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Abstract 

A spin rotator has been developed for observing by spin-polarized scanning electron 

microscopy (spin SEM) magnetic domains with all three magnetization components of a 

sample surface. The spin rotator is placed between the sample and the spin detector in a 

spin SEM , and can rotate the polarization vector of secondary electrons by rc/2. Although 

the spin detector itself can detect only two independent polarization components , the 

rotation of polarization makes third-component detection possible. The conventional spin 

rotator , which is a well-known energy filter named a Wien Filter, has been much improved 

by enlarging the focusing area by using hyperbolic cylindrical pole pieces as a magnet and 

several auxiliary electrodes. As a result , all the secondary electrons emitted 仕om the area of 

a surface as large as 1 mm in diameter can pass the spin rotator with uniform spin rotation , 

and the distribution of all three magnetization components can be imaged successfully by 

spin SEM. 

By using the spin SEM in which the spin rotator is installed , we observed recorded 

marks of the magneto-optical recording medium TbFeCo f匀m. First we studied the laser 

power dependency of the shapes and sizes of the recorded marks on the TbFeCo film 

prepared on a land/ groove substrate. When a higher power was used , the land/ groove 

border acted as a barrier to the propagation of the magnetization reversal , which confirms 

the advantage of using a land/ groove substrate for high-density recording. Besides that we 

looked at the underlayer roughness dependency of the recorded marks. We found that the 
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magnetization reversal processes depend on the underlayer roughness , which is related to 

the irregularity of the mark shapes and the recording noise. 

Then we observed magnetic domains in the remanent magnetization state of obliquely 

evaporated recording media , Co-CoO films , by spin SEM. Inverse domains densely 

distributed in the media were found to have a closure-domain-like structure at the surface 

to reduce the magneto-static energy. The size of the inverse domains depends on the 

direction of the external magnetic fields that were applied when the remanent states were 

formed. Using these results , the relationship between the inverse domains and the carrierｭ

to-noise ratio for this kind of recording media is discussed. 
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1. Introduction 

The observation of magnetic domain structures with high spatial resolution is 

very important not only in such fundamental fields as the study of magnetic domain 

walls but also in industrial applications such as rnagnetic recording. Especially in the 

日eld of the magnetic recording , high resolution is now indispensable since bit length is 

going into the sub-micron region. It is essential to observe the recorded magnetization 

in detail and improve the recording characteristics in order to increase the density 

further. 

1n this respect , spin-polarized scanning electron microscope (spin SEM)L-.I is a 

very useful instrument for studying magnetic domain structures in high resolution. It 

was developed by KoikeLθt aJ. in 1984, and uses the phenomenon where the spin-

polarization vector of secondary electrons emitted 仕om ferromagnetic material is 

antiparallel to the magnetization vector at the originating point of the secondary 

electrons on the material , ;) as shown in Fig. l.l. Figure l.2 shows the structure of the 

spin SEM. The very 日ne probe electron beam 仕om the electron gun is injected into the 

surface of the ferromagnetic sample. Polarized secondarγelectrons are emitted from it , 

which retain the spin-polarization orientation characteristics of the local region of the 

sample , are sent to the spin detector and spin-analyzed. 

Figures l.3 and l.4 show the basic principle of the spin detector , which takes 

advantage of Mott scattering and is therefore called a Mott detector. When the high-

energy polarized electrons with up-and down-spin hit a Au atom target and are 
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Fig. 1. 1. The spin polarization of the secondary electron from the ferromagnetic materials ・
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Fig. 1. 2. The structure of the spin SEM. 
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scattered at a Au atom and detected by the electron detectors , DL and DR , which are 

symmetrically placed to the electron trajectories. 
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elastically scattered as Fig. 1.3 shows , these electrons run in the magnetic field 

because they rotate around the Au nuclei. The interactions of the electron spin with 

this field , so called spin-orbit interactions , are different between the electrons with up一

and down-spin. If we set two electron detectors , DL and DR , as shown in Fig. 1.4, DL 

detects the electrons with down-spin while DR detects the electrons with up-spin. 

