefore, the modification of magnetic anisotropy at 

ferromagnetic/oxide interface by using voltage application is anticipated. 

 

 

Figure 1.6: Schematic of electric field potential drop in metal/oxide junction. The potential 

is indicated by the red line 
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In 2009, Maruyama et al., successfully demonstrated the VCMA effect at room-

temperature in Fe/MgO-based structure [5]. Figure 1.7(a) shows the schematic sample structure 

of all solid state device Fe-MgO-based structure. Figure 1.7(b) shows polar magneto-optical 

Kerr effect (MOKE) hysteresis curves of 0.48 nm-thick Fe that were measured under 

perpendicular external magnetic field and bias voltage + 200 V.  One can see an increase in 

saturation magnetic field under positive voltage, which is the clear evident of the magnetic 

anisotropy modulation due to voltage application. The mechanism of voltage-modulation of 

magnetic anisotropy can be considered as follow. Upon the application of voltage, the electric 

field is built-up inside the device. Under positive voltage, the electron will be accumulated at 

Fe/MgO interface which change the d-band electron density lead to modification of magnetic 

anisotropy energy. In this system, the phenomenological effective magnetic anisotropy energy 

can be express as: 

 int
v

2
    ,eff

K
K K

t
   (1.2) 

which can be separated as the contribution of volume anisotropy (Kv) and the interfacial 

anisotropy (Kint). The t denoted the Fe thickness. Since the electric field only effective at 

 

Figure 1.7: One of the earliest report of VCMA effect observation in Fe-MgO-based 

structure at room-temperature measurement [5]. (a) Device schematic of all-solid state 

device of Au/Fe/MgO/polymide/ITO subjected to perpendicular external magnetic field and 

voltage. Upon application of voltage, the electric field built up inside the device. The 

negative charge will be accumulated  at Fe/MgO interface  (b) Clear change in hysteresis 

magnetization curve of 0.48 thick Fe, under different applied bias voltage + 200 V suggest 

the modulation of magnetic anisotropy energy of the film. 
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Fe/MgO interface, the voltage application only modulates the i-PMA. Therefore, the VCMA 

can be defined as: 

 

2Change in interfacial perpendicular anisotropy (i- ) [J/m ] 
VCMA [J/V.m] = 

Electric Field [V/m]

PMA
 (1.3) 

For this observation in Fe/MgO-based structure the VCMA is 30 fJ/Vm. One of the merits of 

this reported is because it employed all-solid state based, it can be transferred to magnetic 

tunnel junction structure. Later, VCMA had been reported in magnetic tunnel junction structure 

by Shiota et al., [38] and Nozaki et al., [7]. 

 

1.4.1. Magnetization switching by VCMA effect 

Bi-stable magnetization switching by VCMA effect can’t easily be attained because 

unlike magnetic field, electric field can’t break time reversal symmetry. Some reports [39], 

[40] suggested a bi-stable magnetization switching by combining spin-transfer effect and 

VCMA. However, in this case, the expectation to reduce the writing energy becomes limited 

[41]. In 2011, Shiota et al. [8] demonstrated VCMA-induced precessional magnetization 

switching by using a pulsed voltage in epitaxial Fe80Co20/MgO/Fe magnetic tunnel junction, as 

shown in Figure 1.8 (a). Top 20-nm Fe layer is the reference layer and ultra-thin Fe80Co20 (0.7 

nm) is the free layer. Figure 1.8 (b) illustrates the magnetization precession in the free layer. 

At initial the magnetization in the free layer tilted 45o to film plane caused by external magnetic 

 

Figure 1.8: First report on VCMA-induced precessional magnetization switching [8]. (a) the 

sample schematic and measurement circuit with pulse-generator generated short pulse 

voltage. (b) illustration of magnetization precession by application of 0.4 ns pulse voltage. 

I.S. indicated the initial position (red) and F.S is final position (blue). (c) MTJ-resistance due 

to application of 0.55 ns-long pulse voltage with electric field -1V/nm. Resistance changes 

are clearly observed for AP (antiparalel) and P (parallel) alignment in MTJ. 
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field. By applying the short pulsed voltage, the i-PMA is erased and the magnetization starts to 

precess around the effective field. By turn off the voltage, i.e. at half precession time, 

magnetization end up at stable point. Magnetization can be switch to initial position by 

applying the same pulse voltage. Figure 1.8 (c) shows the magnetic tunnel junction resistance 

change due to application of short pulsed voltage. This result shows that VCMA effect can be 

applied for bi-stable magnetization switching and has a fast switching time (< 1 ns). Moreover, 

the writing energy are 1/500th than the spin-transfer switching. After that, Kanai et al. [9] and 

Grezes et al. [10] demonstrated a low writing energy of VCMA precessional switching in high 

resistance magnetic tunnel junction down to 6 fJ/bit. This result demonstrated the potential to 

realize ultralow-power MRAM by using VMA induced magnetization switching. 

Apart from the merits, some challenges remain toward realization of voltage-driven 

MRAM, such as, achieving the large VCMA coefficient and low-write error rate. Elimination 

of i-PMA is required during voltage-induced precessional switching. However, when the cell 

size is reduced, i-PMA of the free layer need to be high to maintain the thermal stability (for 

retain the data). Therefore, the large VCMA effect is desirable. The target VCMA coefficient 

is estimated in the range of 200 fJ/Vm to 500 fJ/Vm for cache memory and 600 fJ/Vm to 1500 

fJ/Vm for main memory application [26]. However, to date the VCMA coefficient in practical 

material such as CoFeB is still limited to about 100 fJ/Vm [42], [43]. Therefore, the material 

research for large VCMA effect is necessary. 

 

1.4.2. Material research for large VCMA  

In order to search for material with large VCMA, the understanding of the physical 

origin of this effect is important. Several mechanisms of VCMA effect had been studied for 

different system. One of the earliest theoretical study was reported in 2008. Duan et al. [44] 

reported, by first-principles calculation, that the VCMA effect in ferromagnetic metals appears 

due to spin-dependent screening of electric field at metal surface. The bias-voltage induces 

considerable changes in the surface/interface magnetization and surface/interface magneto-

crystalline anisotropy. The VCMA coefficient and its sign, was explained to be depended on 

the density and spin polarization of the charges carrier near the fermi level of the ferromagnet. 

In 2009, Nakamura et al., [45] by using first-principles calculation, showed the changes in band 

structures of monolayer-Fe upon application of bias-voltage. They claimed that the coupling 

between p orbitals and d orbital near the Fermi level plays important role. It is interesting to 
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note, from these two reports that orbital magnetic moment anisotropy of Fe changes 

considerably due to voltage application, lead to changes in i-PMA energy. Tsujikawa et al., 

[46] studied Pt/Fe/Pt/vacuum and obtained that accumulated charges at the surface modified 

the electron 3d- orbital band filling cause substantial change in i-PMA. Other possible 

mechanism also been discussed such as Rasbha spin-orbit anisotropy [47] and strain-induced 

VCMA effect [48]. 

Nakamura et al. reported the effect of heavy-metal insertion: 4d (Ru, Rh, Pd) and 5d 

(Os, Ir, Pt) at Fe/MgO interfaces of VCMA by first-principles calculation [49] . The interface-

i-PMA arises from spin-orbit interaction of electron spin with the atomic lattice and thus large 

spin orbit coupling material might increase the electric field effect on i-PMA. They found 

insertion of 5d-metal Ir and Os are effective to enhance VCMA (Figure 1.9). Several 

experimental studies had been conducted by inserting a metal layer at CoFeB-based/MgO 

system, but the reported VCMA coefficient was less than 100 fJ/Vm [50] [43]. Recently, 

Nozaki et al. demonstrated a high VCMA of -320 fJ/Vm in FeIr-alloy/MgO system [51]. This 

result showed the possibility to obtain giant VCMA effect by large-spin orbit coupling material.  

Other than 5d-metal, VCMA effect involving 4d-metal Pd had been reported 

experimentally. Hibino et al. reported VCMA effects up to -66 fJ/Vm in sputter-deposited 

Pt/Co/Pd/MgO system. They consider the VCMA effect in this system attributed to 

 

 

Figure 1.9: First principles study on  heavy-metal materials insertion at Fe/MgO interface 

[49]. (a) schematic of the atomic structure model, M is the insertion material, (b) VCMA 

results of several insertion materials. 
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ferromagnetic proximity induced effects in Pd layer.  The bulk Pd actually a paramagnetic but 

in the low dimension and deposited on the ferromagnetic layer such as Fe and Co, it could 

become ferromagnet. This report gives an insight that not only the insertion of heavy metal 

layer insertion at Fe/MgO can be tuned to observe enhancement in VCMA but also the 

ferromagnetic layer beneath it can be important. Subsequently, Hibino et al., reported the 

VCMA in the same system measured at low-temperatures. They observed a non-linear VCMA 

up to 1600 fJ/Vm at 10 K. They explained that this giant VCMA attributed to temperature 

dependence of strain in Pd. However, only static measurement had been done thus the response 

speed of this VCMA has not been confirmed yet. For MRAM application, it is important to 

reveal whether this VCMA is purely-electronics effect or not.  

 

Figure 1.10: Two possible mechanism affects pure electronics VCMA effects [52], [41] (a) 

orbital magnetic moment mechanism and (b) electric-quadrapole mechanism. Controlling 

both mechanism through chemical order (1 is ordered) in FePd system, reported by [53], (c) 

orbital magnetic moment Lm   and (d) magnetic dipole Tm  as function of chemical order. 
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Miwa et al. [52] investigated the VCMA effect in L10-FePt by using element specific 

measurement x-ray magnetic circular dichroism (XMCD), and x-ray absorption spectrum  

(XAS) and proposed possible mechanism of pure-electronics VCMA effect. The VCMA effect 

in this system arose from two mechanisms. First, the charge doping induced anisotropy in 

orbital magnetic moment (Figure 1.10(a)) and the second is electric quadrupole mechanism 

due to charge redistribution upon bias voltage (Figure 1.10(b)). By treating the second-order 

perturbation of the spin-orbit interaction, the PMA energy ( E ) can be express as [41]: 

    , , , ,
 

1 7
  + 

4 2
 + L L T TE

   

 
   

      
 

  (1.4) 

Here, the PMA energy is defined as spin-orbit interaction energy from perpendicular magnetize 

film subtracted with in-plane magnetized one. Where,   is the spin-orbit coupling coefficient 

in the d-band, L  and T
  are the expectation value of angular momentum (L) and 

magnetic dipole operator (T), respectively. The ↑(↓) denotes for the contribution from the 

majority (minority) spin band. The orbital magnetic moment (mL) and the effective spin 

moment (meff = ms -3mT) can be characterized by using sum-rule analysis from XMCD spectra. 

Because the ms is usually isotropic the effective spin moment change can be approximated as 

eff Tm m  . The relation of the orbital magnetic moment change Lm  and magnetic dipole 

change  Tm  can be expressed as [41]: 
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They found the large contribution from Tm and smaller contribution of 
 ,Lm

 
 . However, 

these two contribution partially canceled out each other and thus limited the total VCMA 

coefficient of 140 fJ/Vm. Nevertheless, this report suggested once the material with 

constructive contribution of both term is to be design the VCMA with magnitude 10 times 

larger are feasible [52]. Previous report has demonstrated the orbital magnetic moment and 

magnetic dipole can be tuned by controlling the chemical order [53], as shown in Figure 1.10(c) 

and (d). Hence, the VCMA coefficient is expected to be controlled with the same manner. 
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Apart from using heavy metal insertion, alloying 3d-ferromagnet itself can be potential 

to increase VCMA coefficient. In 2017, Zhang et al. proposed a simple picture of VCMA 

influenced by 3d-orbital electron occupation in ferromagnetic metal. Figure 1.11 shows the 

magnetic anisotropy of ferromagnetic metal as function of 3d-orbital filling calculated using 

second order perturbation theory. The VCMA is indicated by the slope of the curve. The clean 

surface and more realistic case (overlap of band) are represented by solid red line. It can be 

seen the sign of VCMA effect may change around n = 5.5. Furthermore, one peculiar slope 

indicates possible high VCMA in Co-Ni region, around n = 7.5. 

 

1.5. Interfacial Dzyaloshinskii-Moriya interaction (i-DMI) and its voltage-modulation 

The DMI is an antisymmetric exchange interaction which appears in system with lack 

of spatial inversion symmetry incorporating with spin-orbit interaction. The DMI was first 

introduced by Dzyaloshinskii in 1957 to explain the weak ferromagnetism observed in  

 

Figure 1.11: A qualitative picture of magnetic anisotropy energy as function of number of 

3d-electron [54]. (a) schematic of 3d-orbital splitting by tetragonal symmetry crystal field. 

(b) magnetic anisotropy energy as function of number of 3d-orbital electron for different T2g 

level splitting (Δ) and broadening (γ). 
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materials like α-Fe2O3 [55]. Then, Moriya showed that this interaction can be derived 

analytically from Hamiltonian of interacting electrons by considering relativistic spin-orbit 

correction [56]. The DMI plays important role to magnetic properties in various systems, such 

as spin glass [57], molecular magnet [58], cuprates [59], multiferroics [60], and chiral magnetic 

structure [61].  In multiferroics materials, the DMI is important key in magnetoelectric effect 

because this interaction responsible for electric polarization. Recently, the DMI in thin 

magnetic film gained much attention because its role in stabilization of skyrmions and magnetic 

domain walls [62], [63]. Moreover, the voltage-controlled DMI is proposed for deterministic 

voltage-driven precessional switching [64]. 

In ultrathin ferromagnet, the DMI can arise from inversion symmetry breaking at 

interface, so called, interfacial DMI (i-DMI). Figure 1.12 depicted the existence of DMI at the 

interface of ferromagnetic/heavy metal layer with large spin orbit coupling. The DMI between 

two atomic spin S1 and S2 can be express as DMI 12 1 2( )H    D S S , where 12D  is the DMI 

vector, related to the triangle composed two magnetic sites and atom with large spin orbit 

coupling. This i-DMI may exist regardless of crystal symmetry and much stronger than bulk 

interaction  [65]. The i-DMI can be tuned through interfacial engineering to control the chiral 

magnetic structure type and velocity of domain walls [65]. 

