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Abstract 

Title of Thesis Magneto-optic holographic three-dimensional display with artificial magnetic lattice 

 

 

Holographic display is expected as an attractive technique to visualize three-dimensional (3D) images 

with high presence. For practical use, a high speed display, which can represent holograms with order o f 

light wavelength, is required. The magneto-optic holographic three-dimensional display expected to solve 

this problem by using magnetic media which is excellent in recording speed and recording density. In 

particular, by using artificial magnetic lattice, a media had high brightness and could be recorded by low 

energy, and reduction of noise of magnetic hologram was realized. In addition, calculation methods of 

computer generated holograms for complex 3D object, optical systems to represent holographic vi deo, and 

quality improvement of reconstructed images were discussed.  

 

1. Magnetic holographic media with artificial magnetic lattice 
To applicate magnetic hologram for holographic display, light efficiencies of recording and reconstructing 

of hologram were regarded as a problem, and these efficiencies dominated by media material. In this 

thesis, by using the magnetophotonic crystal (MPC), recording and reconstructing light efficiencies were 

improved. The diffraction efficiency of MPC was 2.1×10
-2

%, and required illumination light to represent 

100 cd/m
2
 brightness reduced from 24 mW/cm

2
 to 10.8 mW/cm

2 
compared to a case of amorphous terbium 

iron (a-TbFe) film. In addition, a multilayer structure which comprised two different magnetic materials 

as magnetic hologram media showing high diffraction efficiency and low writing energy was proposed. 

2. Computer generated holograms for magneto-optic holographic three dimensional display 
To calculate complex object with surface, two-dimensional image based method was adopted. This 

method was suitable for generating complicated hologram composed of many point light sources. 

Holograms on magneto-optic holographic three-dimensional display were binary hologram and, usual 

reconstructed images with binary holograms included binarization errors. I focused on that pixel position 

of magnetic hologram wasn’t fixed mechanically. To reduce binarization errors, pixels position of 

holograms was considered by simulated annealing (SA) method, and error value included in simulated 

reconstruction images were reduced. 

3. Optical systems for holographic video 
The holographic video system consisted of three elements; hologram recording system, hologram 

reconstruction system and erasure system of magnetic hologram. To demonstrate holographic video, 

synchronization of recording and erasure systems were constructed. By using the optical system, a 

holographic video, rotating wireframe cube, was displayed with the optical system: framerate was 10 fps, 

13.6 μm/pixel, 367×367 pixels. In addition, the new hologram recording system used micro lens array 

matching to DMD pixels to reduce scanning length.  

4. Representing method of color and gray scale holograms 
In previous chapters, the magneto-optic holographic three-dimensional display has developed to represent 

holographic video with monochrome. However, in order to put it into practical use, colorization and 

multilevel gradations of reconstruction images are important. To proof principle of colorization, the 
optical space division method was adopted. By using the thickness designed BiDyYFeAlG films, the 

synthesized reconstructed image covered standerd RGB color region included white color.  

 

By effectively combining these elements of technologies, magneto-optic holographic display could be 

expected more realistic and natural 3D images.  In addition, each element technologies can be applied to 

other optical addressed spatial light modulator and storages using magneto-optic effect. 
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Abstract 

論文内容の要旨 (博士) 

Title of Thesis 

博士学位論文名 

Magneto-optic holographic three-dimensional display with artificial magnetic lattice 

（人工磁気格子を用いた磁気光学ホログラフィック 3 次元ディスプレイ） 

 

(要旨 1,200字程度) 

自然な立体像を表示できる3次元(3D)表示技術にホログラフィックディスプレイがある．本ディ

スプレイを実現するには，光の波長レベルの周期構造であるホログラムを高速かつ高密度に表示

できるディスプレイの開発が重要である． 

本論文では，ホログラムの表示に必要な高密度の情報を高速に記録し表示できる磁性体を用い

た磁気光学ホログラフィック3Dディスプレイの開発を行った．特に人工磁気格子構造を用いるこ

とで，高輝度かつ低エネルギー記録の磁性体，磁気ホログラムのノイズ低減を実現した．また，

複雑な3D像のホログラムの計算方法，3D像を動画速度で表示させる光学系，再生像の画質向上

について検討した結果を報告する．  
 

１．人工磁気格子を用いた磁気ホログラムメディア 

磁気ホログラムをディスプレイに応用する際に，磁性体の材料で決まる記録および再生時の光

効率が課題となる．本論文では，人工磁気格子構造である磁性フォトニック結晶（MPC）をディ

スプレイに用いることで，記録効率および回折効率を向上し，輝度100 cd/m2の画像の表示に必

要な照明光の強度を従来の24 W/cm2から10 W/cm2まで低減できることを示した．さらに，記録

エネルギーに優れる希土類遷移系金属合金膜と，回折効率に優れる磁性ガーネット系薄膜を組み

合わせた構造を作製することで，低記録エネルギーかつ高回折効率を実現した．  

２．磁気ホログラムディスプレイのための計算機合成ホログラム  

 複雑な3D像のホログラムを計算するために2次元面間の光伝搬を基本としたホログラム計算手

法を用いた．本手法は多数の点光源から構成される複雑な物体のホログラムの生成に適した方法

である．さらに，先行研究の磁気ピクセルは，光照射の有無によるバイナリホログラムであった．

2値化の際に生じるノイズの低減手法として，機械的なピクセル構造を必要としないという本ディ

スプレイの特徴に着目し，磁気ピクセルの位置を制御することでノイズ低減を行った． 

３．動画表示のための光学系構築 

 磁気ホログラムを用いた動画表示のために，連続的な磁気ホログラムの記録再生を行った．外

部磁界印加による磁気ピクセルの初期化と熱磁気書き込みを繰り返すことで10 Hzでの動画再生

を実現した．しかし，光学系の関係から低視野角にとどまっていたため，広視野角の動画再生を

目的にマイクロレンズアレイを用いた新たな記録光学系を作製し，その原理実証を行った．  

４．表示像のカラー化および多値化 

 本章までの研究は，モノクロの立体像表示を実現することを目的としたが，応用を考える上で

ホログラムの多階調表示および，カラー表示は重要である．磁気ホログラムを用いたカラー像表

示の原理実証として，空間分割方式を用いることで，白色を含むsRGB規格の色調表現を実現し

た．また，書き込み光のエネルギー密度を制御することで1ピクセル中の磁気光学効果の大きさを

制御し，4値のグレー表現を実現した．  

 

本研究で確立した手法を組み合わせることで，ホログラフィックディスプレイを実現できるだ

けでなく，光アドレス型空間光変調器の開発や磁気光学効果を用いた情報記録技術にも大きく貢

献できるものと考える． 
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1. Introduction 

1.1 Background 

Display technologies are being developed to represent more realistic and natural 

images. While flat panel displays with 4k resolution have been in use, 8k displays have also 

recently been developed [1], [2]. These resolutions of images represented on two dimensional 

(2D) displays have reached the resolution limit of our eyes [1]. On the other hand, 

three-dimensional (3D) displays are also an attractive approach for visualization of realistic 

images. Of late, interest in 3D video has had a resurgence for entertainment applications [3]. 

Some products and services with 3D display are in the market. However, many of them have 

limitations with 3D information. For example, 3D movies in cinemas can represent binocular 

stereoscopic vision, but not a motion parallax corresponding to view point.  

Holographic displays can reconstruct realistic 3D images without the need for the 

viewer to wear special glasses [4]. The reconstructed image can satisfy physiological factors for 

recognizing 3D spaces. However, holographic displays are difficult to build, as they require 

submicron scale pixels for reconstructing 3D images with a wide viewing angle [3], [5]. To 

build holographic displays with wide viewing angle, many approaches that use multiplex high 

speed spatial light modulators and optical scanners have been proposed [6][7]. However, the 

size of the optical systems required for this approach tends to be large because it requires the 

optical imaging system to display hologram patterns; if holograms could be recorded on 

non-volatile material, optical systems with this approach could be chosen over other optical 

imaging systems. 

A wide-viewing-angle holographic display based on magnetic hologram was 

previously proposed by this project group [8]. This display consisted of a magnetic medium as 

screen and an optical system to record and reconstruct holograms on the screen. The 

magneto-optic holographic three-dimensional display uses magnetic domains on the magnetic 

medium with perpendicular magnetization as submicron scale pixels. Light incident on the 

display is modulated by the magneto-optic effect [9], [10]. The magnetic pixels can be 

controlled with a switching speed quicker than 1 μs using thermomagnetic recording with an 

optical addressing method. In previous work, this project group demonstrated the reconstruction 

of still 3D images with a viewing angle greater than 30° using amorphous terbium iron film [8], 

[11]. However, the optical system took several minutes to record a hologram, and the 

reconstructed image had low brightness. 

This thesis is about the development of a magneto-optic holographic 

three-dimensional display that can represent holographic video with clear images. To use 

magnetic material for holographic displays, structures of magnetic medium, calculation methods 
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of computer generated holograms, and optical systems to drive tiny magnetic pixels were 

discussed. All elemental technologies for magneto-optic holographic three-dimensional display 

have been established in this thesis. Chapter 1 discusses the basics of three-dimensional displays 

and the background of this research. 

 

1.2 Visualization of three dimensional images 

1.2.1 Physiological factors of stereoscopic vision 

 This section describes the basics of human vision for recognizing 3D space [4], [12]. 

Humans recognize 3D spaces and object-position relationships by using oculomotor and visual 

information. Table 1.2.1-1 contains roughly-grouped physiological factors for recognizing 3D 

spatial relationships. The spatial relationships are caused by human perception mechanisms and 

the morphology of eyes; they are stimulated by monocular vision (single-eyed vision), binocular 

vision (properly-combined two-eyed vision), or by static or moving images in various 

combinations.  

The primary cue is obtained from the triangulation of point sources by binocular 

vision. Implicit in this are other cues arising from the motion of one eye from side to side, 

which makes a kind of “temporal triangulation” possible, although the sliding of near objects 

over far objects also seems to be an important cue. Human eyes fixate on a point to get an image, 

and the angle of convergence between the eyes is sensed via muscular proprioception. Binocular 

cues are based on, and easily affected by, monocular cues—especially overlap cues. The fact 

that one object’s image terminates at the boundary of another object’s, is convincing evidence 

that it is behind the other and is being hidden by it, despite possibly conflicting binocular cues. 

This effect can be demonstrated by an animation using two white lines. 

 

 

Table 1.2.1-1 Physiological factors to recognize spatial space and 3D objects [12]. 

 Static Dynamic 

Monocular Overlap 

Perspective 

Focus, etc. 

Kinetic depth 

effect 

Motion parallax 

Binocular Convergence 

Fusion 

Edge effects 

 

- 
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1.2.2 Three dimensional displays 

 In 1838, Charles Wheatstone invented the Wheatstone stereoscope, the earliest one of 

its kind [13]. Since then, various display technologies for visualizing 3D images have been 

demonstrated and studied. This section discusses the advantages and disadvantages of each type 

of 3D display. Binocular displays, multi-view displays, and integral imaging displays are dealt 

with in this section [4]. Holographic displays are discussed in the next section.  

 

(1) Binocular displays 

 This method uses two 2D images, which are given a parallax corresponding to the 

vision of both eyes, and each image is delivered to the viewer’s left and right eye, respectively. 

The human brain synthesizes these images into one and recognizes it as binocular stereoscopic 

vision. A set of two images is generated by multiplexing methods, e.g., utilizing wavelength 

(anaglyph), polarization, and timing. These division methods require special glasses to separate 

the images. Another effective approach that requires no glasses is controlling the direction of 

light, such as the parallax barrier and lenticular lens methods. These approaches are effective for 

perception of stereoscopic vision. However, the static monocular cues mentioned in table 

1.2.1-1 do not work, and this induces eyestrain for long term viewing. The eyestrain is caused 

by the mismatch between binocular parallax and monocular parallax. In addition, the binocular 

display does not receive overlapped object information. 

 

(2) Multi-view displays 

 Multi-view displays enlarge the viewpoint of binocular displays by creating a discrete 

set of perspective views per frame and distributing them across the viewing field. This method 

provides motion parallax corresponding to observer movement in the viewing zone, and 

viewing freedom for one or more observers. In principle, multi-view displays reduce the 

resolution of each image. However, 3D images can be seen without any special glasses.  

 

(3) Integral imaging displays 

 This technology is based on Integral Photography, which was a kind of stereoscopic 

photography introduced by Lippmann in 1908 [14]. A set of 2D images with different 

perspectives are displayed and synthesized on a plane via a lens array. The set of images can 

create a 3D image. They can inherently provide full and continuous motion parallax. In addition, 

the created 3D images can be observed by several viewers with multiple viewing positions. 

These 3D images have low lateral and depth resolution, and a limitation of depth range. 
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1.3 Holography and holographic display 

1.3.1 Holography 

 Holography was invented by Dennis Gabor in 1948 [15] when he proposed “wavefront 

reconstruction” as a new principle in microscopy. In the 1960s, hologram technology was 

dramatically improved by E.N. Leith and J. Upatnieks [16]–[18]. Y. N. Denisyuk invented 

reflection hologram by synthesizing ideas of Gabor and G. Lippmann. The other important 

progress in display holography was the invention of rainbow holograms by S.A. Benton [19]. 

These methods can be characterized by recording method, optical system, and light sources. In 

addition, holography has been studied for reasons other than display, such as holographic 

memory [20]–[23].  

 Holography can be said to be a technology that records all the information included in 

light, such as phase, intensity, and wavelength. Figure 1.3.1-1 shows the basic principle of 

recording and reconstruction of a hologram. Figure 1.3.1-1 (a) shows hologram 

recording—signal light is diffracted by, or scattered from, an object and coherent reference 

waves are incident on photosensitive materials, light information about the amplitude and phase 

of the diffracted or scattered waves can be recorded as transmittance or refractive index 

distributions. The recorded interference pattern is called “hologram”. Later, when reference light 

is incident on the recorded area, the object light field can be reconstructed. 3D images can be 

observed via the photosensitive material. The fringe pattern on the media is described below. 

The intensity of the sum of two complex fields then depends on both the amplitude and phase of 

the unknown field. Thus, if 

 

𝑎(𝑥, 𝑦) = |𝑎(𝑥, 𝑦)|exp[−𝑗𝜑(𝑥, 𝑦)]  (1.3.1-1) 

 

represents the wavefront to be detected and reconstructed, and if 

 

𝐴(𝑥, 𝑦) = |𝐴(𝑥, 𝑦)|exp[−𝑗𝛹(𝑥, 𝑦)]  (1.3.1-2) 

 

represents the “reference” wave with which a(x,y) interferes, the intensity of the sum is given by 

 

𝐼(𝑥, 𝑦) = |𝐴(𝑥, 𝑦)|2 + |𝑎(𝑥, 𝑦)|2 + 2|𝐴(𝑥, 𝑦)||𝑎(𝑥, 𝑦)| cos[𝛹(𝑥, 𝑦) − 𝜑(𝑥, 𝑦)]. (1.3.1-3) 

 

I(x,y) includes the whole information of object light and reference light. If the interference 

pattern and reference light are known, the hologram can be reconstructed. 
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 (a)  

 

 (b)  

 Fig. 1.3.1-1 Schematic image of hologram recording and 

reconstruction on photosensitive material medium. (a) Hologram 

recording on a photosensitive material. (b) Hologram 

reconstruction with reference light using the same optical setup. 
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1.3.2 Holographic display 

 Holographic displays, which represent holograms on spatial light modulators (SLMs), 

have been studied to develop high presence 3D displays [24], [25]. The reconstructed 3D image 

can potentially satisfy the physiological factors of stereoscopic vision [4], and can accurately 

represent an object’s shape, position, and size. These characteristics emerge from using 

diffraction to represent 3D images. Table 1.3.2-1 shows a comparison of the major 3D display 

technologies.  

 The first holographic display was proposed in 1966 [26]. Basic elements of the 

holographic display are an SLM, an illumination light source with high coherence, and 

holograms that are represented on the SLM. However, holographic display is not in practical use 

[25]. The reason for this is pixel size and number in the SLMs [3]. A key characteristic of 

holographic displays is viewing angle, which means visible area of reconstructed images. The 

viewing angle depends on the pixel size of SLM. A relationship between the viewing angle and 

pixel size can expressed as below, 

 = 2sin−1 (
𝜆

2𝑝
)            （1.3.2-1） 

Where, 𝜃 is the viewing angle, p is the pixel size of SLMs, and λ is the wavelength of 

illumination light. 

 Figure 1.3.2-1 shows preliminary calculation results of the relationship between 

viewing angle and pixel size. At present, there are electronic holographic displays utilizing 

conventional SLMs (for example, liquid crystal SLMs and digital micromirror devices). 

However, these 3D electronic holographic displays cannot deliver 3D images over a wide range 

of viewing angles because their working pixels have dimensions in the range 10–100 μm. The 

limit on downsizing the pixel size in SLMs come from fabrication processes or the necessity of 

introducing current lines. According to estimations, SLMs with 1 μm pixels can display 

holographic images for viewing angles of more than 30°. The other issue is the number of pixels 

required to represent a hologram. The right vertical axis in Fig 1.3.2-1 means the required 

number of pixels to fulfill an area equivalent to an iPhone 5’s display. The number of pixels is 

calculated with a fill factor of 1.0. A holographic iPhone5 would require over 10
9
 pixels, which 

is approximately 100 times the number in an 8k display. In addition, all pixels need to be 

controlled to represent holograms with wide viewing angle.  
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Table 1.3.2-1 3D display types and provided depth cues [4]. 

Type of 3D display Provided depth cues Remarks on possible limitations 

 

D
isp

arity
 

M
o

tio
n
 

p
arallax

 

F
o

cu
s 

 

Binocular ✓   
Limited comfort depth range 

Shear distortion 

Multi-view ✓ (✓)  

Limited comfort depth range 

Only horizontal motion parallax 

Picket-fence effect 

Image flipping, Limited resolution 

Integral imaging ✓ ✓  
Limited depth range 

Limited resolution 

Holographic ✓ ✓ ✓ Limited 3D volume 

 

 

 

 Fig. 1.3.2-1 Preliminary calculation results of relationship between 

pixel size, viewing angle, and number of pixels. 
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1.3.3 Holographic display with optical scanning 

 To visualize holograms on a large screen and wide viewing angle, SLMs with many 

pixels are required. One of the attractive approaches for solving the issue is using optical 

scanning. In this section, holographic displays with optical scanning and related technologies 

are discussed.  