Therefore , the number of electrons detected by these two electron detectors differ 

when the number of electrons with up-and down-spin among the injected electrons are 

different. Spin polarization 乃 along the direction normal to the 日gure plane can be 

defined using the number of the electrons with up--spin and down-spin，八( and 八f ，

N. - N  
- ー一

一-

Y N. +N 
-

、
、
，
，J

唱
』

i
y
i
i
 

〆
，
，
、
、

It is also defined using the number of the electrons detected by DL and DR , N and <<, 

_ 1 N_ -N , 
】ー-

Y S Nr+N[ 
(1.2) 

Here , 5 is a Sherman function which is determined only by the scattering condition (in 

the case of the general spin polarization detector , 5 ~ 0.3). In this way we can detect 

the spin polarization along the direction perpendicular to the figure plane by the two 

electron detectors. In the Mott scattering, the spin polarization components 

perpendicular to the electron trajectory , j弓 and Py, can be detected setting four 

electron detectors , while the component parallel to the electron trajectory，ぺ， cannot 

be detected because the spin-orbit interactions are zero. 

As mentioned above , the magnetization vector can be determined at the 

originating point of the secondary electrons on the material and one magnetic domain 

-6-
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image is obtained aft.er scanning the sample surface with the prove electron beam. This 

technique results in several excellent characteristics. Matsuyama θt aJ. developed the 

spin SEM with the spatial resolutionﾖ of 20 nm and it has been successfully applied to 

in-plane recording media with the recording density in the 50-140 kFCI range. 7 

Another advantage of spin SEM is that magnetization information independent of 

sample surface topography can be obtained. Thus , it is useful for investigating samples 

with uneven topographies such as a recording medium on an underlayer with surface 

roughness. Besides those capabilities the spin SEM can determine not only shapes of 

domains but also the magnetization direction and has been applied for mapping the 

distribution of the magnetization vector of Fe (00 1),8 polycrysta18 and amorphous9 

surfaces. 

However, the spin detector used in spin SEM can detect only two polarization 

components perpendicular to the electron trajectory , which is based on the principle of 

the spin detector as mentioned before. In the case of our spin SEM configuration the 

magnetization perpendicular to the sample surface has not been able to be detected. 

Therefore our spin SEM has not been used with recording material which has mainly a 

perpendicular magnetization component such as magneto-optical recording media and 

perpendicular magnetic recording media. These magnetic recording media have 

recently attracted a lot of attention for achieving ultra-high density recording. Spin 

SEM is also expected to play an important role in this field. 

The main purpose of this study is to improve our spin SEM for detecting all three 

magnetization components. We developed a spin rotator and set it between the sample 

-7-
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and the spin detector. The spin rotator rotates the spin polarization of the electrons 

from the undetectable direction to the detectable direction. By switching the spin 

rotator on and off, all the three magnetization components have become detectable in 

our spin SEM. Oesigning and building the spin rotator is explained in chapter 2. 

After installing the spin rotator to the spin SEM , it was used in the studies of two 

kinds of recording media. In chapter 3, the observation of the recorded marks on 

magneto-optical recording medium TbFeCo is explained. In chapter 4 the study of the 

remanent magnetization on the obliquely evaporated Co-CoO film which is studied as 

the material for the video tapes is explained. Chapter 5 brief1y summarizes the contents 

presented in the proceeding chapters. 

-8-
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2. Development of a Spin Rotator 

2.1 Introduction 

A spin detector used in spin SE�1 generally detects only two independent 

polarization-components normal to the trむ ectories of the electrons incident to the 

spin detector, as explained in the previous chapter. Therefore spin SE�1 with one spin 

detector have detected only two of the three magnetization components. The NIST 

groupl and the Forschungszentrum group 2 have succeeded in detecting three 

polarization components in their spin SEMs by using two spin detectors ; one for two 

components , and the other for the remaining one. And it has been applied:.l for 

magneto-optical recording medium and analyzing all three magnetization components. 