The observations of i-DMI are mainly be done by probing spin wave (magnon) 

excitation. One of the first observation was reported by Zakeri et al. [66], by using spin-

polarized electron energy loss spectroscopy (SPEELS). They reported asymmetric spin-wave 

excitation in W/Fe which attributed to i-DMI  All electrical measurement by using 

microwave antenna to excite spin wave, also been reported to characterize i-DMI energy [68]. 

 

Figure 1.12: Schematic of a DMI at the interface of ferromagnetic metal (grey) and heavy 

metal with strong spin orbit coupling [62]. 
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For a practical purpose, having a large i-DMI energy is necessary, i.e. for stabilization 

of skyrmions state in skyrmions device [63], and high velocity current-driven domain wall 

device [70]. Furthermore, being able to manipulate the i-DMI is another critical issue. Imamura 

et al., [64] proposed the deterministic switching of voltage-induced precessional switching. 

They performed the micro-magnetic simulation and demonstrated VCMA and voltage-

controlled i-DMI (VCDMI) can switch the perpendicular magnetized triangle. The final state 

of magnetization is determined by the polarity of voltage pulsed regardless to initial 

magnetization state as shown in Figure 1.13(a) and (b). Experimentally, Nawaoka et al. [69] 

successfully demonstrated VCDMI in Au/Fe/MgO artificial multilayer. They performed spin-

wave spectroscopy by using micro-size antenna and observed the non-reciprocal magnetostatic 

surface spin wave (MSSW) propagating subjected to voltage bias. The VCDMI can be defined 

as: 

 

2Change in i-DMI energy density ( )  [ J/m ] 
VCDMI [J/V.m] = 

Electric Field [V/nm]
                           

D 
 (1.7) 

 

Figure 1.13: Micromagnetic simulation of perpendicular magnetized triangle subjected to 

in-plane external magnetic field switched by applying voltage pulse (a) positive, (b) negative 

voltage pulse. The final state of magnetization is determined by polarity of voltage pulse. 

Picture taken from Ref. [64]. (c) experimentally measured voltage-controlled interfacial DMI 

(VCDMI) in Au/Fe/MgO multilayer. The voltage-induced frequency shift δf is influenced 

by chirality of spin which attributed to i-DMI modulation. Picture taken from Ref. [69] 
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However, the magnitude of VCDMI in Au/Fe/MgO system is still low, estimated about 7 

fJ/Vm. Nevertheless, this result shows the possibility of voltage-controlled i-DMI, in particular 

for ferromagnetic/oxide interface 

 

1.6. Purpose  

The ability to manipulate magnetic properties with electric-field has significant merit 

in term of energy efficiency. In this dissertation, we focused on voltage-effects on two 

interfacial magnetisms; interfacial perpendicular magnetic anisotropy (i-PMA) and interfacial 

Dzyaloshinskii-Moriya interaction (i-DMI). The related phenomena of the voltage modulation 

of these two properties it called; voltage-controlled magnetic anisotropy (VCMA) and voltage-

controlled Dzyaloshinskii-Moriya interaction (VCDMI). Since the i-PMA and i-DMI were 

arose from spin-orbit interaction, we employed the heavy-metal material Pd and Ir, which have 

large spin-orbit coupling in combination with 3d-metal Fe, Co and Ni. 

I studied the VCMA and VCDMI effects in single-crystalline Fe/MgO-based structure. 

By engineered the interface of Fe/MgO, I try to control the VCMA and VCDMI in the system. 

I used three approaches to engineer the interface: 

1. Atomic layer insertion (Co/Pd combination), 

2. Artificial alloy-formation (Ir location control in Fe layer), and  

3. Control of the number of d-electron (Ni fraction dependence in Co1-xNix layer)   

The deposition of multilayer thin film was carried out by using electron beam evaporation 

molecular beam epitaxy. During the deposition, a position-controlled linear shutter was 

employed to engineer the interface material attached to MgO. Moreover, post-annealing 

treatment was also being done. 

   The characterization of VCMA and VCDMI was conducted through spin-wave 

spectroscopy by using two port vector network analyzer measurement. This technique has 

several merits compare to common VCMA characterization through magnetization curve 

change. The spin-wave spectroscopy has advantageous to study VCMA with various thickness 

because it applicable to materials with wide range of interfacial PMA (i-PMA), while in 

common method, its often difficult to study because the changes in magnetization curves is too 

small. Moreover, by using two antennas, the propagation dependent of spin-wave resonance 
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under influenced of voltage can be utilized to characterize the VCMA and VCDMI 

simultaneously.  
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Chapter 2 Method  

In the following sections the method which used to analyze i-PMA field (Hint), VCMA 

and VCDMI are explained. The theoretical method section describes the analytical expression 

of VCMA and VCDMI derived from dispersion relation of magnetostatic surface spin-wave 

(MSSW). The experimental method section describes the sample fabrication including the 

multilayer deposition and microfabrication of coplanar waveguide antennas. The details 

explanation of propagating spin-wave measurement by two-port vector network analyzer will 

be given.  

2.1. Theoretical method 

2.1.1. Energies in Ferromagnet 

The total energy inside a ferromagnet is constructed by number of interactions. The 

knowledge of the involving energies is crucial to portray the dynamics. In this section, the 

following energies which considerably important in this study are introduced. 

 

 Zeeman Energy 

Under an external magnetic field ,
ext

H a ferromagnetic tend to align their 

magnetization in the same direction to minimize the energy. The energy density is given by 

[71]   

  0
zee ,dV

V


    extM H  (2.1) 

where 
7

0 4 10  H/m    is permeability of free space 

 

 Exchange Energy 

The exchange interaction was initially proposed by Heisenberg [72]. This interaction 

reflects the Coulomb interaction of neighboring atoms in conjunction with Pauli exclusion 

principle, which forbids the two electrons to have the same quantum state. Between two atoms 

with spin Si and Sj there is an interaction with energy [73]. 
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 2ex i jE J  S S  (2.2) 

where J is being exchange integral. If J > 0, the energy is lowest when Si
 and Sj are parallel. 

The interaction decrease rapidly with increasing distance (short-range), hence the value of J is 

largest for nearest-neighbor spins. For positive J, the tendency to align the nearest neighbor 

spins parallel causes complete parallel alignment of the entire system, lead to ferromagnetism.  

 The exchange energy density at mesoscopic level is given by [74] 

 ex  ,
s

A
dV

V M


 
  

 


M
 (2.3) 

where M is magnetization vector, MS being saturation magnetization. A is the exchange integral 

which is proportional to the exchange integral J, by A ≈ JS2Zc/a0, where S is magnitude of the 

spin, Zc is number of atoms per unit cell, and a0 is the lattice constant.  

 

 Demagnetizing Field Energy 

The demagnetizing field, also known as the stray field, is the magnetic field generated 

by the magnetization of the ferromagnet itself. The energy density of demagnetizing filed can 

be written as: 

  0
d d ,

2
dV

V


    M H  (2.4) 

The demagnetizing field of a material with arbitrary shape is very difficult to calculate. 

However, for a special case, in uniformly magnetized ellipsoids, the demagnetizing field is 

expressed by [74]: 

 d N H M  (2.5) 

where N  is the demagnetizing tensor, with unit trace 1x y zN N N   . For a thin film with z-

axis perpendicular to film plane, 0, and 1x y zN N N   . Thus, in the in-plane magnetized 

thin film, the Eq. (2.5) can be written 

  
20

d ,
2V


    ze M  (2.6) 

where z
e is the unit vector in the z-direction, perpendicular to film plane. 
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 Anisotropy energy  

Anisotropy energy is resulted from spin-orbit interaction [75]. The direction of 

magnetization relative to atomic arrangement inside a ferromagnet determined the energy. 

Even though is considerably smaller than exchange energy, anisotropy energy plays important 

role in low-dimension such as thin film. Here, I briefly explain the anisotropy energy in 

crystalline structure and interface. The anisotropy due to shape effects already introduced and 

treated as demagnetizing field energy. 

Anisotropy energy in crystalline material is determined by its crystal structure. For a 

cubic crystal, the energy density in Cartesian coordinate is given by [71]: 

 
2 2 2 2 2 2 2 2 2

cry 1 2( )x y x z y z x y zK m m m m m m K m m m      (2.7) 

where mi is the magnetization component along the cubic axes. K1 is the highest value 

anisotropy constant, typically ±104 J/m3, varies with materials [71]. The constant K2 and higher 

order constant usually can be neglected.  

Apart from volume attributed above, a phenomenological magnetic anisotropy from 

interface contribution is often observed in thin films. This effects attributed to the environment 

condition of surface atom, such as discontinuity of crystal ordered. For a very thin layers (<2 

nm), the interfacial anisotropy can dominate and lead to a perpendicular magnetic anisotropy 

(PMA). The energy density for interfacial anisotropy can be described as 

 
2int

int z

K
m

t
    (2.8) 

where intK is interfacial anisotropy constant and t is film thickness. 

 

 Dzyaloshinskii-Moriya energy 

A material with low symmetry exhibit a weak antisymmetric interaction, induced by 

spin-orbit coupling, the Dzyaloshinskii-Moriya interaction (DMI). The energy of DMI is 

described 

 DMI ( )ij i j   D S S  (2.9) 

where Dij is the Dzyaloshinskii-Moriya interaction vector. 
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In thin film ferromagnet, this effect appears at the interface of material due to lack of 

inversion symmetry, so called, interfacial-DMI. Many efforts have been devoted enhance and 

modulated the i-DMI effect because it is responsible to stabilize a chiral magnetic structure 

skyrmions [63], [62]. 

From all the contributing energies in ferromagnet, we can calculate the total energy as 

 tot ex zee d cry cry int DMI               (2.10) 

From this equation, the total effective magnetic field can be calculated as 

 eff tot

0

1



  MH  (2.11) 

The effH determines the instantaneous axis magnetization precession.  

 

2.1.2. Magnetization Dynamics and Spin waves 

 

 Magnetization Dynamics 

Inside a ferromagnet the magnetization dynamics appears due to effective magnetic 

field (Heff) as shown in Figure 2.1. The first model for magnetization dynamics was introduced 

in 1935 by Landau-Lifshitz (LL): 

 

Figure 2.1: Schematic of magnetization precession (a) without a damping, and (b) with a 

phenomenological damping term (red) lead to magnetization relaxation in direction of Heff. 
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 0 eff ,
d

dt
  

M
M H  (2.12) 

where  is the gyromagnetic ratio. The / 2 emg q  , where g is called Lande’ g-factor, q is 

charge of electron and me is the mass of electron. This model describes a precessional motion 

of magnetization around effective magnetic field. However, this model can’t explain the 

experimental observation. After a finite time, the magnetization direction should be aligning to 

minimal energy direction. Landau-Lifshitz modified this disparity by adding a damping 

term[76] 

 0 eff eff2
( ),

s

d

dt M


     

M
M H M M H  (2.13) 

where   is phenomenological damping constant. In 1995, Gilbert modified the damping term 

in LL equation. The damping term in Gilbert model depends on the time derivative of 

magnetization. The equation then be known as Landau-Lifshitz-Gilbert (LLG) equation, which 

given by  

 0 eff ( ),
s

d d

dt M dt


    

M M
M H M  (2.14) 

where   is dimensionless damping parameter after Gilbert. 

 

 Spin waves 

In the previous sub-section only the uniform magnetization motion which occurs at a 

same frequency and phase was addressed.  A non-uniform magnetization precession can also 

exist in ferromagnetic material due to defects or non-uniform applied magnetic field (Figure 

2.2(a)).This type of precession mode excites the spin wave (also known as magnon). The spin 

wave which dominated by exchange interaction has a short wavelength. In contrary, in infinite 

ferromagnetic thin film, a long wavelength spin wave can be excited, govern by dipolar 

interaction [77]. This type of spin wave is referred as magnetostatic mode. There are three types 

of magnetostatic spin-wave, determined by the angle between magnetization (M) direction and 

the in-plane wave vector (k). Figure 2.2(b) shows the geometry and dispersion relations in 

different magneto-static spin wave mode. In this study, I utilized the magnetostatic surface 

wave (MSSW) mode, where thin film is magnetized in-plane and k is detected in-plane 

perpendicular to M, to characterize magnetic anisotropy change. In the following section I 
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derived the basic equation of magnetostatic mode (Walker’s equation), dispersion relation of 

MSSW and present the relation of VCMA and VCDMI to frequency shift of MSSW resonance. 

 

 Walker’s Equation 

In this section, basic equation for magnetostatic wave, so called Walker equation, is 

derived [78]. In the frequency domain Maxwell’s equation can be written  

 ,i   H D J  (2.15) 

 ,i E B  (2.16) 

   D  (2.17) 

 0  B  (2.18) 

where H is the magnetic field intensity (A/m), D is the electric flux density (C/m2), B is 

magnetic flux density (T), J is the electric current density (A/m2), E is the electric field intensity 

(V/m), and ρ is being the electric charge density (C/m3). Inside a material the flux density D 

and B are related to the field intensity as follow 

 0 , D E P  (2.19) 

 

 

Figure 2.2: (a) Schematic excited spin-wave under external magnetic field. k propagates 

along x-direction resulted by non-uniform precession of spin around external magnetic field 

direction. (b) The geometry and dispersion relation of magnetostatic spin-wave. In the study, 

I use the magnetostatic surface spin-wave (MSSW) configuration. Picture taken after [77]. 
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 0 ), B (H M  (2.20) 

where P is the electric dipole moment (C/m2) and M is being magnetic dipole moment (A/m), 

usually referred as the polarization and magnetization, respectively. If the response is non-

instantaneously to the given field, the response must be obtained by integrating over all 

excitations. This type of material is called dispersive medium. However, in frequency domain 

the response always reaches a steady state condition and thus the integration is not necessary. 