 

(1) Constitution of optical system 

This approach uses a high-speed spatial light modulator, imaging optical system, 

scanning system, and a screen [6], [7]. The high-speed spatial light modulator can control a 

large amount of information per second, so the SLM can provide a hologram in which total 

resolution is larger than that of the SLM. One image on the SLM is a part of the original 

hologram and is transformed by the optical system to obtain desired viewing angle. Elementary 

holograms are scanned on the screen by a mechanical scanner. A high-speed SLM uses an 

acousto-optic modulator, digital micromirror, etc., whereas a mechanical scanner uses a 

Galvano mirror and a Polygon mirror. In some case, lenses or diffusers are used as the screen. 

 

(2) Hologram for optical scanning 

Holograms on a high speed SLM for optical scanning method with scanner are used 

resolution redistributed holograms with considering properties of optical imaging system. For 

reducing the resolution required for an SLM, many researchers of holographic display with 

optical addressing have adopted horizontal-parallax-only (HPO) holography [6]. HPO 

holography limits hologram parallax to only the horizontal direction, which is most the effective 

direction for perceiving 3D space. This method can reduce both the total resolution of 

holograms and the scanning axis of mechanical scanners for optical scanning. Holo-video, 

which was the first optical scanning type holographic display, was demonstrated to reconstruct a 

hologram in 1990 [7].  

 

 However, the optical system for this method tends to be large because it needs to 

transfer the hologram onto the screen. If the screen material were to be non-volatile and 

re-writable, an optical system without an imaging system can be chosen. This type of display is 

called “optical addressed spatial light modulator” [27]. 

 

 

 

 



9 

 

1.4 Magneto-optic holographic three-dimensional display 

 A magneto-optic holographic three dimensional display is an optically addressable 

holographic display that uses a magnetic medium as a screen [8], [11]. The basic technologies 

are from magneto-optic spatial light modulators [9], [28]. This section introduces the basic 

technologies of the magneto-optic holographic three-dimensional display, and past results. 

 

1.4.1 Magneto-optic effect 

 The magneto-optic (MO) effect is an interaction effect between light and magnetism 

[29]. The magnetic hologram, which is a type of hologram using the magneto-optic holographic 

three-dimensional display, is reconstructed by the MO effect. In this section, the MO effect, 

which is an optical rotation and circular dichroism due to magnetization, is described.  

 The MO Faraday effect is caused by a phase difference between the right and left 

circular polarization of transparent light in magnetic materials. Linear polarized light is split into 

right and left circular polarizations; this is shown in Fig. 1.4.1-1. In the magnetic material, these 

circular polarizations can propagate at different speeds and show phase differences. The 

transmitted or reflected light can then be rotated. The direction of rotation angle depends on the 

direction of magnetic field applied to the material.  

 Permittivity of the material relates to the MO effect. Permittivity of an isotopic 

material can be defined as follows. 
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    (1.4.1-1) 

For a magnetized material with uniaxial anisotropy, the permittivity tensor transforms into 

equation 1.4.1-2 (e.g., the z-axis is anisotropy axis).  
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Off-diagonal components xy dominate the optical activities of the material, so they cause a 

difference corresponding to the circular polarizations. The difference between the refractive 

indices (N+ = n+ + ik+, N- = n- + ik-) for each circular polarization can be described using xx and 

xy.  

xyxx iN  

2
     (1.4.1-3) 
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Difference between N+ and N- is not large. The following identities 

  nnn      (1.4.1-4) 

        (1.4.1-5) 

2/)(   nnn      (1.4.1-6) 

2/)(         (1.4.1-7) 

can be used to write 

22  


nxx      (1.4.1-8) 

 nxx 2


     (1.4.1-9) 

nnxy 


      (1.4.1-10) 

nnxy 


 .    (1.4.1-11) 

From equations 1.4.1-8~1.4.11, the relationship between n and can be written as follows. 

 

  

 Fig. 1.4.1-1 Magneto-optic effect. (a) Linear polarization and 

split circular polarization in magnetic material. (b) Rotation 

of polarization. 
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The linear polarization transmitted to a film with thickness d and Faraday rotation angle F can 

be described using n and , as follows. 

d
c

n
F

2





 .     (1.4.1-14) 

Faraday ellipticity F is given as the ratio of long and shot axes of elliptic polarization 

d
c

F
2





 .     (1.4.1-15) 

Equation 1.4.1-14 and 1.4.15 can be written as 
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using the off-diagonal components of the permittivity tensor.  
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1.4.2 Magnetic hologram 

 Holograms, which are recorded fringes of magnetic information on magnetic media, 

are called “magnetic holograms”. In previous research, G. Fan’s group recorded magnetic 

holograms on MnBi film and reconstructed 2D page date from the hologram [30]. A magnetic 

hologram can be represented on the medium without using mechanical structures such as 

electrodes and pixels. Magnetic information can be rewritten with high switching speed. The 

magneto-optic holographic three-dimensional display adopts a magnetic hologram to represent 

holograms. This section deals with the recording and reconstruction of magnetic holograms. 

 

(1) Recording of magnetic holograms 

 To record magnetic holograms, this project group used thermomagnetic recording with 

light addressing. The thermomagnetic recording stored information on an MO disk, which is a 

digital optical disc storage using the MO effect [31], [32]. Figure 1.4.2-1 shows the schematic 

image of the process of thermomagnetic recording. A magnetic medium is irradiated at a spot 

with perpendicular magnetization using a focused laser, and heated to a temperature greater than 

the Curie temperature. Magnetization in the heated spot is erased, and after cooling, reversed 

with external magnetic field.  

 

 

 

 Fig. 1.4.2-1 Thermomagnetic recording with focused laser.  
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 There are three ways of recording magnetic hologram fringes of 3D objects—using 

interference on magnetic medium, bit by bit recording, or using an imaging system such as a 

holographic display with optical scanning discussed in section 1.3.3. In the first method, 

holograms are recorded on a magnetic medium by interference of object light and reference 

light [33][16]. This is a basic method of recording a hologram on photosensitive media; 

however, a high-powered laser is required to record this magnetic hologram. The second method 

has been adopted for some fringe printers. It uses a focused laser and scanning system to record 

holograms, which are treated as electronic data [34]. Holograms with wide-viewing-angle 

require submicron scale pixels, so it takes a long time for recording. The third method uses 

recording light modulated by SLMs [35][36]. A part of the hologram is represented on the SLM 

and then transferred to a magnetic medium with pixel size reduction. This is similar to the 

second method, but it can have a higher recording speed, corresponding to the resolution of the 

SLM. 

 

(2) Reconstruction of magnetic holograms [30], [37] 

 Figure 1.4.2-2 shows the schematic image of reconstruction of a magnetic hologram. 

Illumination monochromatic light with linear polarization is incident on the magnetic hologram,  

 

 

 Fig. 1.4.2-2 Reconstruction of magnetic holograms. Blue and red 

arrows have a phase difference of π, and cause diffraction. 
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and is rotated by the MO Faraday effect. The rotation direction depends on the direction of 

magnetization of each pixel. Horizontal components of rotated light transmitted along each 

magnetization direction have a phase difference of 180°, and are diffracted. On the other hand, 

vertical components of transmitted light do not have a phase difference, so these components 

are not diffracted. The ratio of the horizontal to the vertical components depends on the Faraday 

rotation angle. An advantage of the magnetic hologram is that non-diffracted components can be 

cut or attenuated by a polarizer. A mathematical analysis of the reconstruction of magnetic 

holograms will be dealt with in Chapter 2. 
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1.4.3 Previous works of magneto-optic holographic three-dimensional 

display  

 This section describes the previous work that has been done to develop the 

magneto-optic holographic three-dimensional display. These results have acted as a proof of 

principle for magneto-optic holographic three-dimensional displays. They clarified basic 

properties of magnetic material with thermomagnetic recording as display media for optical 

addressed holographic displays. Some results of this section were published as a reference [8], 

[11].  

 

 (1) Magnetic medium with amorphous terbium iron  

 To evaluate magnetic pixel size fabricated optical addressing, amorphous Terbium Iron 

(a-TbFe) film, which is a popular material for research into thermomagnetic recording, was 

used as the magnetic medium as a proof of principle for the magneto-optic holographic three 

dimensional display [38]. The a-TbFe film shown below has these advantages. (1) A magnetic 

film that has a flat surface to decrease the scattering noise of reflected and diffracted light, (2) 

Amorphous MO thin films with perpendicular magnetic anisotropy for easy magnetization 

direction reversal over a submicron area, (3) A low Curie temperature for decreasing the 

heat-assisted laser power, and (4) A large MO rotation angle for high diffraction efficiency [37] .  

The a-TbFe films were fabricated by rf-magnetron sputtering and had an amorphous 

structure with perpendicular magnetic anisotropy (Fig. 1.4.3-1). The experimental samples had a 

structure that consisted of layers of SiO2 substrate/SiN (20 nm)/a-TbFe (100 nm)/SiN (50 nm); 

this structure protected the a-TbFe layer from oxidation and provided a good magneto-optical 

response (the Kerr rotation was 1.1°, the Faraday rotation was 1.4°, the reflectivity was 10 %, 

and the transmittance was 0.8 % at 600 nm). 

 

 Fig. 1.4.3-1 Hysteresis loop of an amorphous TbFe film (a-TbFe). 

Thickness of the a-TbFe layer was 100 nm. 
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For writing the magnetic submicron pixel array, a laser system was fabricated with 

high-resolution lenses (NA=0.5), a pulse laser (λ = 532 nm, 10 ns/pulse), a 3-axis-positioning 

stage, and a laser focusing system (continuous wave laser at λ = 633 nm). The focused spot of 

the laser defined the magnetic pixel size. The theoretical diameter of a laser spot on the a-TbFe 

surface can be calculated by using 

𝑑 = 1.2 ×
𝜆

𝑁𝐴
.                          (1.4.3-1) 

The diameter of the laser spot of this system was approximately 1.3 μm. A magnetic pixel was 

fabricated in a-TbFe with only a single laser pulse (10 ns/pulse). The smallest pixel array (256 × 

256) was composed of 800 nm-wide magnetic domains, as shown in Fig. 1.4.3-2. The pixel size, 

as a function of the laser power, is shown in Fig 1.4.3-3.  

In this result, the magnetic pixel size could be made smaller than the spot size of the 

laser because the laser intensity profile was Gaussian. To record a magnetic pixel, a single laser 

pulse with 10 ns pulse width was used, implying that the magnetic pixels could be driven with 

high speed. Magnetic pixels were constructed in a pixel array of 1 μm pitch, which is important 

to represent holograms with wide-viewing-angle. Fig 1.4.3-3 also shows that the magnetic pixel 

size could be modulated by changing laser pulse power. This result suggested that the minimum 

pixel size can be downsized by the laser power and optical system, and indicates a possibility 

for improving the expression of magnetic holograms. 

 The other important advantage of a magnetic hologram is that the ratio of diffracted 

light and 0
th
 order reflected or transmitted light can be improved by a polarizer. Figure 1.4.3-4 

shows the reflected light intensity and diffracted light intensity from the simple magnetic  

 

  

 Fig. 1.4.3-2 Thermomagnetic recorded pixels on the a-TbFe. (a) 

Shows a fringe pattern with 1 μm pitch, 256 × 256 pixels, (b) 

Magnetic force microscope image of magnetic pixels with 2.5 μm 

pitch. 
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 Fig. 1.4.3-3 Laser power dependence of pixel size and the viewing 

angle. Theoretical curve calculated using equation (1.3.2-1). 

 

 

 

 

 

 Fig. 1.4.3-4 Ratio of 1
st
 order diffracted light and reflected light 

intensity of magnetic grating on the a-TbFe media. 
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grating on the a-TbFe film with rotating polarizer. The simple magnetic grating was recorded 

with 1 μm linewidth. The maximum ratio of the result achieved was up to 18 %, using polarizers 

with cross-Nicol placement. 

 

(2) Computer generated hologram with half zone plate method 

As proof of principle, a computer generated hologram (CGH) [39], [40] of a 3D object 

was produced, the details and principles of which will be dealt with in chapter 3. The 3D object 

used a wire frame cube, in which the length of a side was 3.74 mm, the length of a side of 

hologram-area on the magnetic media was approximately 14 mm, and the distance from the 

magnetic media was 20 mm. There were approximately 10000 × 10000 pixels in the hologram 

area, and the pixel size was 1.36 μm, which was minimum pixel size of the optical system. The 

generated hologram was binarized using the medium value of intensity distribution as a 

threshold to represent on a-TbFe. 

 

(3) Optical system to record still images on magnetic medium 

 To represent an arbitrary magnetic hologram on the media, a tiling optical system was 

constructed. In this method, a part of the fringe image displays on DMDs and transfers the 

fringe pattern to magnetic film. This is the same approach taken by fringe printers or optical 

addressing spatial light modulators [27], [36], [41]. This method can enlarge the area of a 

holograms and increase the viewing angle by using the optical imaging system with 

demagnification.  

 The optical system with tiling optical addressing method was constructed using a 

pulsed laser, DMD, object lenses, x-y-z stage, and magnetic media (Fig 1.4.3-5). A DMD 

(Discovery 1100, 1024 pixels × 768 pixels, max driving speed is 22 kHz/frame) was used as an 

SLM to represent parts of holograms. For writing the hologram, a pulsed laser (pulse width: 10 

ns, repetition frequency: 10 Hz, wavelength: 532 nm) was used to illuminate the DMD. A 2D 

hologram pattern image on the DMD was transferred to the magnetic film by two object lenses 

with one-tenth demagnification. The pixel size of DMD was 13.6 μm, and the magnetic pixel 

size was 1.36 μm. The viewing angle of the 3D images was approximately 23° in the case of 

532 nm illumination light wavelength. 

Figure 1.4.3-6 shows the mesh pattern of magnetic pixels produced on magnetic media 

when using the tiling optical addressing method. The mesh width was 136 μm on the DMD that 

was formed with 10 × 10 pixels. Figure 1.4.3-6 (b) shows a recorded magnetic pixel array on 

the a-TbFe media. The hologram pattern on DMD was downsized to one-tenth and transferred 

to the magnetic film, and 13.6 μm of pixel size of DMD was reduced to 1.4 μm on the magnetic 

pixels. Figure 1.4.3-7 (a) shows a part of the hologram pattern that was displayed on the DMD. 
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This pattern was also transferred onto the a-TbFe film with downsizing (Fig.1.4.3-7 (b)). The 

2D hologram pattern displayed on the DMD was accurately transferred reducing size on 

magnetic film. 

Figure 1.4.3-8 shows the reconstructed holographic 3D image from the a-TbFe. The 

media was placed within two polarizers with cross-Nicol placement, and was incident with light 

from a CW laser (wavelength 532 nm). The 3D image could be reconstructed from a transferred 

2D hologram pattern when a reference light illuminated the magnetic pixel array. The 

reconstructed images showed the same pattern as that designed by computer. These results show 

that a magnetic hologram with optical addressing can represent arbitrary 3D images.  

 

 

 

 Fig. 1.4.3-5 Schematic image of constructed tiling optical system. 

1/10 transfer lens system was constructed with two objective lenses 

with focal lengths of 100 mm and 10 mm. A CW laser was used to 

align the optical system. 
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(a) (b) 

 Fig. 1.4.3-6 Mesh pattern of magnetic pixels. (a) Hologram pattern 

on the DMD, and (b) Magnetic pixel pattern on magnetic media. 

 

 

  

(a) (b) 

 Fig. 1.4.3-7 A fringe pattern of 3D-object. (a) A part of hologram 

image on the DMD, (b) Magnetic pixel image at the same location 

as (a). 

 

 

  

(a) (b) 

 Fig. 1.4.3-8 Reconstruction image of 3D object. (a) Viewing angle 

was 5° left side, and (b) Viewing angle was 0°. 
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1.5 Outline of the research 

 This research is for development of the magneto-optic holographic three-dimensional 

display, which is an optically addressed type of holographic display. Holographic displays can 

reconstruct realistic 3D images without the need for the viewer to wear special glasses. Factors 

in the reconstructed image can satisfy physiological requirements for recognizing 3D spaces. 

However, holographic displays are difficult to build as they require submicron scale pixels for 

reconstructing 3D images with a wide viewing angle. Magneto-optic holographic 

three-dimensional displays are expected to solve this problem by using magnetic media, which 

is excellent in recording speed and recording density. The magnetic medium used in the first 

magneto-optic holographic three-dimensional display was an amorphous Tb22Fe78 (a-TbFe) film, 

and it reconstructed a still 3D image with wide-viewing angle. However, recording speed was 

too slow to apply to video. In addition, the reconstructed image from the a-TbFe film had low 

brightness. 

 The purpose of this research is the investigation of elemental technologies for 

magneto-optic holographic three-dimensional display to represent holographic video with clear 

images.  

Chapter 2 discusses the improvement of light efficiency of magnetic media. To use 

magnetic media for holographic display, light efficiencies of recording and reconstruction of 

hologram were regarded as a problem, and these efficiencies are dominated by the material of 

the media. To improve recording and reconstruction light efficiencies, magnetic media with 

artificial magnetic lattice was adopted. They can control optical or magneto-optical behavior of 

the media by structure. 

Chapter 3 discusses calculation methods of computer generated holograms for 

magnetic hologram. To compute a complex object and its surface, a two-dimensional image 

based method was adopted. Reconstructed images with binary holograms included binarization 

errors. To reduce noise, a new calculation method with pixel position was proposed for 

magnetic holograms that were not fixed mechanically. 

Chapter 4 discusses the optical system for holographic video system, and 

demonstrates a holographic video on magnetic medium with narrow viewing angle. To 

demonstrate holographic video, synchronization of recording and erasure systems were 

constructed, and the optical system demonstrated continuous recording and reconstruction of 

holographic video. In addition, the new hologram recording system used micro lens array 

matching to DMD pixels to reduce scanning length.  

Chapter 5 discusses the improvement method for image quality. In previous chapters, 

the magneto-optic holographic three-dimensional display was developed to represent 

holographic video with monochrome and monotone. However, to put it into practical use, 
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colorization and multilevel gradations of reconstruction images are important. As proof of 

principle for colorization, the optical space division method was adopted. By using thickness 

designed BiDyYFeAlG films, the synthesized reconstructed image covered standard RGB color 

region, and included white.  