It is possible , however , to detect three magnet:ization components with one spin 

detector, if we use a spin rotator. In this case the spin rotator is inserted between the 

sample and the spin detector. When the spin rotator is inactive , the spin detector 

detects two components ， θ.ι ろ and fう， perpendicular to the tr勾 ectory. When the spin 

rotator is active , it rotates the polarization vector by π/2 so that the rematnlng 

parallel component 乙 becomes perpendicular to the trajectory and the spin detector 

detects it. Since the spin rotator is simpler in structure and less expensive than the 

spin detector , this method keeps the whole systern compact and cuts costs. 

This method has already been used by Kiskerθt aJ. I to detect the parallel 

polarization component of electrons fíeld-emitted 仕om a very 日ne EuS lip. It is 

difficult , however, to apply the same kind of spin rotator as they designed to the 
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secondary electron beam of our spin SE¥!1. Our estimation showed that the effective 

cross-sectional area of that kind of spin rotator is much smaller than the area through 

which the secondary electrons in the spin SEM pass. Duden and 8auer5 developed a 

spin rotator to detect all three magnetization vectors by spin-polarized low energy 

electron microscopy (SPLEEM). In their spin rotator , however , the electron 

trajectories det1ect by 90 degrees , which is not applicable for our spin SEM system 

because the electrons go straight 介om the sample surface to the spin detector. 

In this chapter we report on a spin rotator, which has an effective cross-sectional 

area large enough for secondary electrons in spin SEM and makes it possible to detect 

all three magnetization components by one spin detector. 6 

2.2 Principle of a Spin Rotator 

A Wien filter ,7 an electron optical component well known as an energy analyzer , 

has capability as a spin rotator. A schematic of the Wien f匀ter is shown in Fig. 2.1. It 

has mutually perpendicular electric field E and magnetic field 8 , both perpendicular to 

the direction of the electron motion (+ z-direction). These 日elds are adjusted so that 

the electro-static force cancels the Lorentz force and the electrons go straight. In this 

case E is expressed by 

E= v8J 
(2.1) 

where v is the velocity of the electron. Equation (2.1) is the so called Wien condition. 

-11-



To spin detector 

。 spln 

coil 

From sample 

Fig. 2. 1. Principle of a spin rotator. Electrons go straight upwards in the static electric 

and magnetic fields because the electro-static force and Lorenz force acting on them 

are canceled. Their spins rotate due to the Larmor precession. 6 
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The electron spin , on the other hand , rotates about the magnetic field direction due to 

the Larmor precession with 仕equencyωexpressed by 

eB 
ω= 一一，

m 
(2.2) 

where θis electronic charge and m is electron mass. Thus after passing through the 

日lter ， the polarization vector of electrons rotates by �; 

B

一
v

e

一

n

一
一

ω
一ν

一
一

α
 

(2.3) 

where 1 is the length of the filter. Here , we define 九，乃 and ぺ as X-, y-and z-

components of the polarization vector 尺 respectively ， ﾍ. e. 

P ご( Px, 1らぺ) • (2.4) 

Among the three components , the z-component parallel to the beam direction 

cannot be detected in a spin detector. When the secondary electrons pass through the 

spin rotator, Pturns to be 

P =( 乃 cos æ+ ぺ sin æ , fう，一九 sin æ+ ぺ cos �). (2.5) 

When we adjust B so that æ= π /2 while keeping the condition of Eq. (2.1) , P turns to 

be 

P=( ん乃， -J弓) (2.6) 

without deflection of the trajectory and ぺ and Py become detectable. 