Therefore, the polarization and magnetization can be written as: 

 0 e( ) ( ) ( )    P χ E  (2.21) 

 m( ) ( ) ( )   M χ M  (2.22) 

where eχ  and mχ are the electric  and magnetic susceptibility tensor, respectively. Substituting 

above equations to Eq.(2.19) and Eq. (2.20) gives 

  D E  (2.23) 

  B H  (2.24) 

where,   and   are the permittivity and permeability tensor which can be express as 

 
0 e
( )  I χ  (2.25) 

 
0 ( )

m
  I χ  (2.26) 

I is a unit matrix. 

Now, let’s consider a Fe thin film magnetized in z-direction by applying external 

magnetic field (same geometry as depicted in Figure 2.3).  We assume motion of the fields as 

small time-dependent perturbation added to static equilibrium. For simplicity, the exchange 

field and anisotropy field are neglected: 

 ˆM e i t

s z
 M m  (2.27) 

 eff ext
ˆH e i tz  H h  (2.28) 

insert above equations to Eq. (2.12), gives us: 

 
 

   0 ext
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i t
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  ext

0

ext

ˆM e ˆ ˆ ˆM H M e

ˆe H e e

i t i t
s s s

i t i t i t

d z z z z

dt z

 

  


 

  

    
       

m h +
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 (2.30) 
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m and h is oscillating magnetic dipole and magnetic field, respectively. The m and h are 

assumed to be small, thus their product can be ignored. Thus Eq. (2.1) can be solved as: 

  0
ˆ ,Mi z     m h + m  (2.31) 

where 

 0 0 0 extM  and HM s        (2.32) 

solving the linearized torque equation (Eq.(2.31)) for m gives 

 
x x

y y

m hi

m hi

 

 

    
    

    
 (2.33) 

where 

 
M 0 M

2 2 2 2

0 0

 and 
( ) ( )

   
 

   
 

 
 (2.34) 

The  magnetic susceptibility tensor can be identified from Eq.(2.33)  

 
i

i

 


 

 
  

 
 (2.35) 

Thus, inserting above equation to (Eq. (2.26)) , we can be obtained  the permeability tensor: 

 0

1 0

1 0

0 0 1

i

i

 

   

  
 

 
 
  

 (2.36) 

The basic equation for magnetostatic wave should be satisfy Maxwell’s equation magnetostatic 

limit in the absence of current, which read: 

 0 , h  (2.37) 

 0 ,  b  (2.38) 

where 

  , b h  (2.39) 

Moreover, the magnetic field h can be expressed by magnetostatic scalar potential  [79]: 

  h  (2.40) 

Combining Eqs. (2.38), (2.39), and (2.40) gives 

   0     (2.41) 
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This equation can be expanded by using Eq. (2.26) and (2.36) to obtain 

 

2 2 2

2 2 2
(1 ) 0

x y z

  


     
      

     
 (2.42) 

above equation is called Walker equation, which describing magnetostatic mode propagation 

in homogeneous media. This equation can be used to find dispersion relation, ω(k), by 

considering boundary condition in the propagating medium. 

 Dispersion relation of magnetostatic surface spin wave (MSSW) 

In this section dispersion relation ω(k) of MSSW is derived. Figure 2.3 shows the 

geometry that used for the analysis. Considering the material, i.e. Fe thin film, is located in the 

region II, while top and bottom areas are denoted as region II and III, respectively. Here, for 

simplicity we assumed the film are isotropic. The external magnetic field (Hext) and 

magnetization (Ms) of the Fe-thin film are lying in z-direction, thus for the MSSW mode, the k 

should be propagating along x .We assume the potential to be proportional to exp( )xivk x , where 

 = ±1v . Now, as a trial solution, the potential at each region can be defined as: 

 I ( , ) x xk y i k x
r Ce

  
  (2.43) 

 II 0( ) ( ) , xk xi

yr cos k y e
   (2.44) 

 III ( ) x xk y i k x
r De

 
  (2.45) 

 

Figure 2.3: Geometry for magnetostatic surface spin wave (MSSW) dispersion relation 

analysis 
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Thus, for region II, Walker’s equation (2.42) can be reduces to 

   2 21 ( ) 0x yk k    (2.46) 

 A possible solution to this equation is  1 0  . However, this only for one specific 

frequency. Therefore, we use 
2 2

x yk k   for the solution. Suppose 
xk to be real for propagating 

waves, then yk must be imaginary. Thus, in region II, potential must have growing and decaying 

exponentials: 

 II 0 0( ) , k i kky y xr ee e    

 
    (2.47) 

Note, wave number subscript have dropped to k. 

Next, we apply the boundary condition. At  = /2y d ,  must be continuous : 

 
/2 /2 /2

0 0 ,kd kd kdC e e e  

    (2.48) 

 
/2 /2 /2

0 0 ,kd kd kdD e e e  

    (2.49) 

The remaining boundary condition required the normal magnetic flux density b to be 

continuous at  = /2.y d The y component of magnetic flux density in y axis can be expressed 

as: 

  (in the region I and III)y yb    (2.50) 

  1  (in the region II)y x yb i         (2.51) 

Thus, requiring by to be continuous at  = /2y d  gives 

/2 /2 /2 /2 /2

0 0 0 0( ) 1 kd kd kd kd kdC e e e e e        

   
            

(2.52

) 

/2 /2 /2 /2 /2

0 0 0 0( ) 1 kd kd kd kd kdD e e e e e        

   
             

(2.53

) 

 

Substituting eqs.(2.48) and (2.49) to eqs. (2.52) and (2.53) consecutively, and collecting the 

terms, we obtained: 

   

   

/2 /2
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/2 /2

0

2
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kd kd
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 (2.54) 

The dispersion relation can be obtained when the determinant of the coefficient matrix to zero: 
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2 2

2

2 2

  2( )kde
 

 

  



 (2.55) 

It is noteworthy that dependence on ν vanished, suggesting that the dispersion relation doesn’t 

change if the propagation direction is reversed. Insert  and   from Eq. (2.34) and solving for 

ω2, we can obtain 

 
2

2 2

0 0(  ) 1
4

kdM
M e


           (2.56) 

This equation is known as basic dispersion relation of magnetostatic surface spin waves 

(MSSW). 

In a real case i.e. the surrounding material of Fe and magnetic anisotropy of Fe is not 

isotropic, the permeability tensor   must be derived again from LL-equation lead to different 

expression in dispersion relation. In frequency form it can be express as [80],[69]: 

 

   

    

ext cry ext S cry int

0 0
R

S
S int Fe

| |  | |

2 1 exp 2
4

H H H M H H

f M
M H k t

 



   

 
   

 (2.57) 

Above equation take account the contribution from fourfold crystalline magnetic anisotropy 

field (Hcry) and interfacial-perpendicular magnetic anisotropy field (Hint). The effective field 

(Heff) can be expressed as: 

 
0
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int

ˆ
2

cry i t i t

ext

cry s
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H H z me he
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 (2.58) 

Moreover, by including the DMI contribution, D, the dispersion relation can be written [81]: 

    

     
 ext cry ext S cry int DC

DC0 0 0
R

S
SFeS int DC

| |  | |

2 1 2
4

H H H M H H V
D V k

f M MM H V e k t

  

 

   

 
   

 (2.59) 

In this study we use above equation to analyze VCMA and VDMI from MSSW resonance. 

 

 Voltage-induced frequency shift 

In our experiment, the resonance frequency of MSSW is measured under voltage-

application. From Eq. (2.59), two properties were considered to be modulated by voltage 

application, Hint, and D. In this subsection, we derived the equation that use to independently 
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analysis the voltage-induced frequency shifts of spin-wave resonance attributing to interfacial-

perpendicular magnetic anisotropy change (VCMA) and interfacial-Dzyaloshinskii-Moriya 

interaction (VCDMI). 

The measurement was conducted using two antennas (antennas 1 and 2), the 

propagation of spin-wave direction +k, if antenna 2 acted as receiver (denoted as 21) while –k, 

if antenna 1 acted as receiver (denoted as 12).  When voltage is applied, small frequency shift 

induced can be written as: 

   

    

ext cry ext S cry int int
0 0 0

R 21
S

SFeS int int

| |  | |

2 1 2
4

H H H M H H H
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 (2.60) 
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 (2.61) 

Above equation represent the small frequency shift in +k ( 21f ) and –k ( 12f ) directions. 

Summation of these two equation gives: 
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 (2.62) 

Note that the DMI term has vanish. Next, replacing fR without DMI term to Eq. (2.62), we 

obtain: 
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(2.63) 
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      (2.64) 

 

The term in the square can be approximated using Taylor expansion. Then, Eq. (2.64) can be 

written as: 
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Thus 
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) 

Solving above equation for intH , we obtain 
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The VCMA energy can be calculate: 
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Inserting  intH from eq. (2.67), we get: 
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 (2.69) 

This equation is used to calculate VCMA. 

Next, the VCDMI energy is derive. Subtracting Eq. (2.60) and (2.61), we obtained: 

   0
R 21 R 12 21 12
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f f f f f f
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        (2.70) 

The change in i-DMI energy, D, due to voltage application can be represent as: 

  S
21 12
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M
D f f
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    (2.71) 

Normalized this equation to electric field, we can obtain i-DMI energy change.  The VCDMI 

can be expressed as: 

  
S 21 12

iDMI

0 MgO
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M f f

E k
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2.2. Experimental Method 

2.2.1. Device Fabrication 

 The sample, which consists of multilayer thin film, was fabricated through molecular-

beam epitaxy (MBE) deposition and RF-magnetron sputtering deposition. The MBE is 

employed to form the epitaxial deposition. Figure 2.4 illustrates MBE schematic. There are two 

main aspects in MBE deposition. First, the deposition takes place in ultra-high vacuum 

(typically 10-8-10-12 Torr). Second, the deposition rate is low (typically less than 3000 nm/ 

hour) to allow film grow epitaxially. In solid source MBE, target elements in ultra-pure form 

are heated by electron-beam evaporators or Knudsen effusion cells. We employed electron-

beam to sublime for all materials target which used in this study. The chamber is connected to 

 

Figure 2.4: Schematic of molecular-beam epitaxy with electron-gun evaporation system. 

 

Figure 2.5: The schematic of multilayer film deposited by molecular beam epitaxy and rf-

magnetron sputtering. 
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the vacuum systems (consist of turbo molecular pump (TMP), rotary-pump (RP) and ion pump) 

to achieve the base pressure in the growth chamber to be less than 4 x 10-8 Pa. It is also being 

equipped by computer-control shutter and substrate heater which allows us to control of 

deposition condition. Moreover, the thickness and quality of single crystal growth were 

monitored by crystal oscillator and reflection high-energy electron diffraction (RHEED). 

The target materials which been used in MBE deposition are listed in Table 2.1. In this 

study, we used three kinds of ferromagnetic (FM) 3d-metals; Fe, Co, and Ni. Furthermore, 4d-

material Pd and 5d-material Ir also are being used. Figure 2.5 shows the multilayer stacking 

and fabrication condition. As a substrate, we used single-crystalline NaCl-type MgO. Before 

film deposition, the MgO substrate was pre-annealed at 300 °C for 30 min and 800 °C for 10 

min.  After that, we deposited 5-nm MgO at 150 °C (dep. rate: 0.1 Å/s) to prevent the impurity 

material diffusion, such as carbon, from MgO substrate [89]. Then, V-layer was deposited at 

150 °C with dep. rate 0.2 Å/s and then post-annealed at 300 °C for 30 min. The V-layer is used 

as under-layer to minimize the lattice-mismatch in Fe-layer growth. After that, Fe was grown 

at room temperature (dep. rate: 0.1 Å/s). To obtain a flat surface, in situ post-annealing was 

conducted at 250 °C for 15 min. Figure 2.6 shows reflection high-energy electron diffraction 

image of 20-nm Fe indicating the improvement of Fe-surface crystallinity after post-annealing. 

No annealing was conducted after this step to ensure no diffusion in occurs in the sample. After 

that, ultra-thin insertion layer was deposited. In this study, we employed several materials to 

be inserted in between Fe/MgO layer; Co, Ni, Pd, and Ir. To control the thickness of the 

insertion layer, the auto-shutter had been used. The details of the ultra-thin layer insertion 

deposition procedure are explained in each sections. After the insertion layer deposition, 

another 5-nm-MgO was grown. Then the sample was being taken out from MBE chamber 

Table 2.1  Material in MBE deposition and its bulk crystalline properties 

Material [Ref.] Bulk crystal structure Lattice constant (Å) 
Density 

(g/cm3) 

MgO [82] NaCl-type cubic a = 4.13 3.57 

V [83] body-centered cubic (bcc) a = 3.02 6.11 

Fe [84] bcc a = 2.87 7.88 

Co [85] hexagonal close-packed (hcp) a = 2.51, c = 4.07 8.84 

Ni [86] fcc a = 3.53 8.9 

Pd [87] face-centered cubic (fcc) a = 3.89 12.01 

Ir [88] fcc a = 3.84 22.56 

https://en.wikipedia.org/wiki/Reflection_high-energy_electron_diffraction
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(exposed to air) and being transfer to sputtering chamber. In sputtering, we deposited 5-nm 

SiO2 to prevent further oxidation to the sample. In the finished sample, another 45-nm SiO2 

was deposited as additional insulating layer by sputtering during microfabrication process.  

To conduct the spin-wave spectroscopy by electrical measurement, the 

microfabrication was conducted to pattern the sample.  Figure 2.7 illustrates the spin wave 

device. The multilayer film was patterned into a rectangular shape (100 × 400 μm) with the 

long axis parallel to the Fe [100] direction. Two antennas (short-circuit coplanar waveguide) 

composed of Cr (5 nm)/Au (200 nm) films were fabricated parallel to the Fe [100] direction 

through a lift-off process. It consists of a signal line (2 μm) and two ground lines (1 μm) with 

gaps of 1 μm, and an intermediate gate electrode between the antennas. The two antennas 

separated by 10 μm. To apply the voltage, a contact pad was fabricated by etching down the 

film until the Fe-layer. 