The Faraday rotation angle, which depends on recording depth and could be 

controlled via recording laser power, was used to represent a gray level hologram. The 

relationship between Faraday rotation angle of recorded pixel and recording energy was 

discussed. 
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2. Magnetic holographic medium with 

artificial magnetic lattice 

2.1 Introduction 

Some inherent characteristics of a magnetic hologram are appropriate for use as screen 

material in optically addressed holographic displays; magnetic domains can be controlled with 

laser light, switching speed is faster than microsecond order [1], and they are stable to frequent 

recording and erasure. On the other hand, recording energy and the brightness of reconstructed 

images have some issues, which are caused by thermomagnetic recording with light absorption 

[2]–[8]. Therefore, to adopt magnetic materials for an optically addressed holographic display, it 

is important to consider the light absorption of BiDyYFeAlG.  

Since the 1990s, Inoue et. al. have theoretically and experimentally demonstrated the 

enhancement of the magneto-optic (MO) effect (Faraday rotation angle) at the localized mode 

within the stop band, with the sample of the micro-cavity of magnetophotonic crystals (MPCs) 

[9]–[12]. A lot of research has shown that the apparent magneto-optical and optical properties of 

magnetic materials can be controlled or changed by their structures. 

In this chapter, two magnetic materials with different light absorption property were 

adopted as holographic media; the high-light-absorption material was amorphous terbium iron 

(a-TbFe), while the low-light-absorption material was bismuth, dysprosium, and aluminum 

substituted yttrium iron garnet (BiDyYFeAlG). In addition, nanometer-scaled periodic 

structures, such as MPCs, were also examined and applied to magnetic holographic media. 

These structures, which can control magneto-optical and optical behaviors, are called artificial 

magnetic lattice. Including the above materials and structures, magnetic media for 

magneto-optic holographic three-dimensional display were evaluated comprehensively, focusing 

especially on light efficiency for the recording and reconstruction of magnetic holograms. 

 Section 2.2 introduces the holographic media properties that are required; basic 

properties for magnetic holographic media, theoretical diffraction efficiency of magnetic 

holograms, and the mathematically calculated method for the brightness of reconstructed images. 

Section 2.3 introduces MPC and the structural dependency of diffraction efficiency. To improve 

the brightness of reconstructed images, BiDyYFeAlG was adopted. Magnetic garnet with 

artificial magnetic lattice structure has been dealt with in section 2.4. Finally, 

a-TbFe/BiDyAl:YIG multi layered media was proposed in section 2.5.  
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2.2 Background of magnetic media 

2.2.1 Basic requests for magnetic material 

 For hologram reconstruction, optical and magneto-optical properties are important for 

reconstructing clear, bright, and noise-less three dimensional (3D) images. On the other hand, 

on erasure and recording of magnetic holograms, magnetic properties are important. Magnetic 

holograms have the following requirements of hologram media. 

 

(1) Large magneto-optic (MO) effect 

  The diffraction on magnetic holograms is caused by the MO effect. Magnetic material with 

large MO rotation angle is required. 

 

(2) High reflectance or transmittance 

  When magnetic hologram is illuminated by laser light, light absorption is a loss for the 

reconstruction of holograms. 

 

(3) Flatness and homogeneity 

  To suppress scattering noise and undesired interference, hologram media is preferably flat 

and homogenous. 

 

(4) Appropriate Curie temperature  

Magnetization of the media should be done by erasure with incident laser light. The magnetic 

information should be storable at room temperature. 

 

(5) Small coercivity 

  For optically addressed holographic displays, the magnetic information should be erasable 

with a small magnetic field.  

 

(6) Thermal properties 

Thermal diffusion in magnetic layer causes reduction of diffraction efficiency and slowing of 

the switch speed.  
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2.2.2 Diffraction efficiency of magnetic hologram 

 The diffraction efficiency of a magnetic hologram, which is defined as the ratio of 

diffracted light intensity to illumination light intensity, can be written as 

𝜂 =
𝐼1

𝐼𝑖𝑛
.   (2.2.2-1) 

Where η is the diffraction efficiency, I1 is the first order transmitted light, and Iin is the 

illuminated light. There have been many theoretical analyses of diffraction efficiency of 

magnetic holograms [13]–[15]. To describe the diffraction efficiency of magnetic hologram and 

their important factors, a simple magnetic grating is assumed; grating pitch is r and the ratio of 

up and down magnetized domain areas is s/r (Fig 2.2.2-1). x polarized light is incident on the 

grating. Then, the light transmitted from the grating has polarization rotation through the MO 

effect, and is attenuated with light absorption. Transmittance functions of the grating for each 

polarization direction can be written as 

𝜏𝑦(𝑦) = 𝑝(𝑦) exp (
−𝛼𝑡

2
) sin 𝜃𝐹𝑡 (2.2.2-2(a)) 

𝜏𝑥(𝑥) = exp (
−𝛼𝑡

2
) cos 𝜃𝐹𝑡.  (2.2.2-2(b)) 

Where α is the absorption index of magnetic films, t is the thickness of film, θF is the specific 

Faraday rotation angle in °/μm, p(y) is a periodic function meaning the direction of 

magnetization at position y defined for 𝑛𝑑 ≤ 𝑥 ≤ (𝑛 + 1)𝑟, and n is an integer, 

𝑝(𝑦) = sgn {[𝑦 − (𝑛𝑟 +
𝑠

2
)] [𝑦 − ([𝑛 + 1]𝑟 −

𝑠

2
)]} (2.2.2-3) 

sgn(t) = {
1(𝑡 ≥ 0)

−1(𝑡 < 0)
. 

 According to equation (2.2.2-2 (b)), the x component is not diffracted by the magnetic 

grating, because the transmittance function for the x component has no dependence on 

magnetization distribution. On the other hand, the y component depends on position y, and is 

diffracted by the magnetic grating. The transmittance function for y components can be 

expanded in a Fourier series as follows  

𝜏𝑦(𝑦) = exp (
−𝛼𝑡

2
) sin𝜃𝐹𝑡 [

2𝑠−𝑟

𝑟
+

4

𝜋
∑

1

𝑚
sin

𝜋𝑚𝑠

𝑟
cos

2𝜋𝑚𝑦

𝑟
∞
𝑚=1 ]. (2.2.2-4) 

From equation (2.2.2-4), light intensities of 1
st
 order diffracted light I1 and 0

th
 order diffracted 

light intensity I0 can be written using illuminated light intensity Iin 

𝐼0 = 𝐼𝑖𝑛 (
2𝑠−𝑟

𝑟
)
2

exp(−𝛼𝑡) sin2 𝜃𝐹𝑡  (2.2.2-5) 

𝐼1 = 𝐼𝑖𝑛
4

𝜋2 exp(−𝛼𝑡) sin2 𝜋𝑠

𝑟
sin2 𝜃𝐹𝑡.  (2.2.2-6) 
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 Fig. 2.2.2-1 Schematic diagram of a simple magnetic grating.  

 

From these results, the equation (2.2.2-1) can be changed to 

𝜂 =
𝐼1

𝐼𝑖𝑛
=

4

𝜋2 exp(−𝛼𝑡) sin2 𝜋𝑠

𝑟
sin2 𝜃𝐹𝑡.  (2.2.2-7) 

According to this equation, diffraction efficiency depends on the thickness of the magnetic 

medium and has a trade-off between the transmissivity (exp(-αt)) and the Faraday rotation angle 

(θFt). 
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2.2.3 Illumination light power required for reconstructing hologram 

 Display standard ISO13406 for liquid crystal displays recommends the brightness of 

displays to be over 100 cd/m
2
. To evaluate the brightness of reconstructed images on magnetic 

material, the brightness (unit: cd/m
2
) is transformed to light power density (unit: W/cm

2
), and 

the brightness is estimated from the light power density. From the relationship between candela 

(unit of brightness) and lumen (unit of light flux), equation 2.2.3-1 can be derived for green 

light with wavelength of 555 nm. 

1[W] = 683[lm].  (2.2.3-1) 

Equation 2.2.3-1 is from the human perception that 683 lm most corresponds to a light source 

with 1 W, 555 nm, under bright conditions. Light flux L [lm], brightness C [cd], and half apex 

angle θ of circular cone of solid angle has a relationship as follows.  

𝐿[𝑙𝑚] = 2𝜋(1 − 𝑐𝑜𝑠𝜃)[𝑠𝑟] ∙ 𝐶[𝑐𝑑].   (2.2.3-2) 

From equation 2.2.3-1 and 2.2.3-2, the relationship between the brightness C per unit area and 

the light power density W is can be explained as, 

𝑊[W/m2] =
2𝜋

683
(1 − 𝑐𝑜𝑠𝜃) ∙ 𝐶[cd m2⁄ ].    (2.2.3-3) 

Then the diffracted light intensity of 3D images is W and the hologram can reconstruct 

3D images with a brightness C cd/m
2
. Figure 2.2.3-1 shows the required light power densities to 

reconstruct 3D images with 100 cd/m
2
 against viewing angle. In this calculation, viewing angle 

is assumed with full-parallax, and then θ in the equation 2.2.3-3 is half the viewing angle. 

 

 

 

 Fig. 2.2.3-1 Required power density to reconstruct 3D images with 

100 cd/m
2
. 
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2.3 Controlling magneto-optical property with artificial magnetic 

lattice 

 In section 2.2, the relationship between diffraction efficiency and MO property was 

described. For obtaining high diffraction efficiency, a large specific MO rotation angle and a 

small light absorption were important. On the other hand, the light energy density required to 

record the hologram was predicted to increase with reducing light absorption of magnetic film, 

because light absorbed by unit volume dominates volumetric heating temperature.  

 Focus was turned to artificial magnetic lattice structures, which can control the optical 

and magneto-optical properties of magnetic material by the structures, to solve this tradeoff. 

This section provides an overview of one of the typical artificial magnetic lattice structures, 

magnetophotonic crystals (MPCs). 

 

2.3.1 Magnetophotonic crystals 

 MPCs are artificial periodic structures with defect layers. There are one-dimensional, 

two-dimensional, and three-dimensional MPCs. This section deals with one-dimensional MPCs. 

Theoretical predictions about the existence of the enhancement of Faraday rotation in the 

microcavity structure composed of two dielectric Bragg reflectors and a Bi:YIG defect layer 

incorporated between them—(Ta2O5/SiO2)
5
/Bi:YIG/(SiO2/Ta2O5)

5
—were experimentally 

confirmed [16], [17]. Figure 2.3.1-1 shows a representative of one-dimensional MPC [10], and 

Fig. 2.3.1-2 shows a spectra of the transparent mode of this MPC at normal incidence. In the 

localized mode for the photonic bandgap, the Faraday rotation angle was increased to 10 times 

that of the Bi:YIG single-layered film.  

   

 

 Fig. 2.3.1-1 Cross-sectional SEM images of the one-dimensional 

MPC. The structure is (Ta2O5/SiO2)
5
/Bi:YIG/(SiO2/Ta2O5)

5
. [10] 
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This result has important implications for the application of MPCs to magnetic 

hologram media. Enhancement of the MO effect directly improves diffraction efficiency. In 

addition, the problem of collapse of interference fringes caused by thermal diffusion inside 

magnetic media can be expected to be solved [5]. This problem arises from the thermal 

distribution along the direction of thickness, i.e., the influence can be expected to reduce by 

making the media thinner. 

 

 

 

 Fig. 2.3.1-2 Spectra of the MPC; transmittance is at the top, and 

MO Faraday rotation angle is at the bottom. [10] 
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2.3.2 Numerical calculation for designing media structure 

 For the application of MPC as magnetic hologram media, MPC structures and their 

diffraction efficiencies were simulated by finite element method (COMSOL Multiphysics 4.3a). 

Fig.2.3.2 shows a simulation model. The yellow region was composed of MPCs with 

BiDyYFeAlG, and their region was magnetized in the down direction. A simple magnetic 

grating pattern with a line width of 1.36 µm was set up on the BiDyYFeAlG layer. The 1
st
 order 

diffracted light intensity was evaluated when the magnetic grating diffracted normal incident 

illumination light. To evaluate performance of MPCs, the defect layer thickness d and number 

of dielectric mirror pairs n of MPC were changed, then the diffraction efficiency corresponding 

to each structure was calculated from reference light intensity and diffracted light intensity. N = 

0 was a monolayer BiDyYFeAlG film. Table.2.3.2-1 shows the parameters of materials for the 

simulation.  

Figure 2.3.2-1 shows the calculation results of diffraction efficiencies for each 

structure. All structures show saturation with increasing BiDyYFeAlG layer thickness. The 

saturation of diffraction efficiency was caused by balance of transmittance and Faraday rotation 

angle. Equation 2.2.2-6 implies this saturation. Figure 2.3.2-2 and 2.3.2-3 also supports this 

result. On the other hand, the film thickness at which saturation occurs decreased with 

increasing number of DM pairs n. The results could be considered for transmittance reduction. 

 

 Fig. 2.3.2-1 Schematic image of simulation model to calculate 

MPC performance for magnetic hologram. 
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Table 2.3.2-1 Material parameters in the matrix approach. 
a
 

Material N  F (°/m) 

BiDyYFeAlG 2.27 0.0186 2.13 

SiO2 1.45 0 - 

Ta2O5 2.16 0 - 

Air 1.00 0 - 

a Refractive index n, extinction coefficient , and specific Faraday rotation angle F. 

 

 

 Fig. 2.3.2-2 Simulated diffraction efficiency of each structure, n is 

the number of DM pairs. 

 

 

  

(a) (b) 

 Fig. 2.3.2-3 Optical and magneto-optical properties of MPCs. 

(a) Transmittance reduced with increasing number of DM pair 

n. (b) I1/I0 ratios were increased with increasing film thickness 

and n, the ratio depends on the Faraday rotation angle. 
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2.4 Development of magnetic garnet media with artificial 

magnetic lattice 

As proof of principle of the magneto-optic holographic three dimensional display, 

a-TbFe film, a material widely used in thermomagnetic recording applications [6], [18]–[20], 

was used as magnetic media. However, according to equation 2.2.2-3 the reconstructed images 

had a low brightness: 4.4 × 10
−2

 cd/m
2
 with reconstruction illumination of 10.8 mW/cm

2
 at 532 

nm. To represent a 3D image with 100 cd/m
2
 from the a-TbFe film would require reconstruction 

illumination of an impractical power, approximately 24 W/cm
2
.  

In this section, BiDyYFeAlG and MPC media with the garnet were adopted to 

improve diffraction efficiency and brightness. As explained in section 2.2, the magnetic film 

should have high transmittance and a large Faraday rotation angle for improved diffraction 

efficiency. BiDyYFeAlG shows the high transmittance and large Faraday rotation angle in 

visible wavelengths. Fabry–Pérot resonance in MPCs structures was also considered. MPCs 

with a defect layer of thin MO film can exhibit properties similar to thick MO films because the 

MPCs localize light in the magnetic defect layer [10]. The thin MO film should reduce the 

power consumption for the thermomagnetic recording, clarify the recorded pattern, and obtain 

high diffraction efficiency. 

 

2.4.1 Samples fabrication  

BiDyYFeAlG mono layer films were fabricated by changing the thickness using ion 

beam sputtering on a substituted gadolinium gallium garnet substrate (SGGG substrate). Table. 

2.4.1-1 shows the fabrication conditions. The BiDyYFeAlG films were annealed at 700 °C for 

10 minutes in atmosphere to obtain a poly crystalline state.  

An MPC was designed by considering the balance of the brightness and the angular 

dependence. The structure was calculated by a matrix approach [12]. The designed MPC had a 

magnetic defect layer of BiDyYFeAlG. Bragg mirrors were constructed using multiple layers of 

SiO2 and Ta2O5. The MPC was fabricated by ion beam sputtering on a SGGG substrate, and the 

resulting structure was the SGGG substrate / (Ta2O5/SiO2)
2
 / BiDyYFeAlG / (SiO2/Ta2O5)

2
. The 

 

Table 2.4.1-1 Sputtering conditions of RF ion beam sputtering. 

Substrate SGGG (Substituted Gadolinium Gallium Garnet) 

Target Bi1.5Dy1.0Y1.0Fe3.8Al1.2Ox, SiO2, Ta2O5 

Gas Ar: 6 ccm, O2:10 ccm 

Beam conditions 1000 V / 10 mA 

Post anneal 700 °C 10 min, atmosphere 
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designed thickness of the BiDyYFeAlG layer was 1.05 μm. The thickness of the SiO2 and Ta2O5 

layers were determined as λ/4n, where λ was the resonant wavelength of 532 nm and n is the 

refractive index of each material. The material parameters used in the matrix approach were 

experimentally determined and are shown in Table. 2.4.1-2. The sample, after the deposition of 

BiDyYFeAlG layer, was annealed at 700 °C for 10 minutes in atmosphere. The localized 

wavelength of the MPC was tuned to 532 nm by the thickness of cap Bragg mirror layers. 

Fabricated sample structures were shown in Fig. 2.4.1-1 and 2.4.1-2 

 

Table 2.4.1-2 Material parameters in the matrix approach. 
a
 

Material N  F (°/m) 

BiDyYFeAlG 2.27 0.0186 2.13 

SiO2 1.45 0 - 

Ta2O5 2.16 0 - 

a Refractive index n, extinction coefficient , and specific Faraday rotation angle F. 

 

 

 

 

 

Fig. 2.4.1-1 Schematic structure of 

BiDyYFeAlG mono layer film. 
Fig. 2.4.1-2 Schematic structure of the MPC. 
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2.4.2 Magneto-optical and optical properties 

The measured transmittance and Faraday rotation angle for fabricated samples at the 

wavelength of 532 nm are shown in Fig. 2.4.2-1(a) and (b). The transmittance of BiDyYFeAlG 

mono layer films decreased with increasing thickness. On the other hand, the Faraday rotation 

angles were increased with increasing thickness. The MO properties of the MPC were compared 

to BiDyYFeAlG mono layer films with differing thicknesses. The transmittance of the MPC 

was 32 %, which was lower than a similar thickness mono layer film. However, the Faraday 

rotation angle of the MPC was 3.2, which was higher than a similar thickness mono layer film. 