A Wien filter with uniform magnetic and electric fields has focusing effect only in 

the direction of the electric field , and the beam diverges in the direction of the 

magnetic field. Seliger8 theoretically showed that stigmatic focus is obtained for the 

-13-

beam which runs in the z-direction when electric and magnetic 日 elds are expressed by 



(Ex, Ey, EJ= (E ,O,O) , (2.7) 

(By , Bv, B,) = (Bよ ， B(1 十三)，0) ，
‘ f' l.' 2r . 2r 

(2.8) 

2
w一dr

 

(2.9) 

where E ~ E,-, E~ and , B ~ B,-, B? are the X- , y - , z-components of electric field and z '-"U~ ， ~x' ~y ~z 

magnetic flux density , respectively , and r is the cyclotron radius. [n these expressions 

the electric field is uniform and the magnetic field is a linear function of the position 

(here we call it type 1). The equations of the electron motion in the fields expressed by 

Eqs. (2.7) and (2.8) are given by 

か-(去Jx (2.10) 

and 

y=怯Jy (2.11) 

The solutions of these equations give a simple harmonic oscillation , both in the x-

and y-directions with the same frequency , and a stigmatic focusing. This is also the 

case in a linear electric field and a uniform magnetic field (type 2) expressed by 

(Ex , Ev, Ez) = (E(l 一三)， Eよ，0) ，
f' l.' 2r' 2r 

(2.12) 

and 

(Bx' By, Bz) = (0, B,O). (2.13) 

Several Wien filters have been reported which simulate the electric and magnetic 

日eld mentioned above.8
-
11 
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2.3 Specification 

In spin SEM we need to send all secondary electrons to the spin detector 

otherwise the loss of electrons increases statistical error of the measured polarization. 

A Wien filter has an energy analyzing capability, therefore the secondary electrons with 

energy spread of a few electron volts disperse spatially after passing through the filter , 

and some of them cannot reach the spin detector. To avoid this difficulty it is necessaηf 

to increase secondary energy so that the relative energy spread becomes small. If the 

energy is higher, however , the voltage necessary for the 日lter is higher , which might 

cause a vacuum discharge. Thus we need a compromise. By considering a dispersion of 

a typical Wien 日lter and the acceptance of our spin rotator , we chose the pass energy 

of secondary electrons in the filter to be 2 ke V. 

The maximum observable sample area of our spin SEM is 1 mm in diameter. We 

would like to keep this area even when we use a spin rotator. In this case , the cross 

sectional area of the spin rotator where the secondary electrons pass is 6 mm in 

diameter. The spin rotator needs to have a focusing area of this size. The focusing area 

is defined as an area where electric and magnetic field distributions are expressed by 

Eqs. (2.7) and (2.8) , or (2.12) and (2.13) with accuracy of::tO.2 %, which have enough 

focusing effect to lead the electrons to the spin detector. 

The focusing area could be enlarged by increasing the total size of the spin 

rotator. This approach , however, is not practical since the rotator size would be larger 

-15-

-11ーー一一一



than the SEM gun. We set the goal size of the spin rotator to be 50 x 50 x 50 mm3 

which enables easy handling and easy adjustment without increasing the total size of 

the spin SEM. 

Conventional Wien f匀ters have been applied for a f匤e beam with a several-

micrometer diameter such as in transmission electron microscopy. In our estimation 

their focusing areas are less than 1 mm2 and do not satisちT our requirement. The spin 

rotator needs to be much improved in terms of the focusing characteristics by 

designing new shapes of electrodes and magnet pole-pieces. Since type 1 has been 

studied more in terms of focusing characteristics8
-
10 we chose type 1 for our design here 

in order to take advantage of the previous technique as much as possible. 

2.4 Design 

2.4.1 Inside the spin rotator 

Computer simulation was done to study the range of focusing area for various 

shapes of electrodes and magnet pole-pieces by using the differential equation solver 

language.12 The 日elds are expected to be homogeneous along the z-direction inside the 

spin rotator , because the length of the spin rotator along the z-axis is long enough in 

comparison with the distances between the electrodes and the magnet pole-pieces. 

Therefore the calculation was two dimensional in the x-y plane , for simplicity. 