The spin wave device was fabricated through electron-beam (EB) lithography, Ar+ 

milling and electron-beam deposition. The details step as follows: 

1. Cross-mark  

Figure 2.8(a) shows cross-mark pattern which use for EB-registration mark. After the 

multilayer deposition, the sample cleaned by IPA and iso-propanol solution. After clean, 

a negative tone resist, (ZEP520 resist with approx. 200 nm thick) was coated onto the 

sample through spin coater. The sample then was pre-baked at 180 °C for 90 sec. To avoid 

the charge-up during EB-exposure, a conducting layer, espacer, was coated to the sample. 

EB-drawing then was conducted to hardness the resist. After resist development, 5-nm Cr 

 

 

Figure 2.6:  Reflection high-energy electron diffraction image of Fe 20 nm parallel to MgO 

[100] plane, a) before post-anneal, b). after in situ post-anneal 250  °C 15 min. Streak line 

indicates flatter surface 

(a) (b) 
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and 70-nm Au were deposited.  Finally, the remaining the resist was removed through lift 

of process. 

 

2. Wire pattern 

The multilayer film was patterned into a rectangular shape (100 × 400 μm) with the long 

axis parallel to the Fe[100] direction as depicted in Figure 2.8(b). For this pattern, EB-

lithography process used positive tone resist (TGMR-360) coated onto the sample. The 

sample then was pre-baked at 130 °C for 90 sec. After EB-drawing, for development the 

resist post-baked (at 110 °C for 90 second) was necessary. Then, the film was etched down 

to the MgO bottom layer. Before lift off the resist, 20-nm SiO2 was sputtered to avoid 

oxidation in Fe-layer. It should be noted, the thickness of SiO2 should not more than 20-

nm, because the removal of the resist becomes difficult. 

 

3. Deposit additional insulator SiO2 layer (45 nm) 

After lift-off the resist, 45-nm SiO2 was grown to the film by using sputtering. This layer 

was fabricated as additional insulating layer for voltage measurement. 

 

4. Edge pattern  

 

Figure 2.7: Schematic of spin-wave device. It consists of a multilayer film wire (100 x 400 

µm), two micro-sized antennas and an intermediate gate electrode. The two antennas 

separated by 10 μm. Each antenna consists of a signal line (2 μm) and two ground lines (1 

μm) with gaps of 1 μm, and an intermediate gate electrode between the antennas. A contact 

pad connected to Fe-layer. 
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To increase the endurance and avoid breakdown of the sample during the voltage-bias, at 

the edge of wire-pattern, 20-nm SiO2 was deposited by sputtering. Figure 2.8(c) shows the 

pattern which used for EB-drawing. For this step, we used ZEP-520 for the resist. 

 

5. Hole pattern 

To apply voltage perpendicularly to the film, a conduction lane must be formed to the 

bottom of conduction layer. The film was etched down to the Fe-layer using Ar+ milling 

after EB-drawing of hole-pattern (see Figure 2.8(d)). After that the resist was removed 

through lift-off process. 

 

6. Antenna pattern 

Two antennas and an intermediate gate electrode were fabricated using pattern as shown 

in Figure 2.8(e) and (f). In this process, two times EB-drawing were conducted. After resist 

development, 5-nm Cr and 200 nm Au were deposited by electron-beam deposition. After 

that the resist was removed through lift-off process. Figure 2.9 shows the top view of finish 

device. 

 

Figure 2.8: Schematic of the patterns which used for EB-lithography drawing. (a) 

Registration mark, (b) wire, (c) Edge, (d) hole, (e) antenna 1 and (f) antenna 2. 
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After finish the microfabrication, some samples were being annealed intentionally. This 

treatment was done only for Co/Pd insertions sample and Ir-insertion sample. The purpose of 

post-annealing is to induce atomic re-arrangement at Fe/MgO interface. Thin layer insertions 

are expected to react to post-annealing. It can be a relaxation of stress or diffusion that mediated 

VCMA and VCDMI enhancement. The post-annealed was conducted inside a chamber with 

base pressure < 4 x 10-4 Pa, at several annealing temperatures for 30 minutes. No magnetic field 

or ambient gas was applied during annealing.  

 

2.2.2. Device characterization 

The spin wave device had been fabricated into spin-wave device which includes the 

antennas as a coplanar wave-guide, an intermediate electrode and a contact pad to bottom Fe 

to apply voltage across the film. The measurement was conducted by acquired the microwave 

response from the multilayer under external magnetic field and/or under voltage-bias. In this 

section the spin-wave signal observation and its modulation for characterization of anisotropy 

field (Hint and Hcry), magnetic anisotropy change (VCMA) and interfacial Dzyaloshinskii-

Moriya interaction (VCDMI) will be explained. 

To measure voltage-effects in ferromagnetic-metal, usually an ultra-thin layer (<1 nm) 

was used, investigated through changing in magnetization hysteresis. In thicker film, this 

change is too small to analyze. The voltage-effects characterization by spin-wave spectroscopy 

 

 

Figure 2.9: (a) Top view off final spin-wave device, and (b) magnify image of antennas 

(b) 

(a) 
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can overcome this issue. This technique was developed in our group by previous student K. 

Nawaoka [69]. 

The vector network analyzer measures the microwave response of the sample in the 

formed of scattering parameter which also called, S-parameter. The total number of S-

parameter is equal to the square of the number of ports. In our experiment, two ports are being 

used, thus it has four S-parameters. The convention for S-parameters numbering is that the first 

number following the S is the port of radio-frequency power leaving the sample and the second 

number is the port where the radio-frequency is entering the sample. For example, the S21 is 

measure of power from port 2 as the result of applying the radio-frequency power in port 1.  

The schematic of relation between, the incident wave (ai), the out-going wave (bi) and the S-

parameters is illustrated in Figure 2.10. For two ports measurement and thus four S-parameters, 

the relation can be expressed as: 

 
1 11 12 1

2 21 22 2

 = 
b S S a

b S S a

     
    
     

 (2.73) 

when the radio-frequency power only come from one port and another port is terminated, each 

Sij parameter is the ratio between the outgoing wave (bi) at port i and the incident wave (aj) at 

the port j [91]. 

 

Figure 2.10: Schematic relation between the S-parameters, incident wave (ai) and outgoing 

wave (bi) in the two-ports measurement. DUT is stand for the device under test, in our case 

is correspond to spin-wave device. Picture reproduced after [90] 
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Figure 2.11(a) shows the schematic of the measurement set-up. Both antennas are 

connected to vector network analyzer through coaxial cable, k-connector, and microwave-GSG 

probe. Source meter are connected to contact pad (conduction path to Fe-layer) and 

intermediate gate electrode via dc-probe. Two bias-tee are used to protect vector network 

analyzer from electrostatic charge. Vector network analyzer and source meter are connected to 

same ground via bias-tee. The micro-size antenna functions as coplanar waveguide. Two 

antennas separated by 10 µm and has short-end as shown in Figure 2.9(b). It has non-uniform 

spatial distribution of magnetic field resulted from current flow in the antenna as depicted in 

Figure 2.12(a). By this antenna design, the selected wave number has the main peak at wave 

number, k = 1.2 µm (see Figure 2.12(b)), while other smaller peak was also observed in other 

higher k. The two ports vector network analyzer measurement is employed to detect the 

microwave response from the spin-wave device. The vector network analyzer can generate 

microwave incident signal with wide range of frequency. In our vector network analyzer, the 

frequency range is between 10 MHz to 50 GHz.  

 

Figure 2.11: (a) Measurement circuit to detect a spin wave signal. The antennas are 

connected to vector network analyzer (VNA) by GSG probe. External voltage (VDC) is 

applied from source meter via dc-probe connecting to contact pad and intermediate gate 

electrode. An external magnetic field (Hext) is applied in in-plane direction. Two bias-tee are 

used to protect the vector network analyzer from electrostatic charge. Vector network 

analyzer and source meter are connected to the same ground via bias-tee. (b) Schematic of 

electric field which applied perpendicularly across the multilayer.   
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In this study, two kinds of measurements were done. First, so called spin-wave nature 

measurement to evaluate the magnetic anisotropy properties. This magnetic anisotropy 

measurement was carried out by sweeping external magnetic field (Hext) without application of 

bias voltage. Second, the voltage-modulation spin-wave measurement by applying external 

voltage across the sample with fix applied external magnetic field (Hext). The first part of 

measurement will be explained. 

 

 Magnetic anisotropy field characterization 

To evaluate the magnetic anisotropy field, spin wave measurement was conducted by 

applying external magnetic field (µ0Hext) without of external voltage bias (VDC = 0). The 

experiment set-up is depicted in Figure 2.11. For this measurement, frequency range in vector 

network analyzer was set to 10 - 20 GHz. RF power of -15 dBm (32 µW) with 1 kHz bandwidth. 

At first, large external magnetic field (µ0Hext = 270 mT) was applied to saturate the 

magnetization of Fe in in-plane direction x. The spectrum at large magnetic field is also used 

as a background signal. Then, spectra at smaller magnetic field Hext was captured, in the range 

0 to 100 mT. For each applying magnetic field signal was being taken 10 times and then been 

averaged. 

Figure 2.13(a) shows the S11 reflection from three different external magnetic fields 

µ0Hext  = 40, 60 and 80 mT. One can see the signal are deviated from Lorentzian form in higher 

frequency region, which may attribute to harmonic product of k-selection. The signal then 

 

Figure 2.12: (a) magnetic field distribution in the designed antenna, (b) Fourier transfer of 

spatial distribution in (a). Picture are taken from [80] 
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normalized with background signal from µ0Hext  = 270 mT. Figure 2.13(b) shows the 

normalized signal |S11| =| S11(Hext) - S11,BG(270 mT)|. The spin-wave resonance frequency (fR) 

is determined from the frequency of normalized signal peaks. 

 Then, each resonance frequencies (fR) can be summarized for every applied external 

magnetic field Hext. Figure 2.14 shows the resonance frequencies (fR) for two samples: Fe/MgO 

and Fe/Co(0.52 nm)/Pd(0.19 nm)/MgO. It can be seen that the insertion affects the resonance 

frequencies (fR) suggesting the change in the sample magnetic properties upon Co/Pd insertion 

to Fe/MgO interface. Now, we can extract the magnetic anisotropy properties from the  

resonance frequencies (fR) using Eq. (2.59). One should be noted that the fitting ignored DMI 
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Figure 2.13: (a) Typical S11 reflectance from spin-wave measurement. Signal at  µ0Hext =270 

mT are used as background (b) normalized signal after subtracting signal with background 

signal at  µ0Hext =270 mT. |S11| =| S11(Hext) - S11,BG(270 mT)| 
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Figure 2.14: Spin wave-resonant frequency as different applied external magnetic field Hext. 

The results from two sample are shown: Fe/MgO (black) and Fe/Co(0.52 nm)/Pd(0.19 

nm)/MgO (red). 
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contribution in this case because no splitting was observed in S11, suggesting DMI contribution 

out of measurement resolution (appx. 0.5 J/m2 [80]). 

 

 Voltage-effects characterization 

For characterization of voltage effect the measurement schematic is the same as 

previous section which depicted in Figure 2.11. The parameter in vector network analyzer is 

set to RF power of -15 dBm (32 µW) with 1 kHz bandwidth. The applied magnetic field µ0Hext
 

was fixed at 40 mT and external voltage (VDC) was sweep up to 5 V. At first, again, large 

external magnetic field (µ0Hext) = 270 mT) was applied to saturate the magnetization of Fe in 

in-plane direction x. The frequency range of vector network analyzer is shortened to range of 

resonance of 40 mT. 

Figure 2.11(b) shows the schematic of electric field applied across the spin wave device. 

The electric field in MgO layer is responsible for the voltage-effect in underneath ferromagnet. 

To calculate the electric field, we can model the sample as two capacitors in series with 

dielectric constant of SiO2 and MgO are εSiO2 =3.9 and εMgO = 9.6, respectively. The electric 

field in the MgO layer estimated: 

    
2 2 2MgO SiO DC SiO MgO MgO SiO / /E V d d     (2.74) 

 

Figure 2.15: Schematic illustration of applying sweeping voltage at 1 V. One cycle defined 

as, 1 V – 0 V– (-1 V) – 0 V. Measurement for each voltage was done up to 600 cycle. 
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with MgOd  and 
2SiOd are being thickness of MgO and SiO2 layer, respectively. The electric field 

in MgO is calculated, 8 mV/nm at VDC = 1 V. The scheme for applying voltage  is shown in 

Figure 2.15. To elaborate, i.e. if we would like apply VDC = 1V, for one cycle of measurement, 

VDC =1 V 0down V  -1 V  0up V. The voltage is keep in constant for short period of time 

~4 s. For each voltage, the spin wave signal is captured by vector network analyzer with 10 

times averaging. This cycle is repeated up to 600 times. The bias voltage was applied up to 5 

V. This way of implementing voltage is to avoid a breakdown of the sample. 
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Figure 2.16: Spin wave propagating signal, (a) in S21 direction, (b) in 21 direction. (c) and 

(d) represent the subtracting signal: Re[S21(12)] = Re[S21(12)(5 V)] - Re[S21(12)(0 V)]. Red line 

indicates fitting of voltage-induced frequency shift (δfR). (e) Applied voltage dependent of 

δfR. All the signal come from same sample without insertion layer Fe/MgO. 
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Typical spin-wave propagation. at VDC =0, are shown in Figure 2.16(a) and (b). One can 

see that the intensity of S21 and S21 are different. This is attributed to rotation direction mismatch 

of magnetic field produced by antenna and spin waves [92]. The subtracting signal of 

propagating spin wave under application of VDC = 5 V and VDC = 0 V are shown in Figure 

2.16(c) and (d). The Re[S21(12)] = Re[S21(12)(5 V)] - Re[S21(12)(0 V)]. The subtracted signal 

∆Re[S21(12)] shifts to lower frequencies, indicating that the application of an external voltage 

affects the magnetic properties of the sample. The magnitude of shifting than can be quantified 

as voltage induced frequency shift (δfR). The δfR is obtained from

     21 12 21 12 21 12
Re[ ] Re[ (0)] / .S f d S df    Where dRe[S21(12)(0 V)]/df represents the 

numerical differentiation of Re[S21(12)] signal at VDC = 0 V. One can see from Figure 2.16 (e) 

the voltage-induced frequency shift are different between both directions suggesting the 

modulation of i-DMI. The VCMA and VCDMI can be calculated from this experimentally 

obtained δfR, using Eq. (2.69) and (2.72) which given in section 2. 