Figure 2.4.2-2 shows the measured transmittance and the Faraday rotation angle spectrums of 

the MPC and a mono layer film with similar magnetic layer thickness. According to the above 

results, the MPC shows performance close to the thick film properties at the localization mode.  

 

  

(a) (b) 

 
Fig. 2.4.2-1 Magneto-optical and optical properties of fabricated 

samples. (a) is transmittane, and (b) is Faraday roation angle. 
 

 

  

(a)  (b) 

 
Fig. 2.4.2-2 Spectrum of MPC and a mono layer film. (a) is 

transmittane, and (b) is Faradayrotation angle. 
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2.4.3 Measurement of diffraction efficiency 

The diffraction efficiencies of fabricated magnetic films were measured by a 

two-beam interferometer. Figure 2.4.3-1 shows the optical system of the two-beam 

interferometer. The two-beam interferometer can obtain high energy density for the 

thermomagnetic recording by using a condenser lens. The incident angle of the two beams was 

adjusted to 15 so that the line width of an interference fringe pattern was approximately 1.0 μm 

and spatial frequency of the fringe pattern was 500 line pairs/mm. The interference fringe 

pattern was thermomagnetically recorded on magnetic films using various energy densities, 

because the diffraction efficiency depends on the depth of recorded fringes. The diffraction 

efficiency was calculated by equation (2.4.3-1). 

𝜂 = 𝑇 ×
𝐼1

𝐼0
× 100(%)   (2.4.3-1) 

Where 𝜂is the diffraction efficiency, T is the transmittance of the magnetic film, 𝐼0 is the 

zero-order transmitted light, and 𝐼1 is the first order diffracted light, respectively. In equation 

(2.4.3-1), reconstruction illumination light in equation (2.2.2-1) was replaced by I0/T. 

 

 

 

 

 Fig. 2.4.3-1 The two-beam interferometer optical system. First order 

diffracted light I1 and transmitted light I0 were measured by power 

meters 1 and 2, respectively. A half-wavelength plate and a 

polarization beam splitter adjust the laser power. 
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 Fig. 2.4.3-2 The relationship between the diffraction efficiency and 

the light energy density for thermomagnetic recording. Thickness of 

mono layer films was changed from 0.66 μm to 3.7 μm. 

 

 

 

Figure 2.4.3-2 shows the relationship found between the light energy density for the 

thermomagnetic recording and the resulting diffraction efficiency. The a-TbFe film when 

illuminated by the laser with light energy density over 10 mJ/cm
2
 was ablated. The diffraction 

efficiency of the 1.9 μm thick film has a peak value of 1.7 × 10
−2 

%, approximately 2300 times 

higher than that of the a-TbFe film. These results mean that BiDyYFeAlG was effective for 

improving brightness. However, the ratio I1/I0 was saturated at a thickness of 1.9 μm and the 

transmittance of mono layer films decreases at increased thickness; thus, the ratio I1/I0 depends 

on the depth of the recorded fringes. In addition, significant heating occurred in the surface area 

because of energy absorption, and the shape of the recorded fringe pattern was changed near the 

surface because of thermal diffusion from the high temperature region there [10] . This caused 

low fringe depth and the saturation of the diffraction efficiency of the mono layer films. In 

addition, the diffraction efficiency of the MPC was 2.1 × 10
−2 

%, similar to that of the 1.9 μm 

thick BiDyYFeAlG mono layer film.  

Figure 2.4.3-3 (a) shows the relationship between the thickness of magnetic layer and 

the recording light energy density for the largest diffraction efficiency, while Fig.2.4.3-3 (b) 

shows reconstruction illumination power density for generating an image with brightness of the 

desired 100 cd/m
2
. The reconstruction illumination light power was estimated from diffraction 

efficiency and equation (2.2.2-3) under the following conditions: viewing angle 22 and 
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wavelength of reconstruction illumination light 532 nm. The required light energy of the MPC 

for the thermomagnetic recording was 59 % of the energy needed for the 1.9 μm thick film. In 

addition, reconstruction illumination light power for the MPC was 10.8 mW/cm
2
 to represent 

3D images with over 100 cd/m
2
. This power can be realized by a small solid-state laser. These 

results caused a microcavity structure and a thin defect layer of the MPC. In the MPC, the 

distribution of absorbed energy was uniform along the thickness direction by Fabry–Pérot 

resonance between Bragg mirrors. In addition, the MPC reduces the variation of absorbed 

energy density and thermal distribution along the thickness direction [10]. Therefore, the MPC 

shows higher diffraction efficiency compared with mono layer films. 

 

  

(a) (b) 

 Fig. 2.4.3-3 (a) The light energy consumption for the 

thermomagnetic recording. (b) The reconstruction illumination 

light power for representing 3D images with 100 cd/m
2
 

brightness using the fabricated magnetic films. 
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2.4.4 Reconstruction of 3D image 

 Since the MPC showed the highest diffraction efficiency, a 3D image was constructed 

from a hologram with the MPC. The hologram was computer-generated by half zone plates 

converted into a binary hologram, which was the same as the hologram in chapter 1. Figure 

2.4.4-1(a) shows a 3D model of the one used to generate the hologram. The reconstruction 

illumination light was a plane beam with wavelength 532 nm. Pixel size was 1.36 × 1.36 μm
2
. 

The total number of pixels in the hologram was 10
4
 × 10

4
 pixels. The viewing angle of the 

reconstructed image was 22. The hologram was represented on the MPC by the tiling optical 

system. The light energy density for fabricating magnetic pixels was 54 mJ/cm
2
. 

The reconstructed image from the MPC and the reconstructed image from the a-TbFe 

were compared in the same optical conditions. The reconstruction optical system consisted of a 

reconstruction illumination source, a polarizer, and an analyzer with cross-Nicol configuration 

for separating zero-order transmitted light and the reconstructed image. The reconstruction 

illumination required to achieve 100 cd/m
2 
image brightness was a continuous wave laser with a 

wavelength of 532 nm and intensity of 10.8 mW/cm
2
. Figure 2.4.4-1 (b)–(d) show the 

reconstructed 3D holographic image from the MPC, and (e)–(g) show the reconstructed image 

from the a-TbFe. The brightness of the reconstructed image from the MPC was 100 cd/m
2
. 

 

 

 

 Fig. 2.4.4-1 (a) A model of 3D image for generating the hologram. 

The wireframe cube was constructed by point light sources. 

Reconstructed images from MPC (b)–(d) and from a-TbFe (e)–(g). 

(b) and (e) were images from left view point of 11. (c) and (f) were 

from center. (d) and (g) were images from right view point of 11. 
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2.5 Artificial magnetic lattice media with dissimilar materials 

 In section 2.4, BiDyYFeAlG films and the MPC were evaluated to improve diffraction 

efficiency and brightness. Thus, using BiDyYFeAlG was effective in improving diffraction 

efficiency. However, recording energy density was increased compared to a-TbFe film. This 

issue was caused from a trade-off in terms of light absorption corresponding to the diffraction 

efficiency. According to equation 2.2.2-6, Fig. 2.4.2-1 symbolized the trade-off. Apropos this, 

MPC showed a reduction of the recording energy density, and the light behavior in defect layer 

was close to the thick film. On the other hand, heat behavior in the defect layer was reasonable 

for the defect layer thickness. In other words, it implied that behaviors of heat and light in the 

BiDyYFeAlG defect layer against the layer thickness could be separated by the artificial 

structures [21]. 

 To solve such a trade-off, this section proposes the use of multilayer media 

comprising two dissimilar magnetic materials showing high diffraction efficiency and low 

writing energy for the hologram. The structure was constructed with two magnetic materials, 

which were separated optically and combined magnetically. One material, which has a high 

light absorption material with large magnetization, was used as the writing layer to reduce 

recording energy density and to control magnetization direction of another layer. The other layer 

was reconstruction layer, which was a low-light absorption material with high diffraction 

efficiency and low coercivity. A floating magnetic field from the writing layer transcribes a 

magnetic hologram to the reconstruction layer.  

This section describes the design and fabrication of the structure, and observes the transfer 

of a magnetic hologram to the reconstruction layer.  

 

2.5.1 Design of structure  

 Figure 2.5.1-1 shows the schematic image of the multilayer structure. A layer of 

a-TbFe was used as the writing layer, and the BiDyFeAlG layer was used as the reconstruction 

layer. The a-TbFe and SiN layers had the same structure as the a-TbFe film used in previous 

research. The thickness of magnetic garnet layer was chosen by considering floating magnetic 

field from the a-TbFe layer. In this structure, illumination reconstruction light for reconstruction 

of hologram was incident from the BiDyFeAlG side, and holograms were reconstructed in the 

reflect mode. To prevent the illumination reconstruction light from being incident on the writing 

layer, a thin Al layer was incorporated between both magnetic layers. Figure 2.5.1-2 shows the 

calculated thickness dependence of Al layer reflectance. The reflectance was saturated with over 

20 nm thickness. From this result, the thickness of the Al was decided as 20 nm.  
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 Fig. 2.5.1-1 The concept of a-TbFe/BiDyFeAlG multilayer media. 

Hologram was recorded on a-TbFe side with thermomagnetic 

recording, and was transferred to BiDyFeAlG layer. 

 

 

 

 

 

 Fig. 2.5.1-2 The thickness dependence of reflectance; incident was 

from the BiDyFeAlG layer side. 
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2.5.2 Sample fabrication 

 Each layer of the multilayer media was fabricated by ion beam sputtering; conditions 

for this process are shown in Table 2.5.2-1. The BiDyYFeAlG layer was fabricated by RF ion 

sputtering, and was annealed after sputtering at 750 °C for 15 minutes. After the annealing, Al, 

a-TbFe, and SiN layers were fabricated by DC ion beam sputtering. In addition, an a-TbFe film 

and a BiDyYFeAlG film, which are the same structure, were fabricated to compare multilayer 

media. 

 Magnetic and magneto optical properties of fabricated films were measured. Figure 

2.5.2-1 shows M-H hysteresis loops of the multilayer media, an a-TbFe film (Substrate/SiN 20 

nm/a-TbFe 100 nm/ SiN 50 nm), and BiDyFeAlG film (Substrate/ BiDyFeAlG 576 nm). The 

M-H hysteresis loop of the multilayer media was reasonable as it synthesized both magnetic 

layers. Figure 2.5.2-2 shows the MO hysteresis loop of fabricated samples. The BiDyFeAlG 

film was measured by MO Faraday loop, and the BiDyFeAlG side of multilayer film and the 

a-TbFe film were measured by MO Kerr loop. Measured rotation angle of the multilayer film 

was 1.5°, which was about 1.5 times larger than the Faraday rotation angle of the BiDyYFeAlG 

film.  

 

Table 2.5.2-1 Conditions of ion beam sputtering. 

Power supply type Radio frequency Direct current 

Target Bi1.5Dy1.0Y1.0Fe3.8Al1.2Ox,  Tb21Fe79, SiN, Al 

Gas Ar: 6 ccm, O2:10 ccm Ar: 6 ccm,  

Beam conditions 1000 V/ 10 mA 1000 V/ 30 mA 

Post anneal 750 °C 15 min, atmosphere  

 

  

Fig. 2.5.2-2 M-H loops of fabricated samples. Fig. 2.5.2-3 MO loops of fabricated samples. 
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2.5.3 Evaluation of light efficiencies 

 Diffraction efficiencies against recording energy densities were measured for 

fabricated multilayer film. Simple magnetic grating with 1.36 μm linewidth was recorded to the 

a-TbFe side of the multilayer film by the tiling optical system. After the recording, diffraction 

efficiencies were measured on both sides of the multilayer film. Figure 2.5.3-1 shows an optical 

system to measure the 1
st
 order diffracted light intensity, and incident light intensity was 

measured at the polarizer. The polarizers were set using cross-Nicol placement. 

 Figure 2.5.3-2 shows the measurement results of diffraction efficiencies. 

Thermomagnetic recording to the a-TbFe side was observed with over 5 mJ/cm
2
 laser light 

energy densities. The peak diffraction efficiency of the a-TbFe side was approximately 4.8 × 

10
−5 

% with 7.3 mJ/cm
2
 laser light. Considering that recording the energy density of a two-beam 

interferometer is in fact doubled by interference, the recording energy of the a-TbFe layer was 

reasonable compared to the results of Fig 2.4.3-2. Diffraction efficiency measured by the 

BiDyYFeAlG side was 0.95 ×10
−3 

%. In the previous result in section 2.4.3, at least over 20 

mJ/cm
2
 was required to record a magnetic hologram on the BiDyYFeAlG film. One cause of the 

reducing recording energy densities was thermal or magnetic influence from the a-TbFe layer. 

In addition, diffracted light from the BiDyYFeAlG side had a 11° diffracted angle against 

normal incident light, which was reasonable for the linewidth of the magnetic grating.  

 

 

 Fig. 2.5.3-1 Schematic image of the optical system for 

measuring diffraction efficiency. 
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 Fig. 2.5.3-2 Measured diffraction efficiencies of the multilayer film. 

Red plots were measurement results of the BiDyYFeAlG side, 

black plots were results of the a-TbFe side. 

 

 

On the other hand, diffraction efficiency rapidly reduced against higher laser light energy 

densities. This phenomenon was clearly different compared to the behavior of directly recorded 

garnet films in terms of diffraction efficiency change against energy density change. This 

phenomenon caused thermal diffusion and the collapse of the fringe shape on the a-TbFe layer. 

These results showed that the a-TbFe/BiDyYFeAlG was effective in improving both 

light efficiencies to record and reconstruct magnetic hologram with fine pixels. Recording 

properties of the multilayer film could be considered to depend on the thickness of the 

BiDyYFeAlG layer and the Al layer. Therefore, by inserting a dielectric mirror between the 

substrate and BiDyYFeAlG layers, a further improvement of diffraction efficiency can be 

expected. 
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2.5.4 Reconstruction of 3D image 

 In the next step, the hologram of a wireframe cube was recorded and reconstructed 

from the multilayer film. The hologram was computed with the half zone plate method, and 

recorded on the a-TbFe side using the tiling optical system with 7.3 μJ/cm
2
 light energy density. 

The total resolution was 3800 × 3800 pixels and display size was 5 × 5 mm. Figure 2.5.4-1 

shows polarized microscope images and their original versions, in which each image shows the 

magnetization distributions of each side of the multilayer film. The contrast between images 

from both sides was reversal, because the rotation angle of each layer was the opposite of the 

other. The hologram pattern recorded to the a-TbFe side was transferred to the BiDyYFeAl 

layer. 

To reconstruct the magnetic hologram, reconstruction illumination light was normally 

incident on the BiDyYFeAlG side via a polarized beam splitter (PBS), and the reconstructed 

image was observed by reflection mode via PBS. Figure 2.5.4-2 shows the reconstructed image 

from the BiDyYFeAlG side of the multilayer film.  

 

 

(a) (b) (c) 

 Fig. 2.5.4-1 Polarized microscope images and the original recorded 

hologram images (a) is the original image on DMD, (b) was 

recorded image on the a-TbFe layer, and (c) was transferred image 

on the BiDyYFeAlG layer. 

 

 

 

 Fig. 2.5.4-2 Reconstructed image from the BiDyYFeAlG layer side; 

one side of the cube was approximately 3 mm. 
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2.6 Summary 

Chapter 2 discussed the improvement of light efficiency of magnetic media. To apply 

magnetic media for holographic display, light efficiencies of recording and reconstructing of 

hologram were regarded as a problem, and these efficiencies dominated by media material.  

In this thesis, artificial magnetic lattice structure was used to improve these light 

efficiencies. An MPC was fabricated by ion beam sputtering on a SGGG substrate, and the 

resulting structure was a SGGG substrate / (Ta2O5/SiO2)
2
 / BiDyYFeAlG / (SiO2/Ta2O5)

2
. The 

MPC shows a performance close to the thick film properties in the localization mode. By using 

the magnetophotonic crystal, the recording and reconstructing light efficiencies were improved. 

The MPC media showed a diffraction efficiency of 2.1 × 10
−2 

%, and could generate 3D images 

with over 100 cd/m
2
 brightness using reconstruction illumination of 10.8 mW/cm

2
. Illumination 

light energy was greatly reduced from 24 W/cm
2
 of the a-TbFe film. In addition, the MPC could 

reduce the light energy density for thermomagnetic recording by 59 % relative to the mono 

layer BiDyYFeAlG film, which had similar diffraction efficiency.  

In addition, a multilayer structure was proposed that comprised two different magnetic 

materials as magnetic hologram media showing high diffraction efficiency and low writing 

energy. Thermomagnetic recording to the a-TbFe side was observed with over 5 mJ/cm
2
 laser 

light energy density. The peak diffraction efficiency the of a-TbFe side was approximately 4.8 × 

10
−5 

% with 7.3 mJ/cm
2
 laser light. Considering the recording energy density of previous works, 

the recording energy of the a-TbFe layer was reasonable. The diffraction efficiency measured by 

the BiDyYFeAlG side was 0.95 × 10
−3 

%. At least 20 mJ/cm
2
 was required to record magnetic 

hologram on the BiDyYFeAlG film. One cause of the reducing recording energy density was 

thermal or magnetic influence from the a-TbFe layer. In addition, diffracted light from the 

BiDyYFeAlG side had a 11° diffracted angle against normal incident light, which was 

reasonable for the linewidth of the magnetic grating. The a-TbFe/BiDyYFeAlG multilayer 

media showed high a diffraction efficiency corresponding to the BiDyYFeAlG layer and low 

recording energy density corresponding to the a-TbFe layer. 
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3. Computer generated hologram for binary 

hologram 

3.1 Introduction 

Computer generated holograms (CGHs) are a technique to generate arbitrary 

holograms, which can reconstruct the desired light field. CGHs have some advantages 

compared to digital holography and photograph-based holography, as shown below. For these 

reasons, our group has been using CGHs to demonstrate magnetic hologram reconstruction. 

However, the calculation method of the hologram, such as the wireframe cube used in previous 

chapters, was unsuitable for calculating complex objects with surface. 

 

(1) Non-limitation for recording optical system 

Digital holography and photograph-based holography have to use light interference on the 

sensor or photosensitive materials. On the other hand, CGHs can treat a minimized object, 

such as the moon, humans, and more [1].  