The calculated results are shown in Figs. 2.2 , where (a) , (c) and (e) are 
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Fig. 2.2. Transverse (perpendicular to the optical axis) cross-sectional view of the 

calculated (a) , (b) electric equi-potential planes and (c) , (d) magnetic force lines and 

(e) , (D effective focusing area inside , (a) , (c) , (e) previously reported and (b) , (d) , (D 

newly designed spin rotator. The hatched areas in (a)一 (d) shows ideal field distributions 

and those in (e) , (D show e庁ective focusing area necessarγfor stigmatic focusing. The 

pole-pieces are omitted in (b) and the electrodes are omitted in (c) and (d).6 
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calculations based on the previously proposed type9 and (b) , (d) and (f) are the newly 

proposed type. Figures 2.2(a) and (b) are the calculated electric equi-potential planes 

and the ideal electric field region with the electrodes. Figures 2.2(c) and (d) are the 

calculated magnetic force lines and the ideal magnetic field region with the magnet 

pole-pieces. ldeal electric and magnetic fields a.re defined by Eqs.(2.7) and (2.8) , 

respectively , with accuracy of =t0.2 牝 Figures 2.2(e) and (f) show the focusing area , 

which is obtained as a common area of ideal electric and magnetic fields obtained 

above. 

As for electrodes in many cases , two pillars have been set as the positive and 

negative electrodes between the magnet pole-pieces. Between the two pillars the 

uniform electric fields are expected to be formed , however, they cannot produce 

completely flat equi-potential planes as a result of the edge e町ect (Fig. 2.2(a)). 

Therefore , Tsun09 showed a pair of electrodes with much narrower spacing in the x-

direction , than the width of the electrodes in the y-direction , which decreases the edge 

e庁ect. However, since the electrodes width in thl~ y-direction is limited by the lotal 

size of the spin rotator, 1. θ. ， 50 mm in our case , it is difficult to attain the effective area 

of 6 mm in diameter by Tsuno' s method. We found out the ideal electric field region is , 

at maximum , as Fig. 2.2(a) shows , achieved as long as the electrodes are two pillars and 

their distance is kept at 6 mm. 

Our approach is to use pairs of fine auxiliary electrodes in order to control the 

electric field distribution. The suitable number and the size of the auxiliary electrodes 

were investigated so as not only to produce a widE~ uniform electric field area but also 
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to have a simple and vacuum-discharge-free structure. We found that four pairs of 

auxiliary electrodes 1 mm thick and 1 mm wide as shown in Fig. 2.2(b) are enough to 

give a homogeneous electric field area 6 mm in diameter. 

Previously proposed magnet pole-pieces9 were shaped into a prism with tilted f1at 

surfaces to approximate the magnetic field distribution expressed in Eq. (2.8). We 

studied the area of ideal magnetic field for various inclination angles of each plane , and 

obtained a configuration shown in Fig. 2.2(c) which gives the maximum area. The area , 

however , is still narrower than our requirement. From the ideal magnetic 日eld

distribution of Eq. (2.8) , the ideal magnetic scalar equi-potential plane φis calculated 

as 

ゆ = By(l + 子)
Lr 

(2.14) 

It is a hyperbolic line in the x-y plane. Since magnet pole-pieces are made of high 

permeability material such as permalloy, the surfaces will be one of the magnetic scalar 

equi-potential planes. Therefore , if the magnet pole-pieces are formed in a hyperbolic 

cylindrical shape as expressed in Eq. (2.14) , the ideal magnetic field distribution would 

be attained. The magnetic field distribution between the magnet pole-pieces of this 

shape is shown in Fig. 2.2(d). Clearly the ideal magnetic field distribution is achieved 

over a 6-mm-diameter in the x-y plane , which is sufficient for our requirement. 

Comparing the focusing area of Figs. 2.2(e) and (f), we can see that the new type 

has much wider focusing area than the conventional type and achieves our requirement. 
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Fig. 2.3. Longitudinal (parallel to the optical axis) cross-sectional view of the 

calculated electric equi-potential planes at fringe regions of the spin rotator. This 

potential distribution satisfies the Wien condition necessary for straight electron 

movement.6 
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2.4.2 At the 仕inging regions of the spin rotator 