Now, the charge trapping phenomenon will be explained. The VCMA effect that is 

being motivation in this study should be a fast one (~ns). Even though from our measurement, 

we did not measure the time response off VCMA effect in ns region, but we can trace the 

hysteresis effect attributed charge trapping in insulating layer. Figure 2.17 shows the 

subtracting of spin-wave propagation signal. It can be seen in Figure 2.17 (b) that 0down – 0up 

signal (red) has almost the same order signal with applied voltage (black), suggesting there is 

a hysteresis existed in the sample due to present of charge trapping effects. In this study, the 

samples which possesses charge trapping will be excluded from VCMA and VCDMI 

calculation.  
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Chapter 3 Results and Discussion 

3.1. Atomic layer insertion (Co/Pd combination) 

In this section, I focused on influence of Co/Pd atomic layer insertion at Fe/MgO 

interface. Our interest in employing the Co/Pd layers combination was begin with several 

previous studies. The insertion of monolayer Co had been reported to enhance VCMA effect 

in single-crystalline Fe/MgO interface [93]. Moreover, a sputter-deposited Co/Pd/MgO system 

showed the VCMA efficiencies of −66 fJ/Vm [94] and 1600  fJ/Vm [95] at room temperature 

and 10 K, respectively. Previously, it was reported that the orbital magnetic moment and 

magnetic dipole Tz term in a FePd alloy could be modified through changes in chemical 

ordering [53]. Therefore, alloying of the interface, which corresponds to changing the chemical 

order, attached to the MgO layer may be one approach to achieve a high VCMA efficiency. 

Therefore, it is interesting to characterize VCMA and VCDMI under Pd layer insertion at the 

Fe(Co)/MgO interface in well-defined epitaxial growth sample and investigates the post-

annealing treatment influence. These results had been published on physical review B journal.  

 

3.1.1. Experimental 

The sample structure is illustrated by Figure 3.1(a). The multilayers consisting of 

MgO(001) buffers (5 nm)/bcc-V(001) (20 nm)/bcc-Fe(001) (20 nm)/Co (tCo)/Pd 

(tPd)/MgO(001) barriers (5 nm) were grown onto NaCl-type single-crystal MgO(001) 

substrates by the electron-beam deposition technique of molecular beam epitaxy under 

ultrahigh vacuum (base-pressure ~108 Pa). A common method to characterize VCMA involves 

the use of a magnetic tunnel junction-structure, in which the ferromagnetic layer thickness is 

typically 1–2 nm. However, to study VCMA with various thicknesses, the spin-wave 

spectroscopy is advantageous because it can be applicable to materials with wide ranges of 

interfacial PMA and DMI [69]. Notably, VCMA and VCDMI are determined only by the 

condition of the interface layer attached to the MgO layer and are independent of the 

ferromagnetic layer thickness. While a relatively thick ferromagnetic layer (20 nm) is 

employed for spin-wave spectroscopy to obtain high signal-to-noise ratio, the condition and 

materials obtained can be transferred to a more realistic structure for MRAM device. The MgO 

substrate was annealed at 800 °C for 10 min before the multilayer deposition. To prevent 

carbon diffusion from the MgO substrate surface [89], the MgO(001) buffer layer was grown 
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at 150 °C. The V buffer was grown at 150 °C. After cooling, Fe layers were deposited at room 

temperature. To obtain a clean and flat surface, the V buffer layer and Fe layer were post-

annealed at 500 °C for 30 min and 250 °C for 15 min, respectively. Afterward, 0–0.52 nm (~0–

4 monolayers (MLs)) of Co and 0–0.95 nm (~0–5 MLs) of Pd were deposited without heating 

the substrate. All the layers with various thicknesses were prepared on the same wafer by using 

a position-controlled linear shutter during deposition. With these thickness variations, we can 

investigate the interfaces of Fe/MgO, Co/MgO, Fe/Pd/MgO, and Co/Pd/MgO. After the MgO 

barrier deposition, the multilayer was removed from vacuum. A 50-nm-thick SiO2 layer was 

deposited by sputtering as an additional dielectric layer. Figure 3.1(b) shows images obtained 

by reflection high-energy electron diffraction of the V, Fe, Co, and Pd layers. Sharp streak 

patterns are observed in all layers, indicating the formation of epitaxial and flat interfaces at 

each layer. The 0.26-nm Co (~2 ML) and 0.19-nm Pd (~1 ML) layers are confirmed to have 

grown coherently onto the bcc-Fe(001) surface.  

  

Figure 3.1: (a) Schematic illustration of the multilayer structure design. In between, Fe/MgO 

layer, Co and Pd thin layers were controlled to form a layer step. By this way, the Pd layer 

can be existed on top of Fe, Co (0.26 nm) and Co (0.52 nm). (b) Reflection high-energy 

electron diffraction images from the top surfaces of the V, Fe, Co, and Pd layers, where the 

incident beam is aligned with the [100] direction of the MgO(001) substrate. 
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The characterizations of VCMA and VCDMIs in the multilayers depicted in Figure 3.1 

were conducted by spin-wave spectroscopy. Figure 3.2(a) shows the top view of the spin-wave 

device with the measurement geometry. By using electron-beam lithography and Ar ion 

milling, the multilayer film was patterned into a rectangular shape (100 × 400 μm) with the  

 

 

Figure 3.2: (a) Optical microscope image of spin-wave device with measurement 

configuration schematic. An in-plane magnetic field (Hext in the y-direction) is applied to excite 

magneto-static surface spin-waves (MSSWs). The k-vector of the MSSW is parallel to the x-

direction. A vector network analyzer is connected to two microscale antennas to excite and 

detect the spin-waves. An electric field (z-direction) is applied to the ferromagnetic layer 

through the MgO/SiO2 dielectrics when a bias voltage (VDC) is applied to the two antennas and 

gate electrode. (b) The magnetic field dependence of the spin-wave resonant frequency (fR) of 

Fe/Co (0.52 nm)/Pd (0.19 nm), determined from the peak position of the S11 signal. The red 

curve shows fitting (Eq. (3.1)). (c) Directional dependence of MSSW propagation. MSSW 

with +k and –k corresponds to signals from vector network analyzer of S21 and S12, respectively. 

Black arrows indicate the spin direction; circles represent the precessional motion of the spin. 
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long axis parallel to the Fe[100] direction. Two antennas (short-circuit coplanar waveguide) 

composed of Cr (5 nm)/Au (200 nm) films were fabricated parallel to the Fe[100] direction 

through a lift-off process. An in-plane magnetic field was applied in the y-direction to excite 

the magnetostatic surface spin-wave (MSSW). The two individual antennas separated by 10 

μm were designed to excite and detect the spin-waves in the ±x-direction with the wave number 

(k) of 1.2 μm−1. The inset of Figure 3.2(a) depicted the antenna that consists of a signal line (2 

μm) and two ground lines (1 μm) with gaps of 1 μm, and an intermediate gate electrode between 

the antennas. The voltage is applied to the Fe ferromagnetic layer, which is schematically 

depicted in left-hand-side inset. The MSSW in the device was analyzed by measuring the S 

parameters using a vector network analyzer with an applied radio frequency power of −15 dBm 

(32 μW) and a bandwidth of 1 kHz. Between the two antennas, an intermediary gate electrode 

was placed; all are connected to the same ground via bias-tee. To investigate the electric field-

induced changes of the interfacial magnetic anisotropy and Dzyaloshinskii-Moriya 

interactions, that is, the VCMA and VCDMI, a bias voltage (VDC) was applied during the spin-

wave measurements. It was previously reported that changes in the chemical order of 

ferromagnetic materials around interfaces with MgO may influence the VCMA [52]. To 

observe this, we also performed the spin-wave measurements with post-annealed devices. The 

post-annealing of the spin-wave device was conducted for 30 min at 200–300 °C under high 

vacuum (<4 × 10−4 Pa). 

Figure 3.2(b) shows the typical spin-wave resonant frequency (fR) under different 

external magnetic fields (µ0Hext) for the Fe/Co (0.52 nm)/Pd (0.19 nm)/MgO sample. The 

frequency is determined from the peak position of the |S11| spectrum. For instance, a spectrum 

under µ0Hext = 40 mT is depicted in the Figure 3.2(b) inset. In this case, no bias voltage was 

applied (VDC = 0). To analyze the fourfold crystalline anisotropy (µ0Hcry) and the interfacial 

perpendicular anisotropy field (µ0Hint), we fitted the resonant frequency (fR) by using the 

following equation [69],[25]:  
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where γ0 is the gyromagnetic ratio of Fe (−γ0/2π = 2.94 × 1010 1/(T·s)), μ0 is the permeability 

of vacuum (4π × 10−7 H m−1), MS is the saturation magnetization of the bulk Fe (μ0MS = 2.16 

T), k is the wavenumber (1.2 μm-1) determined by the waveguide design, and tFe is the thickness 

of the Fe layer (20 nm). While the interfacial property µ0Hint might be sensitive to Co and Pd  
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insertion, the bulk physical properties, i.e. γ0, MS, and tFe, are assumed to be constant. This is 

because the thicknesses of the inserted Co and Pd layers (< 1 nm) are much smaller than that 

of the Fe layer (20 nm). µ0Hint is correlated to the perpendicular magnetic anisotropy energy, 

Kint, and is expressed as Kint = μ0MStFeHint/2. The S11 spectrum includes the excitation of 

MSSWs in both the +k and –k directions; therefore, the spectrum may show splitting from the 

i-DMI contribution [66], [81]. However, in Figure 3.2(b), it is difficult to confirm splitting in 

the S11 spectrum. The original i-DMI is small because of the relatively thick ferromagnetic 

layer (~20 nm); therefore, the possible peak split caused by the i-DMI energy would be much 

smaller than the linewidth of the spectra. For this reason, the i-DMI term was neglected in Eq. 

(3.1). 

To characterize the VCMA and VCDMIs, spin-wave spectroscopy with a modulation 

technique [69] was implemented. We averaged 600 individual spectra of the S21 and S12 

propagation signals under an applied bias voltage. Figure 3.2(c) illustrates the directional 

dependence of MSSW propagation. It shows that MSSWs with different k-directions possess 

different vector spin chiralities. This non-reciprocal property of the MSSW reflects the i-DMI 

in the system. The i-DMI energy modulation can be calculated from the difference between the 

S21 and S12 signals, which correspond to the +k and –k propagation directions, respectively. 

 

 

Figure 3.3: Interfacial perpendicular magnetic anisotropy field (µ0Hint) as a function of Pd 

thickness (tPd) for various thicknesses of Co (tCo). Inset graph shows the crystalline 

anisotropy field ( µ0Hcry). 
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3.1.2. Evaluation of magnetic anisotropy field 

The interfacial perpendicular magnetic anisotropy field (µ0Hint) in the Fe/Co/Pd/MgO 

multilayers for various configurations of materials and thicknesses are summarized in Figure 

3.3. In Figure 3.3, the multilayer is not post-annealed. In the inset graph, a slight change in the 

µ0Hcry value from the Co and Pd insertion is observed; the value ranges within 7% of the value 

for the Fe/MgO sample (µ0Hcry = 66.4 ± 0.6 mT). However, µ0Hint shows significant changes 

for different interfaces. For the Fe/Co/MgO system (tPd = 0 nm), increasing tCo decreases µ0Hint, 

implying that the perpendicular magnetic anisotropy (i-PMA) in the system is decreased by the 

presence of Co. Such behavior is consistent with a previous report [96], in which the i-PMA at 

a Fe/MgO interface was greater than that at Co/MgO.  

The Pd thickness dependence is discussed as follows. A few monolayers of interfacial 

Pd atoms with ferromagnetic metals should be spin-polarized because of ferromagnetic 

proximity-induced effects [97], [98]. In this regard, in the relatively thin region (tPd < 0.4 nm), 

Pd atoms at the interface of MgO should be ferromagnetic and the i-PMA energy should come 

from the Pd/MgO interface. In contrast, in the relatively thick region (~1 nm), Pd atoms at the 

interface of MgO should be paramagnetic and the interfacial i-PMA energy should not come 

from the Pd/MgO interface but from the Fe/Pd interface. For Fe/Pd/MgO (tCo = 0 nm), µ0Hint 

is almost constant as tPd increases, suggesting that the i-PMA at the Fe/MgO (tPd = 0 nm), 

Pd/MgO (tPd ~ 0.2 nm), and Fe/Pd (tPd ~ 1 nm) interfaces are almost identical to each other. For 

thick Co (tCo = 0.52 nm), the interface can be regarded as Co/Pd/MgO. µ0Hint is increased from 

25 mT (Co/MgO, tPd = 0 nm) to ~100 mT (tPd > 0.2 nm), suggesting that the i-PMA values of 

the Pd/MgO (tPd = 0 nm) and Co/Pd (tPd ~ 1 nm) interfaces are comparable, but are larger than 

that of the Co/MgO interface (tPd = 0 nm). For the 0.26-nm Co, the interface may be mixed 

Co–Fe/Pd/MgO with intermediate i-PMA values. The error bars of µ0Hint and µ0Hcry, originally 

determined from fitting using Eq. (3.1), represent the standard deviation obtained by the root 

mean square method. 