(2) High affinity for digital data 

CGHs can use digital data instead of object light field to obtain object information (e.g., 

measurement result of fMRI, CT, and depth camera). In addition, non-real objects can be also 

used as models [2]–[5]. 

(3) Optimization for holographic display 

In CGHs, parameters of holograms can be arbitrarily chosen. Wavelength, pixel size, display 

resolution, and more can be optimized to the holographic display [6]–[9]. 

 

 The purpose of this chapter is the improvement of reconstruction images by 

calculation method of CGHs. The calculation of object light propagation is especially important 

for increasing reconstruction image quality. For this purpose, the two-dimensional image based 

method was investigated to generate holograms of objects with surface, and to reduce 

calculation times. In addition, optimization of CGHs by considering magnetic pixel position 

control with simulated annealing (SA) was also investigated. 

 In section 3.2, the previous calculation method is described to compare the new 

calculation method. In section 3.3, the calculation principle and processes of two-dimensional 

image based method, considering of occlusions, and comparing of calculation times are 

described. In section 3.4, noise reduction by hologram optimization is discussed. 
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3.2 Hologram calculation with point based method 

3.2.1 Fresnel zone plate 

 The point-based method treats a 3D object as point cloud data. Each point in the point 

cloud data is assumed to be a self-luminous point. An elementary hologram is calculated for 

every point source. The whole hologram of the desired object is synthesized by superimposing 

all the elementary holograms [10][11]. The elementary hologram is called Fresnel zone plate, 

which is an inline Gabor hologram. Fresnel zone plate is calculated as a light propagation form 

position of itself to the hologram plane (Fig 3.2.1-1), and can be written as 

𝐼(𝑥, 𝑦) =
𝐴

𝑅
cos(𝑘0𝑅),  (3.2.1-1) 

R = √(𝑥 − 𝜉)2 + (𝑦 − 𝜂)2 + 𝑧2  (3.2.1-2) 

Where I(x,y) is light distribution on hologram plane, A is the intensity of the point light source, 

k0=2π/λ is the wavenumber of the laser light, and R is the radial distance between position of 

light source and point of coordinates (x, y, z). Then, a radius r of Fresnel zone plate should be 

limited according to the following equation, 

𝑟 = 𝑧 tan (sin−1 𝜆

2𝑑
) .  (3.2.1-4) 

Where r is radius of Fresnel zone plate, λ is wavelength of the laser light, and d is the minimum 

pixel size on holographic media. Outside area of radius r is not supposed by spatial frequency of 

the media. 

 

 

 Fig. 3.2.1-1 Optical system on calculation of a Fresnel zone plate.  
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From equation (3.2.1-1), the whole hologram can be obtained as 

𝐼(𝑥, 𝑦) = ∑
𝐴𝑗

𝑅𝑗
cos(𝑘0𝑅𝑗)

𝑁
𝑗=1 .  (3.2.1-4) 

Where N is the total number of point light sources, and Aj, Rj are intensity and distance for j
th

 

point light sources (j=1...N), respectively. 

 

3.2.2 Half zone plate method 

 Holograms generated with a Fresnel zone plate have problems, which are the same as 

photography-based holograms. The reconstruction image of the hologram includes a conjugate 

image and 0
th

 order diffracted light. When the zone plate is illuminated, two wave fronts are 

generated; a wave front converges to the position of the original point light source, and a conjugate 

image observed as a divergent wave is generated from the space on the side opposite to the real 

image with zone plate as the symmetry plane, is generated. To eliminate this noise, a half-zone plate 

and single sideband filter were used [6]–[8]. Figure 3.2.2-1 shows the light ray of reconstructed 

images from a half zone plate. Diffracted light rays from the half-zone plate propagate in different 

directions. In Fig 3.2.2-1, converging light rays have up direction against optical axis, divergent light 

rays have down directions. It means that the conjugate and reconstructed images can be separated by 

propagation directions, and conjugate image can be eliminated by the single sideband filter. 

 To calculate the hologram using a half-zone plate, the same algorithm as normal 

point-based method in section 3.2.1 can be used by adding an area limited equation 3.2.1-1. 

 

 

 

 Fig. 3.2.2-1 Reconstruction of point light source with single sideband 

filter and half zone plate method. Dashed lines mean light rays of a 

conjugated image and continuous lines mean light rays of real image. 
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3.3 Hologram calculation with two-dimensional image based 

method 

 The point-based method is useful to generate a hologram with very simple and easy 

calculations. However, this method usually takes long calculation time because calculations are 

required for each point-light source. To solve the problem, there are many approaches for 

increasing calculation speed and reduction of calculation factors with optimization of hardware 

[12], [13]. On the other hand, some approaches, which treat object data as two dimensional 

images or polygons, have been studied [14]–[16].  

 In this section, the calculation process and principle of two-dimensional image-based 

method are described, and the calculation speed of each method is also dealt with. In addition, 

by reducing calculation time, occlusions can be considered while calculating an object with 

surface.  

 

3.3.1 Angular spectrum and light propagation 

 Light propagation between two different planes can be calculated using the angular 

spectrum method. Angular spectrum method can calculate same results of 

Rayleigh-Sommerfeld solution at high speed [17].  

Monochromatic light propagation from (x, y, 0) plane to (x, y, z) plane was assumed. 

The complex light field on the z = 0 plane be represented by U(x, y, 0), in the same way, U(x, y, 

z) is a complex light field on the (x, y, z) plane. Across the z = 0 plane, U(x, y, 0) has a 

two-dimensional Fourier transform shown as below, 

 

𝐴(𝑓𝑋 , 𝑓𝑌; 0) = ∬ 𝑈(𝑥, 𝑦, 0)exp[−𝑗2𝜋(𝑓𝑋𝑥 + 𝑓𝑌𝑦)]𝑑𝑥𝑑𝑦
∞

−∞
. (3.3.1-1) 

 

From equation 3.3.1-1, U(x, y, 0) can be written as an inverse Fourier transform of its spectrum, 

 

𝑈(𝑥, 𝑦, 0) = ∬ 𝐴(𝑓𝑋 , 𝑓𝑌; 0)exp[𝑗2𝜋(𝑓𝑋𝑥 + 𝑓𝑌𝑦)]𝑑𝑓𝑋𝑑𝑓𝑌
∞

−∞
. (3.3.1-2) 

 

To handle the above equation, a simple plane wave with wave vector �⃗� , which has 

magnitude 2π/λ and direction cosines (α, β, γ), was assumed as illustrated in Fig. 3.3.1-1. The 

plane wave can be represented as 

  

𝑝(𝑥, 𝑦, 𝑧; 𝑡) = exp[𝑗(�⃗� ・𝑟 ) − 2𝜋𝜈𝑡],  (3.3.1-3) 

 

Where 𝑟 = 𝑥𝑥 + 𝑦�̂� + 𝑧𝑧̂ is a position vector with unit-vectors of each axis, while �⃗� =

2𝜋

𝜆
(𝛼𝑥 + 𝛽�̂� + 𝛾𝑧̂). The complex phasor amplitude of the plane wave across a constant z  
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 Fig. 3.3.1-1 Wave vector k and direction cosines.  

 

planes is 

𝑃(𝑥, 𝑦, 𝑧) = exp(𝑗�⃗� ・𝑟 ) = exp[𝑗
2𝜋

𝜆
(𝛼𝑥 + 𝛽𝛾)] exp[𝑗

2𝜋

𝜆
𝛾𝑧],  (3.3.1-4) 

𝛾 = √(1 − 𝛼2 − 𝛽2).   (3.2.1-5) 

 

According to these equations, in the (x, y, 0) plane a complex exponential function 

exp[j2π(fXx+fYy)] means a plane wave, which is propagating with direction cosines 

 

 𝛼 = 𝜆𝑓𝑋, 𝛽 = 𝜆𝑓𝑌, 𝛾 = √(1 − (𝜆𝑓𝑋)2 − (𝜆𝑓𝑌)2).   (3.2.1-5) 

 

Form these equations, equation (3.2.1-1) can be transformed to  

 

𝐴 (
𝛼

𝜆
,
𝛽

𝜆
; 0) = ∬ 𝑈(𝑥, 𝑦, 0)exp [−𝑗2𝜋 (

𝛼

𝜆
𝑥 +

𝛽

𝜆
𝑦)]𝑑𝑥𝑑𝑦

∞

−∞
. (3.3.1-6) 

 

Equation (3.3.1-6) is called the angular spectrum of the disturbance U(x,y,0). 

 Consider again the propagation of light from the plane z = 0 to a parallel plane at 

nonzero distance z. Propagated complex light field U(x, y, z) can be written as 

 

𝑈(𝑥, 𝑦, 𝑧) = ∬ 𝐴(𝑓𝑋 , 𝑓𝑌; 𝑧)exp[𝑗2𝜋(𝑓𝑋𝑥 + 𝑓𝑌𝑦)]𝑑𝑓𝑋𝑑𝑓𝑌
∞

−∞
. (3.3.1-7) 

 

Where angular spectrum is treated as functions of spatial frequencies (fX, fY), because it is more 
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convenient than being treated as functions of the direction cosines (α, β). The angular spectrum 

𝐴(𝑓𝑋 , 𝑓𝑌; 𝑧) can be written as follows by introducing the Helmholtz equation [17]; 

 𝐴(𝑓𝑋 , 𝑓𝑌; 𝑧) = 𝐴(𝑓𝑋 , 𝑓𝑌; 0) exp (𝑗
2𝜋𝑧

𝜆
√(1 − (𝜆𝑓𝑋)2 − (𝜆𝑓𝑌)2)) 

× circ|√(𝜆𝑓𝑋)2 + (𝜆𝑓𝑌)
2|.  (3.3.1-8)   

Where circ function means the bandwidth limitation that is associated with evanescent waves. 

Equation 3.3.1-7 can be represented by equation (3.3.1-8) as  

 

𝑈(𝑥, 𝑦, 𝑧) = ∬ 𝐴(𝑓𝑋 , 𝑓𝑌; 0) exp (𝑗
2𝜋𝑧

𝜆
√(1 − (𝜆𝑓𝑋)2 − (𝜆𝑓𝑌)

2))
∞

−∞

 

× circ|√(𝜆𝑓𝑋)2 + (𝜆𝑓𝑌)
2|exp[𝑗2𝜋(𝑓𝑋𝑥 + 𝑓𝑌𝑦)]𝑑𝑓𝑋𝑑𝑓𝑌 (3.3.1-9) 

 

Finally, there transfer function of the light propagation is seen to be 

𝐻(𝑓𝑋 , 𝑓𝑌) = {exp [𝑗
2𝜋𝑧

𝜆
√(1 − (𝜆𝑓𝑋)2 − (𝜆𝑓𝑌)2)]

0
    √𝑓𝑋

2 + 𝑓𝑌
2 <

1

𝜆

othrewise

   (3.3.1-10) 

Thus, the light propagation is stopped outside a circular region of radius 1/λ in the frequency 

plane. In the outside region, the wave components are rapidly attenuated by the propagation 

phenomenon. These components are called evanescent waves. The transfer function (3.3.1-10) 

is a phase delay in each plane wave accompanying light propagation. 
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3.3.2 Computing light propagation 

 Before calculation of the hologram, light propagation between two planes with 

diffraction was verified. For this purpose, diffraction by grating was calculated. Table 3.3.2-1 

shows the grating conditions for the calculation, and Fig. 3.3.2-1 shows the optical systems and 

process of calculation. The grating was provided as intensity distribution on the left side plane. 

Light propagation with diffraction was computed with changing the distance z. The propagation 

calculations were done by equations 3.3.1-9 and 3.3.1-10, and the angular spectrum of grating 

transmitted light was provided by equation (3.3.1-1) with fast Fourier transform (FFT). Then the 

area of the U(x, y; 0) needs to be doubled along both the x and y axes, and the additional 

sampling points must be padded with zeros to prevent aliasing [18]. The product A(x,y,0) 

×H(fx,fy) provided the phase delay corresponding to propagation. Furthermore, the output 

window needed to be clipped and reduced to the original size. 

Figure 3.3.2-2 shows the calculation results of the propagation. Horizontal axis means 

the propagation distance between both planes, while vertical axis means the relative position of 

1
st
 order diffracted light corresponding to 0

th
 order diffracted light. The calculated relative 

positions and theoretical relative positions, which were calculated by equation 1.3.2-1, were 

plotted on the Fig 3.3.2-2.  

The diffracted light position showed good agreement with theoretical values. This 

result means that diffraction by the grating could be computed by using angular spectrum. 

 

 

 

Table 3.3.2-1 Grating parameters. 

Calculation area 1024 × 1024 pixels 

Grating size 100 × 100 pixels 

Grating linewidth 2 pixels 

Pixel size 2.128 μm 

Grating type Intensity  
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 Fig. 3.3.2-1 Schematic simulated optical system for propagation 

computing. 

 

 

 

 Fig. 3.3.2-2 Calculation results of light propagation with 

diffraction. 
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 In the next step, continuity of light propagation calculation with angular spectrum was 

investigated. The optical system and grating parameters were same as in Fig.3.3.2-1, and 

propagated light filed at z = 0, 5 mm, 10 mm, and 15 mm were computed. To investigate the 

continuity, two types of calculations were done; (a) Propagated light fields at each point were 

calculated directly. In this case, transfer functions H were calculated for each distance, and all 

propagations were from the z = 0 point. (b) Propagated light fields at each point were calculated 

to take over previous positions. In this case, a transfer function H was calculated for propagation 

distance z = 5 mm distance. At first, light propagation was calculated from the z = 0 to the z = 5 

mm plane, and the calculated complex light field at z = 5 mm was used as input light field in 

equation 3.3.1-1 to calculate the light field at z = 10 mm. The light propagation from z = 10 mm 

to z = 15 mm was calculated similarly.  

The calculation results were shown in Fig. 3.3.2-3. The diffracted light field at each 

point calculated by both methods showed good agreement. This result means the information of 

diffracted or propagated light directions were kept in the complex light field. It is supported by 

the Huygens principle.  

 

 

 

 Fig. 3.3.2-3 Continuity of the light propagation calculations, (a) is 

the intensity distributions of the direct propagated light, (b) is the 

intensity distribution of the propagated light with taking over. 
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3.3.3 Calculation process of 2D image-based method 

This section deals with the concrete 2D image based calculation method. Computing 

environments were constructed by MATLAB 2014b. Figure 3-3.3-1 shows the overview of light 

propagation calculation. A 3D object’s data was sampled to a few two-dimensional images. To 

obtain a hologram of the object at a place, a complex light field was needed at the place. Light 

field propagation can be separated by propagation distances; light propagation between each 

sampled plane, and light propagation from top of the object to hologram plane.  

Object data was prepared as point cloud data, and was sampled as two-dimensional 

planes. Each sampled plane included point light sources between itself and the next plane, as 

shown in Fig. 3.3.3-2. The distance between each plane was chosen as an arbitrary length z1; it 

defined the resolution of reconstruction images in depth direction. The resolution of these 

planes should be same as the display resolution of the holographic display. Similarly, pixel pitch 

of these planes could be also fixed. 

Transfer function depends on the propagation distance z in equation 3.3.1-10. On the 

other hand, it is independent of the absolute coordinates of z axis and object light field. In 

addition, λ, fX, and fY were defined by the optical system in calculations, included hologram 

resolution and the pixel pitch. Therefore, a transfer function H can be used to calculate light 

propagation with the same distance z. To reduce calculation time, this section used two transfer 

functions—H1 provides phase delay with propagation between each sampled plane (propagation 

distance is z1 in Fig 3.3.3-1), H2 provides phase delay with propagation from the last sampled 

plane to hologram plane (propagation distance is z2 in Fig. 3.3.3-1). 

 

 

 

 Fig. 3.3.3-1 Overview of light propagation calculation.  
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 For light propagation between each sampled plane, transfer function H1 and equation 

(3.3.1-9) were used. In this calculation, the first sampled plane was substituted with the complex 

light field U(x, y; 0) in equation (3.3.1-9), and was transformed to frequency plane by FFT. 

Propagation calculation is the same as in section 3.3.2. After the propagation, the next sampled 

plane on the coordinates z = z1 was added to propagated light field U(x, y; z1), and light 

propagation from z = z1 to z = 2z1 was computed. By repeating these processes, a complex light 

field at the last sampled plane was obtained, in which light fields from all point sources were 

included. Finally, object light field at z = z2 could be obtained by equation (3.3.1-9), and was a 

hologram of the sampled 3D object. Calculated holograms were treated as binary or 24 bit 

bitmap film for visualizing on DMD. 

  

 

 

 

 

 

(a) (b) 

 Fig. 3.3.3-2 Schematic image of sampled 2D images; circle and 

square positioned between sampled plane 1 and plane 2 were 

treated as a light source on plane 1. 
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3.3.4 Calculation process of occlusions 

 Occlusion is a phenomenon in which light from an object is blocked by other objects 

placed on the optical path. It is an important cue for recognizing object depth. However, 

occlusion is often ignored in basic research for holographic display [19], and the reconstruction 

images become “see through” objects, such as the cube in this paper. 

 To add occlusions for our CGHs, the polygon by polygon method was used in the 

2D-image based method [20]. The basic concept is shown in Fig.3.3.4-1. We assumed two 

planes in Fig. 3.3.4-1. Scattered light from reconstruction image 1 achieved reconstruction 

image 2 with the light propagation calculation described in section 3.3.2. To calculate 

holograms of these planes, light distribution of reconstruction image 2 was added to the 

propagated light field from reconstruction image 1. Then, a part of the propagated light field 

from reconstruction image 1, which was overlapped with reconstructed image 2, was deleted. 

This is equivalent to propagated light being blocked by reconstruction image 2. This is the 

simplified overview of the calculation process of occlusions. 

In the above case, the deleted area was the shape of reconstruction image 2. To apply 

to 3D objects, the shape of the deleted area should be set to be the same as the silhouette of the 

3D object. Figure 3.3.4-2 shows the schematic image of calculation method of occlusions. 