The condition of Eq. (2.2) should be kept even at the fringing regions , which are 

around the entrance and the exit of the spin rotator as shown in Fig. 2.3 , otherwise the 

electron beam deftects and the stigmatic focus would be destroyed. It is not easy, 

however, to adjust the fields at the 仕inging regions , since the fields change drastically 

in three-dimensional space. Tsuno10 reported the spaces between the electrodes and 

those between the magnet pole-pieces should be e'qual to maintain Eq. (2.2) over the 

fringing regions. De Gryseθt aJ. 13 reported another way where they put 13 pairs of 

auxiliary plates along the optical axis of the 仕inging regions in order to adjust the 

electric field accurately. We designed the spin rotator in which the space between the 

electrodes is narrower than that between the magneto-pole-pieces as shown in Fig. 

2 .2(f), which is preferable to make homogeneous electric fields inside the spin rotator. 

Therefore Tsuno' s method is not applicable for our spin rotator. Moreover the space 

around the spin rotator is so limited that it is impossible to fix many extra auxiliary 

electrodes precisely before and after the spin rotator , like De Gryse' s method. 

Our approach was to take advantage of the auxiliary electrodes designed in the 

previous section. lt is possible to adjust the fringing electric field to cooperate with the 

仕inging magnetic field by extending auxiliary electrodes from inside the spin rotator 

and curving them to create the proper electric equ�-potential planes. 

For that purpose，日rst ， the magnetic field distribution made by the magnet 

pole-pieces designed in the previous section was calculated along the z-axis by the 
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three dimensional simulation program by using an integral equation method.I
'
1 To 

achieve the electric field distribution which satisfiE~S the condition of Eq. (2.1) on the 

z-axis , we carried out computer simulation again. In the case of electric field , however , 

it is extremely di出cult to calculate the three-dimensional electric field distribution , 

since there are 8 日ne auxiliary electrodes in addition to the main electrodes. Thus we 

attained the required electric field distribution on the z-axis by two-dimensional field 

distribution , which is homogeneous in the y-direction , as described below. 

The calculation result of the fringing electric equi-potential planes using the 

differential equation solver language 12 is show口 in Fig. 2.3. The potential planes spread 

out at the fringing region. We put the adjusting electrodes in the 仕inging regions and 

tapered the edges of the main electrodes. By changing the shape and the voltage of the 

adjusting electrodes and the inclination angle of the tapers of the main electrodes by 

trial and error, the 仕inging electric fields with the ideal distribution were found. Here , 

ideal distribution was defined as the electric field which keeps the condition of Eq. (2.1) 

with the fringing magnetic field on the z-axis with an accuracy of :t1 %, which is 

necessary to send a11 the secondary electrons to the spin detector. The fringing region 

is shorter than the rotator length , therefore large def1ection or astigmalism is less 

possible in the 仕inging region , which eases the condition of the electric field in the 

仕inging region compared to that in the inside region. 

2.5 Building 

-22-



円laln

electrodes 

Cu wire 
,/ 

Fig. 2. 4. Extemal appearance of the designed spin rotator. 6 

-23-

pole piece 

coil 



The external appearance of the designed spin rotator is shown in Fig. 2.4. The 

electron beam travels in the upper direction. The magnet pole-pieces are made of 

permalloy and shaped into a hyperbolic cylinder. The main electrodes are made of 

nonmagnetic material , titanium , so not to disturb the magnetic field distribution. 

We calculated the electric 日eld distribution inside the spin rotator supposing 

auxiliary electrodes shaped into fine square pillars as in Fig. 2.5(b). It is , however, 

dif日cult to set the electrodes accurately in the small space. Therefore Au patterns on a 

ceramic plate 1 mm thick take place of the fine pillars because it is much easier to print 

fine Au patterns on a ceramic plate accurately. Figure 2.5 shows the Au patterns on 

the ceramic plate. They run straight in the inside of the rotator , and curve at the 

fringing regions. The shapes of these patterns were determined so as to produce the 

calculated electric equi-potential lines shown in Fig. 2.3 , where the adjusting 

electrodes shown in Fig. 2.3 were substituted by some of the Au patterns. Same Au 

patterns are printed on both sides of a ceramic plate and they have the same 

electrostatic voltage , so they can be an analogy to a fine pillar. The two ceramic plates 

with the same Au patterns are set facing each other, as shown in Fig. 2.4. Several pairs 

of points at mirror-symmetrical positions on the Au patterns on both the plates are 

connected by Cu wires , so as to simulate the two--dimensional electrostatic potential 

distribution in Fig. 2.3. 