 

3.1.3. Evaluation of VCMA and VCDMI 

The voltage-induced effect is now discussed. As mentioned earlier, the analyses of the 

VCMA and VCDMIs were conducted through the spin-wave propagation signals (S21 and S12). 

Figure 3.4(a) and (b) show typical spectra of the real parts of S21 and S12, respectively, for the  
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Fe/Co (0.52 nm)/Pd (0.19 nm)/MgO sample taken at VDC = 0 V and µ0Hext = 40 mT. Afterward, 

a bias voltage reaching -5 V is applied. Solid lines in Figure 3.4(c) and (d) show the subtracted 

signal ΔRe[S21(12)] = Re[S21(12)(-5 V)] − Re[S21(12)(0 V)], indicating that the signal is modulated 

by the bias voltage. We define this modulation as the voltage-induced frequency shift (δfR) and 

estimate its value by fitting to the function expressed as:  
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Figure 3.4: (a), (b) Typical spin-wave propagation signals of Fe/Co (0.52 nm)/Pd (0.19 

nm)/MgO in +k (S21) and -k (S12) directions under zero bias voltage (VDC = 0 V) measured 

under Hext = 40 mT. (c), (d) Typical voltage-induced change in the spin-wave signals, where 

the S21 and S12 taken at 0 V are subtracted from those taken at -5 V. The red curve show 

fitting (Eq. (3.2)). (e) Typical resonant frequency shifts (δfR) as functions of VDC. 
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attributed to the mismatch of spatial rotation of the radio frequency field and the MSSW [92]. 

Figure 3.4(e) shows the voltage-induced frequency shift (δfR) as a function of the bias voltage 

(VDC). The solid and dashed lines represent δf21 and δf12, respectively. These have similar 

tendencies, showing increases as functions of VDC, which arises from the VCMA effect. 

Moreover, a small but significant difference appears between the slopes of δf21 and δf12, which 

originates from the VCDMI in the system. Figure 3.4(e) shows the frequency shifts for several 

insertion thicknesses. A linear relation is observed between δf and VDC. We obtain the highest 

slope of δf21 = 0.329 ± 0.001 MHz/V for Fe/Co (0.52 nm)/Pd (0.19 nm)/MgO; it is 

approximately 3.5 times larger than the slope obtained with Fe/MgO. This is discussed later in 

detail. 

The VCMA magnitude is defined as the change of the interfacial perpendicular 

magnetic anisotropy upon voltage application. For a propagating spin-wave, the resonant 

frequency (fR) can be expressed as the contributions of the anisotropy and i-DMI terms [20], 

[25]:  
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where D is the i-DMI contribution and   denotes the magnetic field direction. When a bias 

voltage modulates µ0Hint, that is, under the VCMA effect, fR should be shifted. From the shift 

of fR (δf), we can calculate the VCMA efficiency from Eq. (3.3) expressed as follows: 
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where EMgO = 0.008 nm−1 × VDC
 is the electric field in the MgO layer. Here, we modeled the 

sample as two capacitors in series where the dielectric constants of SiO2 and MgO are 3.9 and 

9.6, respectively. The polarity of the voltage is defined as positive (or negative) when electrons 

(or holes) are induced at the Fe/MgO interface. Moreover, we can calculate the voltage-

controlled i-DMI change (VCDMI) by considering the directional dependence of δf: 
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Eq. (3.5) can be derived from Eq. (3.3). For both VCMA and VCDMI, the coefficients are 

determined by the interface and are independent of the bulk properties. The fitting coefficient 

for the VCMA (δf21+δf12) and VCDMI (δf21−δf12) are not interdependent. In this study, the error 

bar for VCMA and VCDMI are determined from the standard error of the δfR vs. VDC slope (see 

Figure 3.4 (e)), which can be expressed as: 
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where, n is the number of data points and R R
f f 



  denotes the residue of Rf . 

The results of voltage-induced effects, that is, the changes in interfacial magnetic 

anisotropy energy and Dzyaloshinskii-Moriya interaction energy for as-grown samples, are 

shown in Figure 3.5 as functions of tPd. The interfacial Pd atoms with ferromagnetic metals are 

expected to be spin-polarized because of ferromagnetic proximity-induced effects [97], [98]. 

First, we discuss the VCMA results shown in Figure 3.5(a). The VCMA tends to decrease as 

tPd is increased in Fe/MgO. If the VCMA coefficients at the Fe/MgO and Pd/MgO interfaces 

with proximity-induced spin-polarization from Fe are opposite to each other, such VCMA 

decrease with increasing tPd can be explained. Similarly, it has previously been reported that 

L10-FePd/MgO shows a positive VCMA effect [99], which is the same VCMA polarity as that 

of Fe/Pd/MgO obtained in this study. Compared to the Fe/MgO interface, the VCMA at the 

Fe/Co (0.52 nm)/MgO interface is increased with increasing tPd. The highest VCMA efficiency 

of −180 fJ/Vm is obtained at tPd = 0.19 nm. This shows that the Pd/MgO interface with 

proximity-induced spin-polarization from Co has a larger VCMA than the interface of 

Co/MgO; both VCMAs have the same polarity. Therefore, Pd insertion contributes 

constructively to the VCMA effect. Interestingly, VCMA effect at the Pd/MgO interface with 

proximity-induced spin polarization from Fe and that from Co have opposite signs. The 

tendency for the VCMA effect in the Fe/Co (0.26 nm)/Pd/MgO interface is between that in 

Fe/Pd/MgO and Fe/Co (0.52 nm)/Pd/MgO.  

It was reported that voltage-induced changes in the orbital magnetic moment in the 

Co/MgO system [93] were larger than those in the Fe/MgO system [33],[34]. Because the 

orbital magnetic moment mechanism explains the VCMA effect in 3d transition metals [93], 

[35], the observed larger VCMA in the Co/MgO system than that in the Fe/MgO system in this 
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study is consistent with the reported larger orbital magnetic moment change. Notably, the 

voltage-induced change in orbital magnetic moment is estimated to be only 0.1% of the total 

magnetic moment [93]. Thus, its influences on magnetization change are negligibly small. With 

Pd insertion, the situation might be different. For the Fe(Co)/Pd/MgO system, the interfacial 

Pd metal with induced spin-polarization should explain the VCMA. Because of the strong 

electrostatic screening effect, the electric field is only applied to atoms interfacing with MgO 

in ferromagnetic materials [52], [93]. The larger VCMA in the Pd/MgO system is attributed to 

the large spin-orbit interaction coefficient in Pd and/or the existence of the electric quadrupole 

mechanism, in addition to the orbital magnetic moment mechanism [52]. The source of the 

difference in the VCMA polarities between the Co/Pd/MgO and Fe/Pd/MgO systems remains 

an open question. For Fe/Co (0.26 nm)/MgO, the VCMA effect (−165 fJ/Vm) is larger than 

that of Fe/Co (0.26 nm)/MgO. This may be because of the larger magnetic moment of Co in 

the Fe/Co (0.26-nm)/MgO system than that in the Fe/Co (0.52-nm)/MgO system [93]. Because 

the VCMA efficiency is proportional to the orbital magnetic moment change in such a system, 

a larger magnetic moment can induce a larger VCMA efficiency. For Pd insertion in the Fe/Co 

(0.26-nm)/MgO sample, the interface with MgO may be mixed FeCo, with VCMA 

contributions from both Co/Pd/MgO and Fe/Pd/MgO.  
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Figure 3.5: The Pd thickness (tPd) dependence of (a) voltage-controlled magnetic anisotropy 

(VCMA, Eq. (3.4)) and (b) voltage-controlled interfacial Dzyaloshinskii-Moriya interaction 

(VCDMI, Eq. (3.5)) change for the as-grown sample. Black plots represent the Fe/MgO 

interefaces. 
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Second, we discuss the VCDMI for the as-grown multilayer Fe/Co/Pd/MgO system. 

The i-DMI energy should exist on the top and bottom layers attached to the ferromagnetic 

metals. In our study, the VCDMI should be attributed only to the top side, which is attached to 

the MgO. This is because the bias electric field is applied only to interfacial atoms around MgO 

[52], [93]. Figure 3.5(b) shows the VCDMI for the as-deposited samples. It shows that the 

Co/MgO interface has a larger VCDMI than that of Fe/MgO. Moreover, thin Pd insertion in 

the Co (0.52 nm)/MgO system enhances the VCDMI. 

As discussed for the VCMA effect, it was reported that voltage-induced changes in 

orbital magnetic moment in Co/MgO [93] were larger than those in Fe/MgO [100], [101]. This 

strongly suggests that the voltage-induced orbital angular momentum is larger at the Co/MgO 

interface. Because i-DMI is strongly related to the orbital angular momentum in ferromagnetic 

materials [55], [56], the VCDMI in Co/MgO is larger than that in Fe/MgO. In Figure 3.5(b), 

the VCDMI is enhanced by Pd insertion, which is probably mediated by the large spin-orbit 

interaction coefficient of Pd. In this work, the maximum VCDMI of 65 fJ/Vm is obtained in 

the Fe/Co (0.26 nm)/MgO system. Because the i-DMI is inversely proportional to the 

ferromagnetic layer thickness [67], [103], the VCDMI of 65 fJ/Vm corresponds to the i-DMI 

energy density change of ~1.3 mJ/m2 when the 1-nm-thick ferromagnetic layer and 1 V/nm 

electric field are employed in MgO. If we use MTJ devices, such conditions can be easily 

prepared. Therefore, it should be noted that the VCDMI is large enough to stabilize and 

destabilize chiral magnetic structures such as skyrmion states [61].  

 

3.1.4. Influence of post-annealing 

Finally, the post-annealing influence on VCMA and VCDMI is discussed. Figure 

3.6(a)-(c) show the VCMA values as functions of the annealing temperature for three different 

Co thicknesses. For the Fe/MgO and Co (0.52 nm)/MgO interfaces, the impact of post-

annealing is not significant. This suggests that post-annealing does not significantly change the 

materials interfacing with MgO. However, the VCMA in Fe/Co (0.26 nm)/MgO shows a 

monotonic decrease with post-annealing. This is probably because post-annealing enhances the 

alloying of Fe and Co at the interface with MgO. 

When Pd is introduced at the Fe/MgO and Co/MgO interfaces, the situations differ. 

Post-annealing slightly increases the VCMA in Fe/Pd/MgO (Figure 3.6(a)) and significantly 

decreases the VCMA in Co/Pd/MgO (see Figure 3.6(b) and (c)). For Fe/Pd/MgO, because post-
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annealing enhances the Pd diffusion into Fe, we may expect the influence of Pd/MgO on 

VCMA to decrease. For Fe/Co/Pd/MgO, the decrease of VCMA can be attributed to the change 

in the chemical order in the Co–Pd alloy located at the interface with MgO. Recently, it was 

reported that a FeIr alloy/MgO structure showed the large VCMA of −320 fJ/Vm (Ref.[104]), 

suggesting that a change in the chemical order around the interface with MgO was effective in 

enhancing the VCMA. This is because changes in the chemical order affect both contributions 

from the VCMA mechanisms, that is, orbital magnetic moment and electric quadrupole 

mechanisms [52], [53]. Apart from this, our results show that VCMA in the FePd alloy/MgO 

system is slightly higher than that in the Fe/Pd/MgO system, whereas that in the CoPd 

alloy/MgO system is much smaller than that in the Co/Pd/MgO system. Therefore, the chemical 

order of 1, that is, the layered multilayer realized in the as-deposited sample, is the best 

condition for the VCMA effect in the Co–Pd/MgO systems.  
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Figure 3.6:  VCMA (Eq. (3.4)) and VCDMIs (Eq. (3.5)) as functions of post-annealed 

temperatures (T) for sample 1: Fe/Co/Pd/MgO. (a),(d), (b),(e), and (c),(f) represent Co 
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Now, the influenced of post-annealing to VCDMI for Co/Pd inserted sample will be 

discussed. Figure 3.6 (d-f) show the VCDMI for tCo = 0 nm, 0.26 nm, and 0.52 nm as functions 

of the post-annealed temperature. The VCDMI decreases as the annealing temperature 

increases for all systems. To discuss the VCDMI, the following two models of Rashba [105] 

and spin-current [106] can be employed. As discussed previously [107], [108], the Rashba 

model is more applicable for ferromagnetic metals with insulating dielectric layers, such as 

MgO. For both models, i-DMI cannot be explained by either on-site (intra-atomic) magnetic 

properties, as the VCMA effect can, or inter-atomic ones. A post-annealing induces intermixing 

around the interface with MgO. Therefore, post-annealing changes the on-site magnetic 

properties because of the replacement of the materials forming interfaces with MgO. For this 

reason, the tendencies of VCMA and VCDMIs should be similar, which is experimentally 

observed for the Pd-inserted samples. However, the tendencies for the changes in VCMA and 

i-DMI are very different for the case of Fe/MgO and Co/MgO. The VCDMI is sensitive to 

post-annealing, while the VCMA effect is not. This strongly suggests that the VCDMI is 

sensitive to slight changes of the in-plane lattice constant and/or dislocations around the 

interface with MgO, which is not the case for the VCMA effect, governed only by on-site 

magnetic properties. Similarly, it was reported that post-annealing decreased i-DMI in 

Pt/Co/AlOx and Pt/CoFeB/AlOx systems [109].  