Complex light at i
th
 layer Li can be written as  

 

𝐿𝑖(𝑥, 𝑦, 𝑧𝑖) = 𝐼𝑖(𝑥, 𝑦, 𝑧𝑖) + 𝑈𝑖−1(𝑥, 𝑦, 𝑧𝑖)𝑇𝑖(𝑥, 𝑦, 𝑧𝑖) (3.3.4-1) 

 

𝑇𝑖(𝑥, 𝑦, 𝑧𝑖) = {
1
0

    
𝑎 > 0
𝑎 = 0

  (3.3.4-2) 

 

𝑎 = ∑ 𝐼𝑗(𝑥, 𝑦, 𝑧𝑗)
𝑁
𝑗=𝑖 .  (3.3.4-2) 

 

Where 𝐼𝑖(𝑥, 𝑦, 𝑧𝑖) is point light sources at the i
th

 sampled plane, 𝑈𝑖−1(𝑥, 𝑦, 𝑧𝑖) is light field 

propagated from i-1
th 

sampled plane, N is the number of sampled planes, and 𝑇𝑖(𝑥, 𝑦, 𝑧𝑖) is a 

transmittance function with object silhouette. 
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 Fig. 3.3.4-1 Schematic image of considering occlusion.  

 

 

 

 

 Fig. 3.3.4-2 Overview of occlusion calculation.  
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3.4 Hologram optimization with simulated annealing 

 Binarization errors are a hindrance in producing magnetic holograms. Magnetic 

holograms are represented as directions of magnetization, in which a magnetic pixel has only 

two states, up or down. These holograms called “binary holograms”. Binary holograms can be 

displayed on binary spatial light modulators (SLMs) such as digital micromirror device (DMD), 

therefore they are used in applications like high speed optical addressing holographic displays 

[21]. On the other hand, it is known that reconstruction images of CGHs include error caused 

from quantization of fringes [22]. In the case of binary holograms, the quantization error, known 

as “binarization error”, is the largest.  

Binarization error can be erased or suppressed by the calculation method of holograms 

and by the binarization process to convert from a non-quantization fringe [23], [24]. For this, 

pixel positions of the magnetic hologram that are not fixed mechanically were focused on. 

Controlling pixel position is expected to reduce error in the reconstruction image, like Lohman’s 

binary hologram [25]. However, holograms for holographic 3D displays are handled as 2D 

images or 2D matrix. Therefore, this section investigates the hologram optimization method, 

which can control pixel positions on 2D image.  

 

3.4.1 Simulated annealing 

 Simulated annealing (SA) is used to optimize hologram patterns [26], [27]. Normally 

annealing means a process in which the metal is heated to a high temperature. It is then slowly 

cooled to allow it to settle into its lowest energy state. SA uses the same approach. In analogy to 

the natural process, the distance function here is the energy function, a non-negative energy that 

is to be minimized. The energy depends on a set of parameters and then stochastically perturbs 

the variable set by a large amount at high temperature and by lower amounts at lower 

temperatures. If the perturbed variables increase the energy, the perturbation is either accepted 

or not accepted depending a stochastically determined probability distribution function 

governed by the temperature. At a high temperature, the probability of accepting an 

energy-increasing perturbation is high, and it decreases with the lowering of the temperature. 

The temperature is slowly decreased until a steady-state minimum is achieved. This is a 

simplified overview of SA [27]. 

To optimize the holographic reconstruction image, the random parameter used is the 

hologram pattern, and the energy function is the difference between calculated reconstruction 

image and desired image [26]. Figure 3.4.1-1 shows the basic calculation flow of simulated 

annealing. The process of simulated annealing can be explained as follows. At first, random 

binary phase hologram phase0(x,y) is prepared. In step 1, a pixel of random hologram is changed 

to another state. In step 2, reconstruction image of the hologram is calculated and compared to  
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(a) 

 

 

 

(b) 

 Fig. 3.4.1-1 Calculation flow of basic simulated annealing.  
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the desired pattern. The simulated reconstructed image is calculated by equation 3.3.1-9 and 

3.3.1-10 with FFT. Calculated light field Inew is a two-dimensional reconstruction image of the 

binary phase hologram phase1(𝑥, 𝑦) . Error Enew is calculated as the difference between 

calculated light field Inew and desired light field (desired image) Idesire. In step 3, error Enew is 

compared to the old best error Ebest. If the change in step1 is effective in reducing the error, the 

change is accepted. In the other case, the change in step1 is rejected per equation 

𝑃 = exp
(𝐸𝑏𝑒𝑠𝑡−𝐸𝑛𝑒𝑤)

𝑇
.  (3.4.1.-1) 

Where P is probability of acceptance and T is a parameter that has the same meaning as 

temperature in the natural process of annealing. When T is high temperature or Enew is larger 

than Ebest, but the difference small, the change in step 1 would be accepted with high probability. 

After these steps the next pixel would be changed and repeated under simulated annealing. In 

the SA process, acceptance probability P can prevent the error from converging to local 

minimum. 

 

3.4.2 Parameters of simulated annealing 

 In this paper, pixel position was added as a parameter of SA. In the magneto-optic 

holographic three-dimensional display, control resolution of magnetic pixel position could be 

finer than pixel pitch, e.g., minimum magnetic pixel size was approximately 1 μm. In contrast, 

pixel position can be controlled with nanometer order by piezo stage. Figure 3.4.2-1 (a) shows 

the approach method of SA with pixel position control. In Fig.3.4.2-1, a size of minimum 

magnetic pixel is the same as 4 × 4 smaller pixels, and a smaller pixel means increased pixel 

position resolution. For the conventional SA method for generating a hologram, phases or 

intensity of pixel are used as parameters to change the initial hologram. In the case of a 

magnetic hologram, there are only two phases available as pixel states, which arise out of the 

directions of magnetization (Fig.3.4.2-2 (b)). The new method uses phase distribution in a cell 

instead of pixel phase. A cell was constructed out of 32 small pixels (the same area as two 

magnetic pixels), which implies control resolution of magnetic pixels; it had 16 states of phase 

distribution available when considering superposition (Fig. 3.4.2-2). The new SA methods could 

treat pixel size and pixel position the same way as the conventional method of SA, i.e., the SA 

algorithm chooses a state from within Fig. 3.4.2-2 at random, instead of changing the phase of 

pixels. The merit of this method was that we can handle pixel position controlled images as 

same as high resolution holograms. 
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(a) Parameter of SA with pixel position (b) Conventional parameter of SA 

 Fig. 3.4.2-1 SA approach for magneto-optic spatial light modulator 

(MOSLM). 

 

 

 

 

 Fig. 3.4.2-2 Available states of a cell. Phase difference between 

yellow and blue pixel is 180° and yellow region means recorded 

magnetic pixels. 
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3.4.3 Comparison of error value 
 In proof of principle calculations, the magnetic pixel size d was 5.44 μm and 

the minimum position resolution was 1.36 μm. The temperature parameter was 

changed 30 times, and calculations were repeated 4 times at each temperature to 

converge the error value in one temperature. The other calculation parameters are 

shown in table 3.4.3-1. Figure 3.4.3-1 shows the initial setup of SA with pixel 

position control. The desired pattern used 2D binary pattern (Fig. 3.4.3-1 (a)), and 

light distribution Idesire was provided by multiplying exp(-jπ) to bright pixel. Each 

pixel of the initial random hologram (Fig 3.4.3-1 (b)) were represented as Aexp(-jπ) 

or Aexp(-jπ), then A was adjusted to that both images got the same total light 

intensity. SA with pixel position control was computed with the above conditions, 

with 16 states from within Fig 3.4.2-2. To compare error value, conventional SA 

with the minimum unit of area of changing pixel as 4 × 4 pixels was computed under 

the same conditions.  

Table 3.4.3-1 Calculation parameters. 

Calculation area resolution 1536 × 1536 pixels 

Minimum stage resolution 1.36 μm, 1 × 1 pixel 

Minimum magnetic pixel size 5.44 × 5.44 μm, 4 × 4 pixels 

Propagation distance 6 mm 

Light wavelength  532 nm 

Temperature change 30 times 

Iteration in each temp. 4 times 

 

  

(a) Desired pattern (b) Random binary hologram 

 Fig. 3.4.3-1 Initial setup of simulated annealing.  
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 Figure 3.4.3-2 shows error value Ebest with changing temperature. The error vales of pixel 

position fixed SA converged faster than those of pixel position controlled SA. A reason for this result 

was the number of available combinations of holograms, which depends on the pixel resolution of 

the hologram. For the same reason, converged error value of the pixel position controlled SA was 

smaller than that of the conventional method. These results suggested that if a cell size within 

Fig.3.4.2-2 was enlarged, calculation result would reduce the error. 

 

 Fig. 3.4.3-2 Error value with changing temperature parameters.  

 

  

(a) with pixel position control (b) with pixel position fix 

 Fig. 3.4.3-3 Converged fringe pattern of both SA methods at 

temperature = 30. 
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(a-1) At temperature = 5 (b-1) At temperature = 5 

  

(a-2) At temperature = 11 (b-2) At temperature = 11 

  

(a-3) At temperature = 30 (b-3) At temperature = 30 

 Fig. 3.4.3-4 Simulated reconstructed images of both SA methods, 

(a-1)~(a-3) were calculated by SA with pixel position control, 

(b-1)~(b-3) were by conventional SA. 
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3.5 Summary 

 Chapter 3 discusses calculation methods of computer generated holograms for 

magnetic holograms. The purpose of this chapter is improvement of reconstructed images by 

calculation method of CGHs. Calculation of object light propagation is especially important for 

increasing reconstructed image quality.  

To calculate a complex object and its surface, the two-dimensional image based 

method was adopted. This method was suitable for generating a complicated hologram 

composed of many point light sources. Computing environments were constructed by 

MATLAB 2014b. In this method, 3D object data is sampled to some two-dimensional images, 

and light propagations from each plane to hologram plane are calculated. In addition, this 

method was found suitable for additional calculation of hologram such as occlusions. To add the 

occlusions to the CGHs, the polygon by polygon method was used.  

In the next step, the reduction method of binarization error considering pixel position 

control was proposed. Holograms on magneto-optic holographic three-dimensional display were 

binary holograms, which were represented by perpendicular magnetization directions. The usual 

reconstructed images with binary holograms included binarization errors. Therefore, the study 

focused on ensuring that pixel position of magnetic hologram was not fixed mechanically. To 

reduce binarization errors, the pixel positions of computer generated holograms were considered 

using the simulated annealing (SA) method.  

In the magneto-optic holographic three-dimensional display, control resolution of 

magnetic pixel position could be finer than pixel pitch. For example, the minimum magnetic 

pixel size was approximately 1 μm; in contrast, pixel position could be controlled at the 

nanometer order by piezo stage. For conventional SA method of generating a hologram, phases 

or intensity of pixels are used as parameters for changing the initial hologram. In the case of 

magnetic holograms, the available states of pixels were only in two phases, which were 

produced by the directions of magnetization. In contrast, the new method used pixel position 

distribution in a cell, and the cell was used instead of pixel phase. A cell was constructed by 32 

small pixels (the same area as two magnetic pixels) which means control resolution of magnetic 

pixel, and had 16 available states of phase distribution when considering superposition. The SA 

could treat pixel positions of magnetic hologram as a calculation parameter, and error value 

included in simulated reconstruction images were reduced. 
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4. Optical systems for holographic video 

4.1 Introduction 

 This chapter discusses the construction of optical systems to represent holographic 

video using magnetic media. As discussed in chapter 2, magnetic holograms require a higher 

recording density compared to other light addressed spatial light modulators (SLMs) and other 

hologram media [1]–[6]. Therefore, an optical system was required for magneto-optic 

holographic three-dimensional display to obtain the energy density of recording light suitable 

for magnetic hologram recording. In the tiling optical system, a demagnification optical imaging 

system using objective lenses was used to decrease the magnetic pixel size, and to increase laser 

light energy density of recording light at the same time [7]. However, this method led to an 

increase in the scanning distance and an enlargement of the optical system using the imaging 

optical system. 

 This chapter deals with two optical systems as proof of principle of a magneto-optic 

holographic three-dimensional display. To demonstrate continuous recording and erasure of 

magnetic holograms, a demonstration optical system was constructed using an amorphous 

terbium iron film (a-TbFe) film and thermal assist. The a-TbFe film can record magnetic 

holograms with low recording light energy density, and thermal assist is a popular method for 

thermomagnetic recording to reduce recording energy. Holograms recorded on the a-TbFe film 

were erased by an external magnetic field, and the a-TbFe film was magnetized by the applied 

field again for recording more holograms. Coming up is an investigation of an optical system 

that can reduce the scanning distance to record the entire hologram and enable fast hologram 

recording using micro lens array.  

 Section 4.1 discusses the constitution of a holographic video system. Section 4.2 deals 

with the optical system to demonstrate continuously recording and erasure of magnetic 

holograms. Section 4.3 describes the optical system for new recording method with micro lens 

array.  
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4.2 Rewriting of magnetic holograms 

4.2.1 Optical system for continuously recording and erasing magnetic 

holograms 

 To demonstrate holographic video using magnetic hologram media, an optical system 

was constructed for continuously recording and erasing magnetic holograms. Figure 4.2.1-1 

shows the schematic image of the demonstration optical system. This optical system included a 

recording system, an erasure system, and a reconstruction system. The scanning system and 

demagnification of pixel size were not adopted.  

Laser light generated by a Nd:YAG pulsed laser for recording was reshaped by lenses 

placed before a polarized beam splitter (PBS), and light power was adjusted by a half 

wavelength plate (HWP) and the PBS. Angle of light incident on the digital micro mirror device 

(DMD) was tilted after considering the micro mirror angle on the DMD, and reflected light axis 

was normal against the DMD plane. The DMD modulated the pulsed laser light to the hologram 

pattern. Modulated light patterns were transferred to magnetic media by two 4f-optical-systems 

without demagnification to obtain screen size. Then, high order diffracted light rays generated 

by DMD pixel structure were blocked by an iris. Reconstruction illumination light source used a 

CW laser with a wavelength of 637 nm. Optical axes of both lights were synthesized by 

dielectric mirror (DM). The color filter prevented recording light from reaching the observer. 

Another HWP on the optical axis of the illumination reconstruction light was adjusted to 

increase reflected light by the DM. 

 

4.2.2 Magneto-optical properties of a-TbFe film with thermal assist 

A a-TbFe film (substrate/SiN (20 nm)/a-TbFe (50 nm)/SiN (50 nm)) was used as 

holographic media to demonstrate continuous recording and erasure of magnetic holograms. 

The optical imaging system used a 4f optical system without demagnification. Recording energy 

density was not enough to record the hologram on the BiDyYFeAlG because the optical 

imaging system could not increase the recording light energy density by condensing light. The 

other issue was that the coercivity of a-TbFe was approximately 1 kOe, which was difficult to 

control by external magnetic field with video framerate. This section discusses thermal assist of 

thermomagnetic recording to solve this problem. 

A ceramic heater was used to control the a-TbFe film’s temperature (Fig. 4.2.2-1). The 

ceramic heater was attached to the opposite side of the magnetic layer, with the substrate and 

copper plate in between. Copper plates had a window for incident reconstruction illumination 

light, to reconstruct magnetic hologram in transparent mode. The a-TbFe film inside the 

window was heated by heat transfer from the copper plate.  
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Thermal assist can reduce the recording energy density of thermomagnetic recording 

by reduction of required heating temperature. The coercivity of the magnetic film also decreases 

as it approaches the Curie temperature; the Faraday rotation angle of the magnetic films also 

reduces. To evaluate these reductions, magneto-optic (MO) loops of the a-TbFe were measured 

against various temperatures using the rotating analyzer method. The Kerr mode of 

measurement was chosen for obtaining the necessary transmitted light power. Figure 4.2.2-2 

shows representative measurement results of MO Kerr loop for the a-TbFe film. These results 

were measured inside the window. At T = 30 °C, the MO Kerr loop of the a-TbFe film 

maintained a good squareness ratio. The remanent Kerr rotation angle was reduced when 

increasing the heater temperature. Coercivity, which is defined as a magnetic field crossed to 

Kerr rotation angle zero, was also reduced. 

Temperature dependence of the coercivity and remanent Kerr rotation angle is shown 

in Fig. 4.2.2-3. The coercivity of a a-TbFe film was decreased by increasing heater temperature. 

At a heater temperature of 90 °C, coercivity was approximately 70 Oe, or 7 % of the coercivity 

at room temperature. On the other hand, the remanent Kerr rotation angle at 90 °C was 

approximately 50 % of rotation angle at the room temperature.  

 

 

              

 Fig. 4.2.2-1 a-TbFe film with ceramic heater  

 

  



79 

 

 

 

 

 Fig. 4.2.2-2 Representative measurement results of MO Kerr loop; 

T is the heater temperature. 

 

 

 

 

 

 Fig. 4.2.2-3 Temperature dependence of remanent Kerr rotation 

angle and coercivity. 
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4.2.3 Continuously recording and erasure of magnetic hologram 

(a) Confirming of thermomagnetic recording 

 Recording area and resolution of thermomagnetic recording with thermal assist were 

examined by using two test patterns. The first pattern, shown in Fig. 4.2.3-1, was used to 

measure recorded area with changing assist temperatures. A white or black block square was 8 

× 8 pixels, the pixel size was 13.8 μm, and the image size was 6 × 6 mm
2
. The test pattern was 

recorded by the optical system shown in Fig 4.2.1-1. Recorded areas were measured against 

each heater temperature by using the number of squares and plotted in Fig. 4.2.3-2. Recorded 

area was increased by raising heater temperature. This area increase caused laser power 

distribution. At over 100 °C, magnetic pattern was not recorded because coercivity and 

remanent magnetization to keep magnetic information were very small. The largest recorded 

area was approximately 90 % of original image size, and square area was approximately 380 × 

380 pixels.To evaluate recording resolution, the second pattern was recorded on a a-TbFe film 

with a thermal assist temperature of 88 °C. Figure 4.2.3-3 shows the second test pattern and its 

recorded magnetic pattern. Magnetic pixel size was 13.6 μmm, which was the same size as the 

DMD. From these results, thermal assist condition was determined as the heater temperature 

being 90 °C. 

 

(b) Synchronization of recording and erasure 

 To erase the magnetic pattern, a magnetic field was applied using two coils. Figure 

4.2.3-4 shows the overview of the erasure system. The number of turns of each coil was 210. 

Magnetic flux densities against electric currents were measured in the middle, between two coils.  

Measurement results of applied magnetic flux densities are shown in Fig.4.2.3-5. The coil 

system could apply over 400 G with 6 A. According to Fig.4.2.2-2, the magnetic field was 

sufficient to magnetize the a-TbFe film heated 90 °C. 