2.6 Performance Evaluation 
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Fig. 2. 5. Auxiliary electrodes printed on a ceramic plate. 6 
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The magnetic 日 eld distributions along the optical axis were measured by a gauss 

meter and compared with the calculated distributions to confirm the accuracy of our 

simulation. The results are shown in Fig. 2.6. The calculated results are in good 

agreement with the measured values. 

To confirm that the polarization rotation angle is proportional to the magnetic 

field in the spin rotator as expressed by Eq. (2.3), and to calibrate the electric and 

magnetic field for π /2 rotation , we conducted an experiment shown schematically in 

Fig. 2.7. In the experiment , we used a Fe(OO 1) plane as a sample of which the 

magnetization is in the x-direction and measured the polarization after the electron 

beam passed through the spin rotator. When the spin rotator is inactivated , the 

polarization vector of secondary electrons orients in the x-axis. When the spin rotator 

is active with the electric and magnetic fields satisfying the condition of the Eq. (2.1) , 

the polarization rotates by a which is given by the Eq. (2.3). From Eqs. (2.3) and 

(2 .5) , the relation between the detected polarization component 乃 and B is expressed 

as 

Pd =PxcosJLm. 
vm 

(2.15) 

Therefore the detected polarization should be expressed by a cosine function of the 

magnetic flux density, and when the magnetic field rotates the polarization byπ /2，九

should becomes zero. 

Figure 2.8 shows the relation between B and 九 / 乃. It is clear that 九 is a cosine 

function of B. From the point 九= 0, the magnetic field ofπ /2 rotation is determined 

to be 42 Oe. From the calculated magnetic field distribution shown in Fig. 2.6 , the 
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Fig. 2. 9. Schematic diagram showing trajectory dependent spin rotation (a) and its 
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electrons A and B pass through the higher and lower magnetic field regions respectively and 

suffer different spin rotation. In (b) , the magnetic field integrated over the trajectories of 
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magnetic f冾ld for π /2 rotation is estimated to be 40 Oe by using Eq. (2.2). This 

experimental result is close to the calculated value. 

ext , we considered the dispersion of rotation angle. Scheinfein 15 theoretically 

showed that a homogeneous magnetic field gives a homogeneous rotation for various 

trajectories of electrons in the spin rotator, in the first order approximation. In our 

case , however , magnetic f冾ld is a linear function of the position as expressed by Eq. 

(2.8). Therefore the rotation angle depends on the electron trajectory in the spin 

rotator. Figure 2.9 schematically shows this effect. In a spin SEM , the samples are 

scanned with a primary beam, and the secondary electrons are emitted 仕om different 

points on the sample and pass through a different regions in the spin rotator. Thus as 

shown in Fig. 2.9(a) electron A passing through the higher magnetic field region has 

larger spin rotation than electron B. However, we can minimize the inhomogeneous 

rotation by adjusting the electron optics so that the secondary electrons cross the 

optical axis at the middle ofthe spin rotator as shown in Fig. 2.9(b). The electron C (0) 

senses larger (smaller) magnetic 日eld on the former ha[f way in the spin rotator and 

senses smaller (larger) magnetic field on the laUer half. As a result , the integrated 

magnetic 日elds which both of the electrons sense become almost the same. The 

e[ectron tr 戸ctory shown in Fig. 2.9(b) can be easily attained by adjusting the strength 

of the electrostatic lens before the spin rotator. To conf叝m this consideration , we 

measured polarization emitted from a l-mm area along the x-direction for different lens 

strengths. The results are shown in Fig. 2.10. The rotation does depend on the 

emission points of the secondary electrons. The dependency , however , could be 
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minimized within 1 degree by adjusting the strength of the einzel lens set just before 

the spin rotator. 