 

3.1.5. Summary 

The influence of Co and Pd monolayer insertions at Fe/MgO interfaces on voltage-

controlled magnetic anisotropy (VCMA) and voltage-controlled Dzyaloshinskii-Moriya 

interaction (VCDMI) was investigated. As compared with Fe/MgO, a decreasing of VCMA 

efficiency was obtained in Fe/Pd/MgO, while in Fe/Co/MgO, a larger VCMA efficiency was 

obtained. Moreover, Pd insertion at the Co/MgO interface enhanced the VCMA efficiency. We 

obtained the largest VCMA efficiency of −180 fJ/Vm in the Fe/Co/Pd system. Moreover, the 

high VCDMI of 65 fJ/Vm was obtained in Fe/Co/MgO. For the Fe/Co/Pd system, the post-

annealing process monotonically reduced VCMA and VCDMI with increasing temperature. 

Therefore, we concluded that layered multilayers, rather than alloys, provide the best 

conditions for manipulating VCMA and VCDMI in Fe/Co/Pd/MgO systems.  
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3.2. Artificial alloy formation (Ir location control in Fe) 

Contrary to our observation that post-annealing decrease the VCMA and VCDMI in 

Fe/Co/Pd/MgO, the Ir diffusion into Fe-layer enhanced the VCMA was demonstrated [51]. 

Nozaki et al, reported the formation of FeIr-alloy/MgO lead to high VCMA efficiency of -320 

fJ/Vm. Moreover, from the same report, the first principles calculation revealed that the Ir 

located in the sub-layer responsible to increase total VCMA in FeIr-alloy/MgO system. 

Therefore, it is interesting to experimentally investigate the Ir location contribution to VCMA 

and VCDMI by intentionally control the location of Ir atoms using epitaxial growth. In this 

section, we fabricated an artificial alloy by controlling the location of Ir atoms in respect to 

MgO layer. We referred this sample as sample 1. Moreover, we also fabricated another 

Fe/Ir/MgO sample and investigated the post-annealing influence to VCMA and VCDMI by 

using spin-wave spectroscopy. We referred this sample as sample 2. 

 

3.2.1. Experimental 

The schematic of multilayer structure of artificial alloy sample is depicted in Figure 

3.7(a). The multilayers consisting of MgO(001) buffers (5 nm)/bcc-V(001) (20 nm)/bcc-

 

Figure 3.7: (a) Schematic of sample 1; artificial alloy formation of Fe/Ir/Fe/MgO. On top of 

Ir wedge (0-0.2 nm), we deposited Fe (0.14 nm ~ 1 ML) and Fe (0.29 nm). By this way, the 

Ir location respect to MgO layer was controlled. (b) the reflection high-energy electron 

diffraction (RHEED) image  from the top surfaces of the V, Fe, Ir, and Fe (top), where the 

incident beam is aligned with the [100] direction of the MgO(001) substrate. 



69 
 

Fe(001) (20 nm)/Ir wedges (0-0.2 nm)/Fe (0, 0.14 nm and 0.29 nm)/MgO(001) barriers (5 nm) 

were grown onto NaCl-type single-crystal MgO(001) substrates by using the electron-beam 

deposition technique of molecular beam epitaxy under ultrahigh vacuum (base-pressure ~108 

Pa). Through this configuration, the Ir location in respect to MgO layer was controlled. Figure 

3.7(b) shows the reflection high-energy electron diffraction pattern for the V, Fe, Ir, and Fe top 

layers for the incident beam parallel to MgO [100] direction. Streak patterns indicate the 

formation of epitaxial and flat interfaces at each layer. The Ir wedge and the top Fe-layer are 

confirmed to have grown coherently onto the bcc-Fe(001) surface.  The sample then was taken 

out from vacuum and 50-nm SiO2 is deposited as additional insulating layer. Then, two micro-

sized antennas were fabricated through microfabrication process. The evaluation of magnetic 

anisotropy field, VCMA and VCDMI was carried out through spin-wave spectroscopy, same 

as the previous section 3.1.1 

   

3.2.2. Evaluation of magnetic anisotropy field 

The fourfold-crystalline magnetic anisotropy field (µ0Hcry) and interfacial 

perpendicular magnetic anisotropy field (µ0Hint) are summarized in Figure 3.8(a) and (b), 

respectively. It can be seen than Hcry is almost constant while the Hint is changing with Ir 

thickness. Moreover, the Hint in Ir/Fe/MgO was higher than the Fe/Ir/MgO suggests the higher 

i-PMA when Ir was located in the second layer. This observation is qualitatively consistent 

with the previous report of the PMA energy in FeIr-alloy/MgO supercell structure, studied by 

first principles calculation [51]. Higher PMA energy was obtained when the FeIr alloy located 

in second layer compared to the first layer from MgO. 

 

Figure 3.8:  (a) The fourfold crystalline anisotropy field (µ0Hcry) and  (b) Interfacial 

perpendicular magnetic anisotropy field (µ0Hint) as a function of Ir thickness for three 

different Ir atoms locations in respect to MgO. 
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3.2.3. Evaluation of VCMA and VCDMI 

 

Figure 3.9: Ir thickness dependence of (a) VCMA  and (b) VCDMI for three different 

location of inserting Ir atoms.   

 

Next, VCMA and VCDMI for will be discussed. Figure 3.9 (a) shows the Ir thickness 

dependence of VCMA for three inserted-Ir locations. It can be seen, the different location of 

Ir, strongly affected the VCMA value. When the Ir was inserted in between the Fe/MgO 

interface (black line), the VCMA is almost constant as the Ir thickness increased, before its 

decrease after Ir thickness more than 0.1 nm. It suggested the Ir layer with proximity induced 

spin-polarization of Fe has low VCMA. Moreover, VCMA value was almost constant in 

Ir/Fe/Fe/MgO (blue line). The increasing of Ir thickness strongly enhanced the VCMA in 

Ir/Fe/MgO (red line). The VCMA peaked around Ir thickness of 0.1 nm (0.5 ML coverage). 

This result suggests the Ir atoms placed in the second layer respect to MgO has large 

contribution to total VCMA. This observation can be understood local densities of states 

(LDOS) from previous report in MgO/(FeIr)5/MgO system [110]. Miwa et al., compare the 

LDOS of Ir first layer and second layer contribution to the PMA energy. When Ir is located in 

the first layer, the 𝑑𝑧2−𝑟2 orbital is presence around the fermi level (EF) due to hybridization of 

with pz orbital of oxygen from MgO. Since the 𝑑𝑧2−𝑟2 orbital prefer in-plane magnetization, its 

lead to low PMA energy for Ir in the first layer. On the other hand,  𝑑𝑧2−𝑟2 orbital is absence 

around the fermi level (EF) for Ir in the second layer lead to higher PMA energy induced by 

other orbital such as xy and x2-y2 orbitals. A small shift in the fermi level (EF) due to the 

application of voltage will drastically modify the PMA energy. Therefore, we obtained high 

VCMA when Ir was located in the second layer. Figure 3.9 (b) shows the VCDMI results. It 

can be seen that the VCDMI was altered by thickness of Ir suggest the VCMA and VCDMI is 
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not directly correlated. One might be interesting to see, the VCDMI of Ir/Fe/MgO exceed the 

Fe/Ir/MgO for some Ir thickness. First-principles calculation is required to revealed the origin 

of the observed result on VCDMI. 

 

3.2.4. Influence of post-annealing on Fe/Ir/MgO 

To investigate the influence of post-annealing to VCMA involving Fe and Ir, we 

prepared another sample with Ir insertion layer at Fe/MgO interface (sample 2). The schematic 

of multilayer structure is illustrated in Figure 3.10:  (a). Streak patterns confirmed that the Ir 

layer has grown coherently onto the bcc-Fe(001) surface as depicted in Figure 3.10: (b). The 

sample then formed into spin wave device by microfabrication process to conduct VCMA and 

VCDMI characterization through spin wave spectroscopy.  

The results of VCMA as a function of Ir thickness for different post-annealing 

temperature are summarized in Figure 3.11: The sample without annealing, represent by black 

line, showed the decreasing in VCMA as Ir thickness increase. On the other hand, by post-

annealing treatment, the VCMA was enhanced at Ir thickness of 0.1 nm (0.5~ ML coverage). 

Increasing the annealing temperature from 250 to 300 °C increase the VCMA. These results 

suggest, the Ir diffusion into Fe layer due to annealing is responsible for VCMA enhancement. 

These observations qualitatively support the results from sample 1 when Ir intentional grown 

in the sublayer. Moreover, it is noteworthy, from these two samples (sample 1 and sample 2), 

the maximum VCMA was obtained at 0.1 nm Ir (0.5 ML coverage).  Figure 3.11 (b) showed 

 

Figure 3.10: (a) Schematic of sample 2: Fe/Ir/MgO multilayers (b) the reflection high-

energy electron diffraction (RHEED) image  from the top surfaces of the V, Fe, and Ir, where 

the incident beam is aligned with the [100] direction of the MgO(001) substrate 
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the VCDMI result of sample 2 for different annealing temperatures. As in VCMA, we observed 

the enhancement of VCDMI at Ir (0.1 nm) after post-annealing. However, the VCDMI might 

be very sensitive to Ir diffusion level, where the decreasing was observed when the annealing 

temperature increase from 250 to 300 °C. Nevertheless, to the best of our knowledge, this is 

the first observation the VCDMI magnitude that can be enhanced by post-annealing treatment.  

3.2.5. Summary 

We experimentally demonstrated the influence of Ir atoms location to voltage-

controlled magnetic anisotropy (VCMA) and voltage-controlled Dzyaloshinskii-Moriya 

interaction (VCDMI). We obtained that the Ir placed in the second layer respect to MgO is 

effective to increase the VCMA efficiency. We obtained the maximum VCMA of -300 fJ/Vm 

in Ir(0.1 nm)/Fe/MgO. Moreover, the VCDMI was altered Ir thickness and location.  

We investigated the influenced of post-annealing to VCMA and VCMDI in Fe/Ir/MgO 

by spin-wave spectroscopy measurement. The VCMA and VCDMI increase upon annealing 

due to the diffusion of Ir atoms to Fe layer. These two results from two different sample are 

qualitatively support each other, where the Ir atoms in the sublayer have large contribution to 

total VCMA and VCDMI in Fe(Ir)/MgO systems.

 

Figure 3.11: Ir thickness dependence of  (a) VCMA and (b) VCDMI for Fe/Ir/MgO 

multilayer structure (Figure 3.10: (a) Schematic of sample 2: Fe/Ir/MgO multilayers (b) the 

reflection high-energy electron diffraction (RHEED) image  from the top surfaces of the V, 

Fe, and Ir, where the incident beam is aligned with the [100] direction of the MgO(001) 

substrate (a)) at different post-annealing temperature. 
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3.3. Control of the number of d-electron (Ni fraction dependence in Co1-xNix layer)    

In ferromagnetic metal, the VCMA effect arises from the charge accumulation [93], 

[102] and/or redistribution [52], [111], [112] at the ferromagnet/dielectric interface. 

Specifically, in 3d-ferromagnets, the charge accumulation effect should be the dominant factor 

influencing VCMA. Therefore, controlling the number of 3d electrons (n) at the 

ferromagnet/MgO interface is important. It has been reported that the insertion of a monatomic 

layer of Co at the Fe/MgO interface increased the VCMA from 30 fJ/Vm to 80 fJ/Vm [93]. 

Moreover, a theoretical study predicted the VCMA in 3d-ferromagnetic metals (Fe, Co, and 

Ni) as function of orbital filling, where the high VCMA obtained in Co-Ni alloy region [54]. 

Thus, we investigated the influence of changes in the number of 3d electrons, induced by Ni 

doping, on VCMA as well as voltage-controlled Dzyaloshinskii-Moriya interaction (VCDMI) 

at Co1-xNix/MgO interface. We deposited epitaxial Co1-xNix film by sandwiching the Co wedges 

and Ni wedges in different direction which growth on top of bcc-Fe(001). The wedge was kept 

below 1 ML coverage, therefore, the Co and Ni wedges were forced to form the alloying. This 

way of growth was repeated two times lead to total about 2 ML coverage of Co1-xNix layer on 

top of bcc-Fe. Moreover, to investigate the influence of the number of 3d electrons (n) on 

Pd/MgO interface, we also deposited Pd in some region. These results had been published in 

Japanese journal of applied physics. 

 

3.3.1. Experimental 

The structure of the multilayer is depicted in Figure 3.12 (a). Epitaxial layers of 

MgO(001) buffers /bcc-V(001)/bcc-Fe(001)/Co1-xNix/(Pd)/MgO (001) barriers were grown 

sequentially onto NaCl-type single-crystal MgO(001) substrates by molecular beam epitaxy 

under ultrahigh vacuum (base pressure ~10-8 Pa). To avoid intermixing, the MgO buffer was 

deposited at 150 °C. Then the V layer was deposited at 150 °C while the other layers were 

deposited at room temperature. In situ post annealing for the V and Fe layers were performed 

at 500 °C and 250 °C, respectively. A relatively thick 20 nm Fe layer is necessary for a high 

signal-to-noise ratio [69] in the microwave response of the spin-wave. The Co1-xNix layer 

consisted of two alternating wedge-shaped layers of Co (max. thickness 0.14 nm corresponding 

to 1 monolayer coverage) and Ni (max. thickness 0.13 nm corresponding to 1 monolayer 

coverage), grown in opposite directions. By this way, Co and Ni are forced to form alloy on 

top of bcc-Fe. After that, some region is covered by Pd (0.18 nm). After the deposition of 
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another MgO barrier, the sample was removed from the vacuum. Finally, an additional layer 

of dielectric SiO2 was deposited by RF sputtering.  

The quality of each deposited layer was examined by in situ reflection high-energy 

electron diffraction. Figure 3.12(b) shows the reflection high-energy electron diffraction 

patterns from Fe (20 nm) and Co1-xNix (x = 0, 0.5 and 1) surfaces, parallel to the MgO[100] 

direction. A streak reflection high-energy electron diffraction pattern is observed for Co1-xNix 

and Pd on top of the bcc-Fe layer, indicating coherent growth. This is consistent with the X-

ray photoelectron diffraction studies in [113], where bcc-Ni and Co monolayers are grown 

epitaxially on a bcc-Fe(001) substrate. Moreover, similar reflection high-energy electron 

diffraction patterns observed in all the region (x = 0, 0.5 and 1) indicate that the crystal structure 

of Co1-xNix is independent of the Ni fraction x. There was no change in lattice spacing was 

observed, suggesting the bcc-lattice formation in all region Co1-xNix. 