To demonstrate a holographic video, synchronization of recording and erasure systems 

was necessary, and the timing of recording was determined by pulsed laser. The Nd:YAG laser, 

which generated recording light, generated the trigger signal synchronized to laser pulse output. 

The recording laser pulse (wavelength 532 nm, pulse width 10 ns, reputation frequency 10 Hz) 

was synchronized to the representation of DMD by the trigger signal. After recording, an 

external magnetic field (400 Oe) was applied to erase the magnetic hologram. Figure 4.2.3-6 

shows the timing chart of the demonstration system. The process of reconstruction of one frame 

has been described below. One magnetic hologram, which was recorded by pulsed laser, 

reconstructed 3D images until the magnetic field was being applied. After the recording, 

holograms on DMD would be changed to the next frame immediately. Reconstruction 

illumination light was always irradiated. The holographic video—a rotating wireframe 
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cube—was displayed using the optical system; the framerate was 10 fps, 13.6 μm/pixel, 367 × 

367 pixels (Fig.4.2.3-7).  

 

    

Fig. 4.2.3-1 Test pattern to confirm 

the recorded area. 

Fig. 4.2.3-2 Recorded areas against 

heater temperatures. 

 

 

 

 

(a) (b) 

 Fig. 4.2.3-3 Test pattern for thermomagnetic recording, (a) is the 

original image, and (b) is the center of the recorded area. Numbers 

means the number of pixels of short axis of lines. 
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 Fig. 4.2.3-4 Overview of erasure system.  

 

 

 
 

Fig. 4.2.3-5 Magnetic flux densities against 

electric current. 

Fig. 4.2.3-6 Timing chart of the demonstration 

system to reconstruct 10 fps holographic video. 
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(a) Reconstructed image (b) Erasure of magnetic hologram 

 Fig. 4.2.3-7 Demonstration of refresh and re-write of magnetic 

hologram. 

 

 

 

4.3 Optical system with micro lens array for holographic video 

 Section 4.2 discusses and demonstrates continuous recording and erasure of magnetic 

holograms. However, the viewing-angle of the reconstructed holographic video was narrow 

because the magnetic pixel size was the same as the pixel size of the DMD. To enlarge 

viewing-angle of reconstructed images, downsizing the magnetic pixels is important. In 

previous works, magnetic holograms were recorded via the tiling optical system. However, it 

took over 15 minutes to record a magnetic hologram. To solve this problem, a new optical 

system was proposed in this paper, which consists of a micro lens array instead of objective lens 

system in the tiling optical system.  

This section deals with the optical addressing method with micro lens array for 

recording wide-viewing-angle holograms. 

 

4.3.1 Recording algorithm  

 Figure 4.3.1-1 shows the recording principle of an optical system with micro lens 

array. Position of the micro lens array should be adjusted to obtain pixel matching to the DMD’s 

pixels. In this system, magnetic pixels were fabricated with the same number of micro lenses for 

one shot of pulsed laser; the distance of each pixel was dependent on lens pitch. Black pixels in 

Fig. 4.3.1-1 meant recorded pixels from one shot of pulsed laser. Recorded pixels could fill the 

whole area of the hologram with one axis scanning, according to the broken line. The recorded 

magnetic pattern area was almost the same area as the SLM used to record it. Tilting angle θ 

could be written as 

𝜃 = sin−1 𝑑mag

𝑑SLM
.  (4.3.1-1) 
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The number of recording pixels Npixel by a pair of a micro lens and an SLM pixel could be 

calculated by 

𝑁pixel = (
𝑑SLM

𝑑mag
)
2

,  (4.3.1-2) 

then, total scanning length could be represented as 

   𝐿 = 𝑁𝑝𝑖𝑥𝑒𝑙𝑑mag.  (4.3.1-3) 

According to these equations, the tilting angle to record magnetic hologram with 1 μm 

pixels by using DMD was 4.2°, the number of recording pixels by an SLM pixel was 196 times, 

and the total scanning length was approximately 196 μm. Table 4.3.1-1 shows a comparison of 

the scanning distance and the required scanning speed between tiling and the new recording 

method. These values represent the conditions for a holographic video with 10 × 10 mm
2
 screen 

and framerate 5 fps. The mechanical stage of the tiling optical system had to move a long 

distance for each recording of a part of the hologram. In contrast, the new method with micro 

lens array had to move the same distance as the magnetic pixel size for each recording, and 

could reduce the scanning distance that was required to record a DMD-sized hologram with fine 

pixels. That is the new method with micro lens array, which can record magnetic holograms 

more efficiently against scanning length. 

 

Table 4.3.1-1 Comparison of required speed and distance for mechanical stages. 

 Micro lens method Tiling optical system 

Display area 10 × 10 mm
2
 10 × 10 mm

2
 

Frame rate 5 fps 5 fps 

Moving distance per 1 frame 200 μm 120 mm 

Required driving speed 1 mm/s 600 mm/s 

 

 

 Fig. 4.3.1-1 Schematic image of recording optical system with 

micro lens array. Incident light for each SLM pixel was condensed 

to each focus point by micro lens array. 
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4.3.2 Overview of optical system 

 To demonstrate thermomagnetic recording of an optical system with micro lens array, 

an Nd:YAG pulsed laser (wavelength 532 nm, repetition rate 1.4 kHz, pulse width 25 ns) was 

used as the recording light source. The pulsed laser was expanded by two achromatic lenses, 

and was incident to the DMD. In this optical system, a 4f optical system was used to transfer 

modulated light distribution on the DMD to micro lens array. The 4f optical system was used to 

make the optical path for incident light to the DMD. If a transparent type of SLM was used, the 

micro lens array could be placed on top of the SLM. For using a micro lens array, pixel 

matching to micro lens array and DMD was important to record accurate patterns. The pixel 

matching between DMD and micro lens array was aligned by checking the transparent light 

distribution after the micro lens array. For alignment, a latticed pattern that can easily recognize 

a mismatch was used.  

 

 

 
Fig. 4.3.2-1 Schematic image of the optical system with micro lens 

array for holographic video. 
 

 

 

 
Fig. 4.3.2-2 Alignment pattern to match pixel position; the circular 

pattern is derived from micro lens. 
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Figure 4.3.2-2 shows the transparent light image captured by CCD camera. The 

position of the a-TbFe film was adjusted to the focal length of micro lens array by 

checking the reflected light from the film at the iris position. 

 

4.3.3 Recording of arbitrary image 

 As proof of principle, an arbitrary pattern was recorded on the a-TbFe film by the 

optical system via a micro lens array. The micro lens array had a lens pitch of 120 μm and 8 μm 

sized fabricated magnetic pixels. The micro lens array could record 85 × 85 magnetic pixels by 

a laser pulse. After recording by one shot laser pulse, the magnetic media was moved to the next 

position by x stage, and magnetic pixels were recorded by the same process. By repeating this 

process, an arbitrary pattern of central of recorded patterns was obtained. The total resolution of 

the recorded pattern was 1250 × 1250 pixels. Figure 4.3.3-1 (a) shows a part of the original 

pattern, and (b) shows the recorded pattern.  

Displacements of recorded patterns were caused by a mismatch between DMD pixel 

pitch and lens pitch of micro lens array. To recude the dispancemnts, distance between each 

black pixels in Fig. 4.3.1-1 should be an integral multiple of magnetic pixel size. In addition, the 

distance of black pixels should be constant in all regions. Although displacements existed, this 

result proved that an optical system with micro lens array could record arbitrary patterns on 

magnetic media. 

 

 

(a) A part of original image 

 

(b) Recorded pattern 

 Fig. 4.3.3-1 Optical addressing with micro lens array and an axis 

scanning. 
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4.3 Summary 

Chapter 4 discusses an optical system for holographic video system and demonstrates 

a holographic video on magnetic medium with narrow viewing angle. The holographic video 

system consisted of three elements—hologram recording system, hologram reconstruction 

system, and an erasure system of the magnetic hologram. Synchronization of recording, and 

construction of erasure systems was done to demonstrate holographic video, and timing of 

recording was determined by a pulsed laser. Recording laser pulse (wavelength 532 nm, pulse 

width 10 ns, reputation frequency 10 Hz) was synchronized to the representation of digital 

micro mirror device (DMD) by the trigger signal. After recording, external magnetic field (400 

Oe) was applied to erase the magnetic hologram. Then, to reduce recording energy and 

coercivity of magnetic media, the a-TbFe media was heated by ceramic heater. The recorded 

area on the a-TbFe film was increased by raising the heater temperature. This area increase 

caused laser power distribution. At over 100 °C, magnetic pattern was not recorded because 

coercivity and remanent magnetization to keep magnetic information were very small. The 

recorded square area was approximately 380 × 380 pixels. Then, magnetic pixel size was 13.6 

μmm, which was same size as the DMD. From these results, the thermal assist condition 

determined was that the heater temperature needs to be 90 °C. By using the optical system and 

the a-TbFe film the holographic video—a rotating wireframe cube—was displayed using the 

optical system; the framerate was 10 fps, 13.6 μm/pixel, 367 × 367 pixels. In addition, the new 

hologram recording system used a micro lens array matching the DMD pixels to reduce 

scanning length. 

In previous works, magnetic holograms with tiny pixels were recorded using a tiling 

optical system. However, it took over 15 minutes to record a magnetic hologram (in case of 10000 × 

10000 pixels). To solve this problem, a new optical system is proposed in this paper, which consists 

of a micro lens array instead of objective lens system in the tiling optical system. Position of the 

micro lens array should be adjusted to obtain pixel matching to the DMD’s pixels. In this system, 

magnetic pixels were fabricated using the same number of micro lenses for one shot of pulsed laser, 

then the distance of each pixel was determined depending on lens pitch. Fabricated pixels could fill 

the whole area of the hologram with axis scanning. This method could reduce the scanning distance 

that was required to record a DMD-sized hologram with fine pixels. 

 As proof of principle, a pattern was recorded on magnetic medium using the optical 

system of a micro lens array with lens pitch 120 μm and size of fabricated magnetic pixels 8 μm. 85 

× 85 pixels were fabricated by a laser pulse. The total resolution of recorded pattern was 1250 × 

1250 pixels. Although displacements existed, this result means that an optical system with micro lens 

array could record arbitrary patterns on magnetic media. 
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5. Representing method of color and gray 

holograms 

5.1 Introduction 

 Previous chapters developed the magneto-optic holographic three-dimensional 

display to represent holographic video with monochrome and monotone. However, to put 

it to practical use, colorization and multilevel gradations of reconstruction images need 

to be discussed. This chapter discusses the colorization and multilevel gradations 

representing methods of magnetic holograms. 

 To visualize a full color image, three primary color images should be synthesized 

either temporally or spatially. For a green color image, bismuth, dysprosium, and aluminum 

substituted yttrium iron garnet (BiDyYFeAlG) was used to increase diffraction efficiency, as 

described in chapter 2 [1]. However, it is difficult to obtain high diffraction efficiency in the 

entire visible light region with a single magnetic film. This is because magnetic garnet films 

such as BiDyYFeAlG have wavelength dependence and thickness dependence of 

magneto-optical properties [2], [3]. Therefore, this paper focuses on the optical space division 

method, which could use some independent spatial light modulators (SLMs) for each color [4]–

[6]. This study designs three different thickness films to reconstruct each color image, and 

reconstructs three-dimensional (3D) images with red, green, and blue (RGB) full color. Section 

5.2 is constructed in three parts to visualize full color images from magnetic holograms; media 

structure and their magneto-optical and optical properties, the optical system to visualize full 

color images, and representation of intermediate colors by synthesizing three primary single 

color images. 

 Multilevel gradation of reconstructed light intensity was also important for increasing 

holographic image quality [7]–[9]. The magneto-optic holographic three-dimensional display 

had binary pixels at initial state or recorded magnetization state. However, binary pixels could 

not reconstruct high quality 3D images because of quantization errors [9]. Apart from the 

optimization of the binary hologram discussed in chapter 3, the modulation of Faraday rotation 

angle of magnetic pixel by light energy density was investigated as a representation method of 

multilevel gradation. Section 5.3 investigated the relationship between recording light energy 

density and pixel depth, modulation of diffraction efficiency corresponding to Faraday rotation 

angle of recorded magnetic pixels, and reconstruction of 3D image with different levels of 

brightness from magnetic media. 
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5.2 Colorization of reconstructed image 

5.2.1 Wavelength dependence of brightness 

 This section enlarges the relationship between the brightness and diffraction efficiency 

already discussed in chapter 2 to include colorized magnetic hologram images. Equation 2.2.3-3 

was rewritten as follows in consideration of relative visibility. 

𝐵 =
683𝑉

2𝜋(1−
𝑐𝑜𝑠𝜃

2
)
𝑊.  (5.2.1-1) 

Where V is the relative visibility; human vision has clear wavelength dependence in the visible 

wavelength region, and the comparison of luminosity to the wavelength of light is expressed by 

the relative value when the maximum sensitivity is 1, that is, relative visibility [10]. Fig. 5.2.1-1 

shows the wavelength dependence of relative visibility. 

 Other important factors were wavelength dependences of magneto-optical and optical 

properties of BiDyYFeAlG film. Figure 5.2.1-2 shows calculated transmittance, Faraday 

rotation angle, and diffraction efficiency of the BiDyYFeAlG film (1 μm thickness) 

corresponding to the wavelength. Faraday rotation angle and transmittance were calculated by 

the matrix approach method [11], [12]. The brightness of the BiDyYFeAlG film was calculated 

by using the diffraction efficiency and equation 5.2.1-1, and the result is shown in Fig.5.2.1-3. 

 It was shown that sufficient brightness can be obtained in the green region. On the 

other hand, the transmittance decreased in the blue region, and the Faraday rotation decreased in 

the red region. Therefore, for colorization of holographic images, magnetic films need designed 

thickness for each color, and the optical space division method was adopted to colorize 

reconstructed images of magnetic holograms.  

 

 

 

Fig. 5.2.1-1 The wavelength dependence of relative visibility [10]. 
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 Fig. 5.2.1-2 The wavelength dependence of BiDyYFeAlG 

properties. 

 

 

 

 

 Fig. 5.2.1-3 Theoretical diffraction efficiency and brightness 

corresponding to wavelength. 
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5.2.2 Magnetic films for each color 

 As discussed in chapter 2, the magneto-optical and optical properties of BiDyYFeAlG 

films depend on their thickness. Therefore, the thickness of BiDyYFeAlG films were designed 

for each color. Figure 5.2.2-1 shows calculated diffraction efficiency versus thickness for each 

color. For green and red colors, BiDyYFeAlG thickness was limited by maximum depth of 

thermomagnetic recording [13]. These films obtained over 100 cd/m
2
 brightness when the 

reference light intensity is 25.2 mW/cm
2
. Unlike red and green, the thickness of BiDyYFeAlG 

film for blue color, which is low diffraction efficiency, was selected as maximal value of 

diffraction efficiency. Table 1 shows diffraction efficiency and thickness for each color. The 

diffraction efficiency was 0.19 × 10
−2

 % at 370 nm thickness for 450 nm wavelength, 2.81 × 

10
−2

 % at 1,200 nm thickness for 532 nm wavelength, and 3.12 × 10
−2

 % at 2,600 nm thickness 

for 633 nm wavelength. 

 

Table 5.2.2-1 Characteristics of BiDyYFeAlG films. 

Wavelength 
Calculation Experiment 

633 nm 532 nm 450 nm 633 nm 532 nm 450 nm 

Thickness (nm) 2600 1200 370 2600 1200 580 

Transmittance (%) 69.9 24.9 13.9 59.9 40.0 6.1 

Faraday rotation angle (deg.) 1.90 3.02 1.05 1.31 2.34 1.65 

Diffraction efficiency (×10−2 %) 3.12 2.81 0.19 1.25 2.70 0.21 

 

 

 

Fig. 5.2.2-1 Theoretical diffraction efficiencies corresponding to 

thickness of BiDyYFeAlG film for each color that is 450 nm, 532 

nm, and 633 nm wavelength. 
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These designed BiDyYFeAlG films were fabricated by radio frequency ion beam 

sputtering. Table 1 shows characteristics of BiDyYFeAlG films. The diffraction efficiency of 

blue and green colors was almost the same as the calculated values. BiDyYFeAlG film for red 

color is different from the calculated value because of composition deviation. 

 

5.2.3 Optical space division method 

 The optical space division method can reconstruct the full-colorized images by 

synthesizing reconstructed images of each color. This method uses some SLMs to show single 

color components of a full-colorized image [4]–[6]. In this study, three primary-colored 

reconstructed images were synthesized to represent magnetic holographic images with 

intermediate colors. 

 Fig.5.2.3-1 shows the optical system of optical space division method used to visualize 

color images. This optical system has three light sources for each color, spatial filter for 

correcting beam shape, beam expander for expansion of display area, three BiDyYFeAlG films 

to represent each color image, and polarizers to obtain linearly polarized light and decrease of 

intensity of 0
th
 order transmitted light, charge-coupled device (CCD) with standard RGB 

(sRGB) for getting 3D images. The illumination light sources were CW lasers whose maximum 

intensity was 1,120 μW at 450 nm, 160 μW at 532 nm, and 530 μW at 633 nm for 100 cd/m
2
. 

The polarizers with cross-Nicol configuration passed only diffracted light and cut no 

modulation 0
th

 order transmitted light for clear reconstruction images without 0
th

 order  

 

 

 Fig. 5.2.3-1 Schematic image of optical system of optical space 

division method. 
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transmitted light, because the polarization angle of reconstructed light from magnetic hologram 

was rotated 90 degrees from incident light due to the magneto-optic effect. 

 

5.2.4 Reconstruction of color image 

 To evaluate color modulation with the optical space division method, two 

single-colored images were synthesized to visualize intermediate colors. Figure 5.2.4-1 shows a 

model of the reconstructed image for each color. Each model contained a square with 2 mm 

sides. The distance between the magnetic hologram and the square was 20 mm. Hologram 

patterns of these models were obtained by half zone plate method for each color [14].  

This study confirmed that the display color can be controlled gradually by the intensity ratio of 

the illumination light; the two colors were synthesized with three patterns of R-G, G-B, and R-B. 