Evaluation of VCMA is primarily performed in ultra-thin ferromagnetic layers 

(typically 1-2 nm) by employing magnetic-tunnel junction structures. However, to study 

 

Figure 3.12: (a) Schematic representation of the multilayer structure. (b) In situ reflection 

high-energy electron diffraction images parallel to the MgO [100] direction acquired on top 

of the grown layer. From bottom to top: annealed Fe (20nm), Co1-xNix (x = 0, 0.5 and 1), and 

Pd (0.2 nm) layer. (c) Top view of the spin-wave measurement sample and schematic 

measurement circuit. 
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VCMA for various thicknesses, spin-wave spectroscopy is advantageous in that it can be 

applied to systems having a wide-range of perpendicular magnetic anisotropy (i-PMA) [69], 

[114]. The multilayer was patterned into a 100×400 µm2 rectangular sample by electron-beam 

lithography and ion-milling with the longer side parallel to the Fe[100] direction. Following 

this, micron-sized antennas (consisting of Cr (5 nm)/Au (200 nm)) acting as a coplanar 

waveguide and an intermediate gate electrode were fabricated. Figure 3.12(c) shows the 

schematic of the sample with the measurement circuit. The inset in Figure 3.12(c) depicts the 

two shorted-end antennas which consist of a 2 µm signal line between two 1 µm ground lines 

and an intermediate gate electrode. An external magnetic field (μ0Hext) was applied along the 

in-plane direction. To excite the magneto-static surface spin-wave (MSSW), we applied a -15 

dBm (32 µW) radio frequency (RF) signal to the antennas. An external bias voltage (Vdc) was 

applied across the contact pad (connected to Fe-layer) and the intermediate gate electrode. The 

external bias voltage (Vdc) is positive (negative) when electron (hole) accumulated at 

ferromagnet/dielectric interface. This definition is same as in Ref.[7] for VCMA in magnetic 

tunnel junction. The interfacial PMA field (μ0Hint), VCMA and VCDMI were characterized by 

analyzing the microwave response (S-parameters) using a vector network analyzer. The 

detailed analysis procedure to determine i-PMA field, VCMA and VCDMI from the MSSW  

signal can be found in previous section 3.1.1. 
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Figure 3.13: (a) Magneto-static surface spin-wave (MSSW) resonant-frequency (fR) at 

various applied external magnetic fields (µ0Hext) for the Co1-xNix/MgO sample with x = 0. 

Inset shows the |S11| spectra from spin-wave spectroscopy measurement. (b) Interfacial 

perpendicular magnetic anisotropy (µ0Hint) as function of Ni fraction x for Co1-xNix/MgO 

and Co1-xNix/Pd/MgO samples. 
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3.3.2. Evaluation of magnetic anisotropy field  

The interfacial anisotropy field (μ0Hint) and fourfold-crystalline anisotropy field 

(μ0Hcry) of Co1-xNix/MgO and Co1-xNix/Pd/MgO are summarized in Figure 3.13(b). Due to large 

thickness difference of the insertion layer (Co, Ni, and Pd, <1 nm) in comparisons to Fe-layer 

(20 nm), their influences to saturation magnetization (Ms) and gyromagnetic ratio (γ0) will be 

negligible. The μ0Ms and γ0/2π are the value for bulk-Fe and set to be constant 2.16 T and 2.94 

× 1010 (Ts)−1, respectively. Furthermore, we assume that μ0Hcry is almost constant (estimated 

to be 70 ± 1.4 mT), while μ0Hint is altered by changing the Ni fraction x. Positive values 

represent interfacial fields with a perpendicular orientation. In the Co1-xNix/MgO sample, the 

perpendicular anisotropy field μ0Hint decreases approximately 20% for 0.1 < x < 0.8, while it 

increases for x > 0.8. Moreover, Co (0.28 nm)/MgO and Ni (0.26 nm)/MgO possess a similar 

i-PMA field µ0Hint. 

 Upon introduction of a Pd layer between the Co1-xNix and MgO layers, the scenario 

changes. Increasing the Ni concentration up to 80% now results in nearly the same μ0Hint as the 

pure Co sample. Interestingly, the μ0Hint shows enhancement in Ni/Pd/MgO (x =1), while for 

Co/Pd/MgO remains the same as in Co/MgO.  
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Figure 3.14: (a)-(b) Real part of propagating MSSW signal at 0 V for +k (S21) and –k (S12) 

propagation directions. (c)-(d) Solid black curve shows the subtracted propagating MSSW 

spectrum at bias-voltage Vdc = -5 V from 0 V when μ0Hext = 40 mT is applied. Red dashed 

curve represents the voltage-induced frequency shift (δf) fitting by Eq (2). (e) Voltage-
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3.3.3. Evaluation of VCMA and VCDMI 

To analyze VCMA and VCDMI, spin-wave spectroscopy measurement was performed 

at μ0Hext = 40 mT by sweeping the external bias-voltage Vdc between ±5 V. The sample was 

modeled as two capacitors in series with dielectric constant of SiO2 and MgO are εSiO2 =3.9 

and εMgO = 9.6, respectively. The electric field in the MgO layer estimated by EMgO = 

(εSiO2/V)/(εSiO2dMgO + εMgOdSiO2) to be 8 mV/nm at Vdc = 1 V. Figure 3.14(a-d) show the 

propagating spin-wave spectra of the Co1-xNix/MgO sample with x = 0. The difference in 

intensity between the real parts Re[S21] and Re[S12] occurred due to spatial rotation mismatch 

of the RF-field and the MSSW [92]. The upper figures ( see Figure 3.14(a-b)) show Re[S21(12)] 

spectra at Vdc = 0 V, while the ones below (Figure 3.14(c-d)) represent the subtracted signal 

∆Re[S21(12)] = Re[S21(12)(-5 V)] - Re[S21(12)(0 V)]. The subtracted signal ∆Re[S21(12)] shifts to 

lower frequencies, indicating that the application of an external voltage affects the magnetic 

properties of the sample. This voltage-induced frequency shift (δf) can be expressed as: 

 
   

 21 12

21 12 21 12

Re[ ]
Re[ ]

d S
S f

df
    (3.7) 

where dRe[S21(12)(0 V)]/df represents the numerical differentiation of Re[S21(12)] signal at Vdc = 

0 V. This equation was used to fit the subtracted signal to quantize δf and the well-matched 

fitting, as shown in Figs. 3(c-d), was obtained. δf at different values of Vdc for Co1-xNix/MgO 

sample with x = 0 is summarized in Figure 3.14(e). As one can see, δf increases linearly with 

increase in the magnitude of Vdc. Furthermore, the differences observed in δf21 and δf12 suggest 

the occurrence of VCDMI in the sample.  

Figure 3.15 shows VCMA and VCDMI as a function of x for Co1-xNix/MgO and Co1-

xNix/Pd/MgO samples. For both samples, it can be seen that increasing the Ni fraction x 

decreased the VCMA. The highest VCMA of -270 fJ/Vm was obtained in the Co1-xNix sample 

at x = 0 (pure Co/MgO interface). The VCMA polarities of Co/MgO and Ni/MgO are negative. 

This implies that the i-PMA energy decreases upon adding electrons. Zhang et al.[54] discussed 

the i-PMA energy in 3d-ferromagentic metals in terms of splitting of 3d-orbitals in a tetragonal 

crystal field. They discussed the i-PMA energy as a function of orbital band filling n, and 

predicted that the VCMA polarities in Fe, Co, and Ni are negative. Moreover, when the orbital 

band filling increases beyond n = 6 (Fe), the VCMA initially increase and then decreases, 

induced frequency shift (δf) at various applied Vdc. Solid and dashed lines represent linear 

fitting of δf21 and δf12, respectively. 
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nearly vanishing around n = 8.5. Throughout this range, however, the VCMA polarity does not 

change. These observations are qualitatively consistent with our results, where the VCMA 

effect is maximum for a pure Co/MgO interface (n = 7). 

In the Co1-xNix/Pd/MgO sample, due to electrostatic screening effects, the VCMA is 

attributed mainly to the Pd/MgO interface. Upon increase in the Ni fraction x, the VCMA of 

Co1-xNix/Pd/MgO decreases. It has been reported that the spin polarization in Pd induced by Ni 

is smaller than that induced by Co [115], [116]. This decrease of the magnetic moment in Pd 

could result in a decrease in VCMA effect when x increases. While the VCMA in both Co1-

xNix/MgO and Co1-xNix/Pd/MgO systems decreases as a function of x, it is interesting to note 

that this decrease is more gradual in Co1-xNix/Pd/MgO compared to Co1-xNix/MgO. It has been 

reported that the VCMA effect is proportional to the voltage-induced change of the anisotropy 

of spin-orbit interaction energy, which is proportional to the voltage-induced changes of the 

anisotropies in orbital magnetic moment and a part of magnetic dipole Tz term [52]. Here, the 

magnetic dipole Tz term is an expectation value of the magnetic dipole operator: 〈𝐓〉 ≡ 〈𝐐 ∙ 𝐒〉, 

where Q and S are dimension-less charge-quadrupole operator and spin angular momentum, 

respectively. Note that both anisotropy and its voltage-induced changes of T mainly originate 

from Q because S is isotropic and is insensitive to voltage application. Therefore, voltage-

induced changes of the magnetic dipole Tz term is roughly proportional to the magnitude of 

spin magnetic moment. From the discussion above, the VCMA effect would be larger when 

the size of the magnetic moments is larger. The changes of the VCMA effect in Co1-

xNix/Pd/MgO might be correlated to the size of the induced magnetic moment in Pd. Here, the 
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Figure 3.15: (a) VCMA and (b) VCDMI as a function of Ni fraction x in  Co1-xNix/MgO and 

Co1-xNix/Pd/MgO system. 
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aforementioned discussion about the magnetic dipole Tz term might be applicable only for 4d 

and 5d, not for 3d transition metals.   

Figure 3.15 (b) shows the Ni fraction dependence of VCDMI for Co1-xNix/MgO and 

Co1-xNix/Pd/MgO. Interfacial DMI (i-DMI), which is an antisymmetric exchange interaction, 

mainly occurs at the interface between a FM metal and a heavy metal [67], [103], [117]. 

Recently, it has been demonstrated through ab-initio calculations [107] and experiments [108], 

[118], [119] that the Co/oxide interface also features i-DMI. In our system, the i-DMI effect 

should be present in the top and bottom layers of FM layer interface. However, as in VCMA, 

the VCDMI is attributed to a change in magnetic properties only in the interface between the 

FM layer and MgO. For VCDMI, a value comparable to the VCMA coefficient was obtained, 

where the maximum value of 100 fJ/Vm was found in the Co1-xNix/MgO sample at x = 0 (see 

Figure 3.15(b)). One can see that the behavior of VCDMI is similar to that of VCMA in 

CoNi(Pd)/MgO multilayer system while such tendency is not always the case for other systems.  

3.3.4. Summary 

In summary, we conducted spin-wave spectroscopy in Co1-xNix/MgO and Co1-

xNix/Pd/MgO multilayers to investigate VCMA and VCDMI. We found that pure Co as the 3d 

ferromagnetic layer has the maximum VCMA and VCDMI. Moreover, the VCMA and 

VCDMI have a comparable magnitude and can be simultaneously tuned by voltage.  Our 

findings can pave way for the development of (Co, Ni)/MgO based voltage-driven spintronic 

devices utilizing VCMA [41] and VCDMI [64] effects. 
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Chapter 4 Conclusion  

In conclusion, by engineered the interface of Fe/MgO, voltage-controlled magnetic 

anisotropy (VCMA) and voltage-controlled Dzyaloshinskii-Moriya interaction (VCDMI) were 

controlled and/or enhanced. In details, by three interface engineering approaches: 

1. Atomic layer insertion (Co/Pd combination), 

I have utilized the Co/Pd atomic layer insertion with various thicknesses. It was found that the 

presence of Pd decreases the VCMA in Fe/MgO but increase in Co/MgO interface. Maximum 

VCMA of -180 fJ/Vm was obtained in Fe/Co/Pd/MgO, (Pd thickness about one-monolayer 

coverage) which is more than three times higher than VCMA in Fe/MgO. Moreover, the 

VCDMI was increased simultaneously and having a comparable value to VCMA. The 

maximum VCDMI of 65 fJ/Vm was obtained in Fe/Co/MgO. Furthermore, the post-annealing 

process monotonically reduced VCMA and VCDMI. Therefore, I concluded that layered 

multilayers, rather than alloys, provide the best conditions for manipulating VCMA and 

VCDMI in Fe/Co/Pd/MgO systems. 

 

2. Artificial alloy-formation (Ir location control in Fe layer), and  

I investigated the Ir location influenced by controlling Ir growth in between Fe atoms. I 

experimentally demonstrated that placing the Ir in the second layer from MgO was effective to 

enhance the VCMA. Maximum VCMA of -300 fJ/Vm was obtained in Ir/Fe/MgO with Ir 

thickness of 0.1-nm (0.5 monolayer). Moreover, the VCDMI was also altered Ir thickness and 

locations.  

 

3. Control of the number of d-electron (Ni fraction dependence in Co1-xNix layer)   

I studied the influence of the number of d-electron by changing the composition in Co1-xNix 

alloy which deposited on top of body-centered cubic (bcc)-Fe. Increasing the Ni fraction x 

decreased the VCMA and VCDMI in the systems. These results reflected the occupancy of d-

band electron. I found that pure-Co as the 3d ferromagnetic layer has the maximum VCMA (-

270 fJ/Vm) and VCDMI (-100 fJ/Vm).  

These results might be important for the development of voltage-driven MRAM. 
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