The illumination light intensity was modulated at 6 gradations per color in the range of R: 0 to 

500 μW, G: 0 to 250 μW, and B: 0 to 1200 μW. Reconstructed and synthesized images were 

captured with a CCD camera conforming to the sRGB standard. Captured images were plotted 

on Fig.5.2.4-2. Intermediate colors were represented by synthesizing two primary colors. When 

the illumination light intensity of one of the two synthesized colors was 0 μW, the colors of the 

synthesized image were changed depending on the illumination light intensity of the other light 

source, and the brightness was gradually changed. By synthesizing each single-color image with 

different brightness, it was confirmed that the display color is gradationally controlled by the 

ratio of the illumination light intensities. 

A white color image could be also represented by illumination light intensity 

modulations; ratio of light intensity of each reconstructed image was blue: green: red = 0.66: 

0.92: 1.00, where reconstructed light intensities were adjusted by varying the illumination light 

intensities. Fig.5.2.4-4 shows the gamut of reconstructed plate images. Primary colors of blue, 

 

 

 Fig. 5.2.4-2 Plate image model used to visualize intermediate 

colors by synthesizing reconstructed image with other colors. 
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green, and red were plotted on each peak point of triangle, intermediate colors of two 

colors were on line of triangle, and intermediate colors of three colors were in a triangle, as 

shown in Fig.5.3.4-4. The gamut of theoretical values were calculated by each illumination light 

wavelength. Measurement points were in sRGB triangle because the CCD for getting 

reconstructed images was based on sRGB. 

 

 

  

(a) (b) 

 

 

(c)  

 Fig. 5.2.4-3 Intermediate colors by modulation of illumination 

light intensity. 
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For demonstration of the colorized magnetic holograms, a 3D image with blue, green, 

and red colors was reconstructed as shown in Fig.5.2.4-5. The diameter of each sphere was 3.0 

mm. The distance between each sphere and the BiDyYFeAlG film was 20 mm. Image 

resolution of hologram pattern was 8180 × 5696 pixels in 11.1 × 7.7 mm
2
 for 450 nm, 8080 × 

8277 pixels in 11.0 × 11.3 mm
2
 for 532 nm, and 9560 × 6099 pixels in 13.0 × 8.3 mm

2
 for 633 

nm. These differences in image resolution were caused because the diameters of Fresnel zone 

plate depended on the wavelength of light. Illumination light intensities were 441 μW at blue, 

32 μW at green, and 216 μW at red. 

 

 

 

 

 Fig. 5.2.4-4 Color gamut 

mapping of synthesized images. 

  Fig. 5.2.4-5 3D spheres with 

RGB color. 
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5.3 Representation of gray level hologram 

5.3.1 Faraday rotation angle modulation 

As discussed in chapter 2, the diffraction efficiency of a transmission-type magnetic 

hologram depends on the Faraday rotation angle of each pixel and transmittance of the magnetic 

film. The reason that the magnetic hologram is a binary hologram, is that the rotation angle of 

each pixel has only two values corresponding to an incident recording light, or not. Generally, 

the Faraday rotation angle depends on the following equation 

   𝜃F = 𝐹
𝑀

𝑀s
𝑙.  (5.3.1-1) 

Where F is the Faraday rotation coefficient that depends on the magnetic material, M is 

magnetization in light path direction, Ms is saturated magnetization, and l is light path 

length in magnetic media. Faraday rotation F, saturated magnetization Ms, and light 

path length l are fixed in fabrication condition of magnetic media. This paper focused on 

controlling magnetization M by controlling recording light energy density. For 

controlling magnetization M, the pixel depth that was the deepest position in an area 

with more than Curie temperature in thermal magnetic recording, was controlled. 

The relationship of the magnetic pixel depth and recording light energy density was 

calculated with finite element simulation (COMSOL multi physics 4.3.a). Figure 5.3.1-1 shows 

the simulation model. The magnetic material was BiDyYFeAlG with perpendicular 

magnetization. Thickness of BiDyYFeAlG was 1.2 μm. Recording pixel pattern was magnetic 

lattice pattern, width of recording light was 1.36 μm, pitch of the light was 1.36 μm. The 

resolution of the magnetic pixel is same as the tiling optical system [15]. Depth of recorded 

magnetic pixel was defined as the region heated over the Curie temperature. Materials 

properties used for the simulation were shown in table 5.3.1-1. 

Figure 5.3.1-2 shows a calculated relationship between recording light energy density 

and pixel depth. The pixel depth changed continuously when the recording light energy density 

increased. When recording, the light-energy density was from 35 mJ/cm
2
 to 120 mJ/cm

2
, the 

pixel depth was from 0 μm to 1.18 μm. As a result, the magneto-optic holographic 

three-dimensional display could represent multi-level pixels by controlling recording light 

energy density. 

 

 

 

 

 

 



98 

 

Table 5.3.1-1 Thermal and optical properties for recording depth simulation 

Material  
Heat conductivity 

[W/m-K] 

Specific heat 

capacity [J/kg-K] 
Refractive Index n 

Extinction 

Coefficient κ 

Air 0.033 1007 1.00 0 

BiDyYFeAlG 7.00 570 2.09 0.034 

SGGG 7.05 381 2.07 0 

 

 

 

 Fig. 5.3.1-1 Simulation model of thermomagnetic recording.  

 

 

 

 Fig. 5.3.1-2 Calculated pixel depth versus recording light energy 

density of thermomagnetic recording. 
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5.3.2 Evaluation of Faraday rotation angle 

For evaluation of multi-level pixels in experiments, the BiDyYFeAlG film was 

fabricated by ion beam sputtering on substituted gadolinium gallium garnet substrate (SGGG 

sub.). The sputtering target was Bi1.5Dy1.0Y1.0Fe3.8Al1.2Ox. The BiDyYFeAlG film had good 

perpendicular magnetization, a large Faraday rotation, and high transmissivity in the visible 

wavelength. The BiDyYFeAlG film was annealed at 750 °C in atmosphere. The thickness of the 

BiDyYFeAlG film was 2.8 μm. The BiDyYFeAlG was thicker than the calculation model as a 

proof of principle. Faraday rotation angle and transmittance were approximately 8° and 20 %, 

respectively, at 532 nm wavelength.  

 

 

 

 Fig. 5.3.2-1 A simple magnetic grating with every recording light 

energy density. The grating was recorded via a tiling optical 

system. 

 

 

 

 Fig. 5.3.2-2 Schematic image of optical system to measure the 

Faraday rotation angle distributions by rotating polarizer method. 
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To evaluate diffraction efficiency, the BiDyYFeAlG film recorded a magnetic grating 

pattern with changing recording light energy density as shown in Fig.5.3.2-1. A magnetic pixel 

array acted as magnetic grating pattern with an area of 5 × 5 mm
2
, a line of grating was 1.36 μm 

× 5 mm, and the stripe pitch was 1.36 μm. The recording light was pulsed laser with 532 nm 

wavelength, 10 ns pulse width, and light energy density from 60 to 120 mJ/cm
2
. To measure the 

Faraday rotation angle distribution on the BiDyYFeAlG film, a measurement system combining 

rotating analyzer method and polarization microscope was used as shown in Fig. 5.3.2-2. 

Figure 5.3.2-3 shows the measurement results of Faraday rotation angle distribution on 

the BiDyYFeAlG film with magnetic grating. The yellow region was not illuminated by 

recording light, and the Faraday rotation angle of the red region was changed with increasing 

recording energy density. Figure 5.3.2-4 shows the averaged Faraday rotation angle of peak 

value in each line corresponding to the recorded and non-recorded areas. Faraday rotation angle 

of the recorded area was represented as θdown, and Faraday rotation angle of non-illuminated 

area was represented as θup. θdown was changed continuously and θup was maintained when 

the recording light energy increased. The minimum θdown was 0°, because the areas, which were 

hotter than the Curie temperature, were thermally demagnetized. For each magnetic grating on 

the BiDyYFeAlG film, diffraction efficiency was measured. These results are shown in Fig. 

5.3.2-5. When the recording light energy density was between 60 mJ/cm
2
 and 120 mJ/cm

2
, the 

diffraction efficiency changed continuously from 0.4 × 10
−2 

% to 3 × 10
−2 

%. In addition, 

theoretical diffraction efficiency, which was calculated by using the follow equations, was also 

plotted in Fig. 5.3.2-5.  

𝜂 =
4

𝜋2 𝑇 sin2 𝛥𝜃𝐹  (5.3.2-1) 

𝛥𝜃F =
𝜃up−𝜃down

2
  (5.3.2-2) 

Where η is diffraction efficiency, T is transmittance of the magnetic film, and 𝛥𝜃F is effective 

Faraday rotation angle of magnetic gratings. Both results showed good agreement with each 

other, meaning that the diffraction efficiency of magnetic hologram could be controlled by 

changing the Faraday rotation angle of the magnetic pixels. 
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 Fig. 5.3.2-3 Distribution of Faraday rotation angle of magnetic 

grating on the BiDyYFeAlG film. The yellow area did not get 

incident recording light. 

 

 

 Fig. 5.3.2-4 Faraday rotation angle versus recording light energy 

density. θup was initial Faraday rotation on the area that was not 

illuminated with recording light. θdown was controlled by Faraday 

rotation on the area that was illuminated with recording light. 
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 Fig.5.3.2-5 Relationship between diffraction efficiency and 

recording light energy density. White plots mean measured 

diffraction efficiency and black plots mean diffraction efficiency 

that was calculated with measurement results of Fig. 5.3.2-4. 

 

 

5.3.3 Reconstruction of magnetic hologram with multilevel brightness 

 Finally, a multi-level brightness 3D image using multi-level pixels was demonstrated. 

The hologram was generated by computer generated half zone plate method [14], [16]. Figure 

5.3.3-1 shows the 3D model of the generated hologram and the optical set up for reconstruction.  

The 3D model was the image of a wire-framed cube. The size of a pixel was 1.36 × 1.36 μm
2
. 

The total number of magnetic pixels was 10000 × 10000. A generated hologram was converted 

into a binary hologram as θup or θdown. The hologram was recorded on BiDyYFeAlG film by the 

tiling optical system. For reconstructing 3D image with each-level brightness, the light energy 

density for recording magnetic pixels was changed to 60 mJ/cm
2
, 90 mJ/cm

2
, and 120 mJ/cm

2
. 

Illumination light source was continuous wave laser with 532 nm wavelength, and illuminated 

light was incident on all holograms with 8.6 mW/cm
2
. Figure 5.3.3-2 shows the reconstructed 

3D images. The viewing angle of reconstruction image was 23°. The magneto-optic holographic 

three-dimensional display could represent three-level brightness 3D images using a 

BiDyYFeAlG film.  
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 Fig. 5.3.3-1 Models of 3D images with multi-level pixels.  

 

                

           (a)                        (b)                        (c) 

. 

Fig. 5.3.3-2 Reconstructed 3D images with different levels of 

brightness, which were recorded on a BiDyYFeAlG film. (a) was 

120 mJ/cm
2
, (b) was 90 mJ/cm

2
, and (c) was 60 mJ/cm

2
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5.4 Summary 

Chapter 5 discussed methods for improving image quality. In previous chapters, the 

magneto-optic holographic three-dimensional display was developed to represent holographic 

video with monochrome and monotone. However, to put it into practical use, colorization and 

multilevel gradations of reconstruction images were discussed.  

As proof of principle for colorization, the optical space division method was adopted. 

The magnetic material of the media (BiDyAl:YIG) has wavelength dependence on 

transmittance and Faraday rotation angle. Therefore, the film thicknesses for reconstructing 

each color image were designed to obtain high diffraction efficiency. Each primary color 

hologram was recorded on thickness-designed films. By synthesizing each single-color image 

with different levels of brightness, it was confirmed that the display color is gradationally 

controlled by the ratio of the illumination light intensities, and the synthesized reconstructed 

image covered the standard RGB color region, including white. A white color image could also 

be represented by illumination light intensity modulations; ratio of light intensity of each 

reconstructed image was blue: green: red = 0.66: 0.92: 1.00, where reconstructed light 

intensities were adjusted by varying the illumination light intensities. 

The Faraday rotation angle depends on recording depth, which was controlled by 

recording laser power to demonstrate representation of gray level holograms. Faraday rotation 

angle of recorded area was represented as θdown, and Faraday rotation angle of 

non-illuminated area was represented as θup. θdown was changed continuously and θup was 

maintained when the recording light energy increased. The minimum θdown was 0° because the 

areas, which were hotter than Curie temperature, were thermally demagnetized. For each 

magnetic grating on the BiDyYFeAlG film, diffraction efficiency was measured. When the 

recording light energy density was between 60 mJ/cm
2
 and 120 mJ/cm

2
, the diffraction 

efficiency was changed continuously from 0.4 × 10
−2 

% to 3 × 10
−2 

%. In addition, the 

theoretical diffraction efficiency was calculated by using measured Faraday rotation angles. 

Both results showed good agreement, implying that the diffraction efficiency of magnetic 

hologram can be controlled by changing the Faraday rotation angle of the magnetic pixels. The 

result suggested that the recording power can control the diffraction efficiency, and the 

brightness of reconstructed images.  

Finally, the multi-level brightness 3D image was demonstrated using multi-level pixel. 

For reconstructing a 3D image with each-level brightness, the light energy density for recording 

magnetic pixels was changed to 60 mJ/cm
2
, 90 mJ/cm

2
, and 120 mJ/cm

2
. The magneto-optic 

holographic three-dimensional display could represent three-level brightness 3D images from a 

BiDyYFeAlG film. 
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6. Conclusion  

This thesis discussed the development of a magneto-optic holographic 

three-dimensional display using an artificial magnetic lattice. Holographic display is a 

three-dimensional (3D) display technique that can represent high-presence 3D images. For 

practical use, a high-speed display that can represent holograms with order-of-light wavelength 

is required. The magneto-optic holographic three-dimensional display is expected to solve this 

problem by using magnetic media, which has excellent recording speed and density. Using 

artificial magnetic lattice structures, a media with high brightness can be recorded using low 

energy; in addition, a reduction in magnetic hologram noise was realized. Calculation methods 

of computer generated holograms for a complex 3D object with many point-light sources, 

optical systems to represent holographic video with tiny magnetic pixels, and quality 

improvement of reconstructed images, were discussed.  

In chapter 1, the previous work of this project group in the development of 

magneto-optic holographic three-dimensional displays was discussed, in addition to providing 

some background. In addition, the merits of holography were also discussed. 

Chapter 2 discussed the improvement of light efficiency of magnetic media. To apply 

magnetic hologram for holographic display, light efficiencies of recording and reconstruction of 

holograms were regarded as a problem, and these efficiencies were dominated by the material of 

the media. In this thesis, light efficiencies were improved by using a magnetophotonic crystal 

(MPC) for recording and reconstruction. The diffraction efficiency of MPC was 2.1 × 10−
2 
%, 

and required illumination light to represent 100 cd/m
2
 brightness reduced from 24 mW/cm

2
 to 

10.8 mW/cm
2, 

compared to a case of amorphous terbium iron (a-TbFe) film. In addition, the 

MPC could reduce the light energy density for thermomagnetic recording by 59 % relative to a 

mono layer bismuth dysprosium aluminum substituted yttrium iron garnet (BiDyYFeAlG) film 

with similar diffraction efficiency. In addition, a multilayer structure, which comprised two 

different magnetic materials as magnetic hologram media showing high diffraction efficiency 

and low writing energy, was proposed. The a-TbFe/BiDyYFeAlG multilayer media showed 

high diffraction efficiency corresponding to BiDyYFeAlG and low recording energy density 

corresponding to a a-TbFe layer. 

Chapter 3 discussed the calculation methods of computer generated holograms for 

magnetic hologram. To calculate a complex object and its surface, the two-dimensional image 

based method was adopted. This method was suitable for generating a complicated hologram 

composed of many point-light sources, and for additional calculations of hologram such as 

occlusions. Holograms on magneto-optic holographic three-dimensional display were binary 

holograms, which were represented by perpendicular magnetization directions. Usual 
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reconstructed images with binary holograms included binarization errors. Therefore, this paper 

focused on the pixel position of magnetic hologram that was not mechanically fixed. To reduce 

binarization errors, pixel positions of computer generated hologram were considered via the 

simulated annealing (SA) method. The SA method could treat pixel positions of magnetic 

hologram as a calculation parameter, so that the error value included in simulated reconstruction 

images was reduced.  

Chapter 4 discussed the optical system for a holographic video system, and 

demonstrated a holographic video on magnetic medium with narrow viewing angle. The 

holographic video system consisted of three elements—a hologram recording system, a 

hologram reconstruction system, and an erasure system for the magnetic hologram. To 

demonstrate holographic video, synchronization of recording and erasure systems were 

constructed, and timing of recording was determined by pulsed laser. Recording laser pulse 

(wavelength 532 nm, pulse width 10 ns, reputation frequency 10 Hz) was synchronized to the 

representation of digital micro mirror device (DMD) by the trigger signal. After recording, an 

external magnetic field (400 Oe) was applied to erase the magnetic hologram. By using the 

optical system, a holographic video—a rotating wireframe cube—was displayed with the optical 

system: framerate was 10 fps, 13.6 μm/pixel, 367 × 367 pixels. In addition, the new hologram 

recording system used a micro lens array matching to DMD pixels to reduce scanning length.  

Chapter 5 discussed a method to improve image quality. In previous chapters, a 

magneto-optic holographic three-dimensional display was developed to represent holographic 

video with monochrome and monotone. However, to put it into practical use, colorization and 

multilevel gradations of reconstruction images are important. Two methods were proposed to 

control color or brightness of reconstructed images. As proof of principle for colorization, the 

optical space division method was adopted. The magnetic material of the media (BiDyAl:YIG) 

has wavelength dependence of transmittance and Faraday rotation angle. Therefore, the 

thicknesses of films required to reconstruct each color image were designed to obtain high 

diffraction efficiency. The synthesized reconstructed image covered standard RGB color region, 

including white. To demonstrate representation of gray level hologram, the Faraday rotation 

angle depends on recording depth, which could be controlled by recording laser power. The 

result suggested that the recording power can control the diffraction efficiency and brightness of 

reconstructed images.  

This thesis established all basic elemental technologies of magneto-optic holographic 

three-dimensional displays. By effectively combining these elemental technologies, 

magneto-optic holographic displays can show more realistic and natural 3D images. 
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