In order to confirm that the spin rotator has a focusing area of 6-mm diameter 

and a magnetic domain image of 1-mm diameter can be taken using it , a magnetic 

domain image of GdFeCo , was taken in low magnification as shown in Fig. 2.1l. 

GdFeCo has an easy magnetization axis in the perpendicular direction to the sample 

surface and used for magneto-optical recording medium. [n the 日gure ， many domains of 

about 40 micrometers are seen with black and white contrast where black (white) 

domains have the polarization components in the down (up) direction. The domains are 

clearly observed within the 1-mm-diameter region which is expressed by the oval in 

the figure. This means the spin rotator has a wide area of focusing capability enough for 

the secondary electrons in spin SEM. 

Figure 2.12 shows another example which demonstrates the performance of our 

spin rotator. The sample is a TbFeCo magneto-optical disk with recorded marks.16 

This material has an easy magnetization axis perpendicular to the surface. Previously 

we observed the magnetization distribution in a similar kind of sample. 17 Here we used a 

newly developed spin SEM 18 with higher spatial resolution. The recorded marks are 

clearly observed. In the next chapter we explain the observation results of the 

recorded marks of this magneto-optical recording rnaterial TbFeCo in detail. 

2.7 Conclusion 
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Fig. 2. 11. The magnetic domain images of GdFeCo obtained by using a magnetization 

component normal to the sample surface. The oval shows the 1 一 mm-diameter area. 6 
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Fig. 2. 2. The magnetic doma匤 images of magneto-opt兤ally recorded TbFeCo obtained by us匤g a 

magnet�'zation component normal to the sample surface. 6 
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A spin rotator was developed in order to be installed in our spin SEM and detect 

the magnetization component perpendicular to the sample surface. The basic structure 

of the spin rotator is same as a well-known energy filter named a Wien Filter, but its 

focusing area was enlarged by using hyperbolic cylindrical pole pieces as a magnet and 

several auxiliary electrodes which satisfies the condition for working as the spin rotator 

in our spin SEM. We examined the performance and confirmed our spin SEM can detect 

all three magnetization components of the sample. 
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3. Observation of Recorded Marks on Magneto-Optical Recording Media TbFeCo 

3.1. Introduction 

The recorded mark shapes and sizes in magneto-optical recording media are of 

considerable importance in data storage. The success of magneto-optical recording 

depends on the reliable and repeatable reversal of magnetization in a micron-sized 

area. To achieve higher density in magneto-optical recording, sinaller uniform marks 

should be recorded precisely in narrow tracks , avoiding mark shape irregularity that 

decreases carrier-to-noise (C/N) ratio , and the cross write , in which the marks extend 

into the adjacent tracks. 

In this chapter we report two studies of the recorded mark shapes of the 

magneto-optical medium TbFeCo.1 1n the first study2 we determined the laser power 

dependency of mark shapes and sizes in a land/ groove recording.3 This work is for 

improving high density recordings because the track pitch becomes small in 

land/ groove recording, the cross write is thought to be a serious problem , as well as 

cross talk and cross erase. 

Several observations of magnetized domains on grooved substrates have been 

reported"I,5 and a phenomenon has been observed in which the written marks on the 

grooved substrate do not expand across the borders between lands and grooves. 

Kesterenθt a1."1 observed the phenomenon for marks on CoPt film prepared on a Vｭ

grooved substrate using magnetic force microscopy (νlFM). However , CoPt , which is 
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studied as the magneto-optical medium of the next generation ,6 has di庁erent

characteristics from TbFeCo , which is currently used as a magneto-optical medium. 

Gadetskyθt a1. 刀 observed this phenomenon of TbFeCo f匀m in the tield-induced 

magnetization reversal process on the grooved substrates and in thermomagnetically 

recording on the patched substrate by using a polarized-light microscope. To 

investigate the cross-writing effect of land/ groove recording more detail , we need to 

observe marks recorded under actual condition. In this study we observed marks 

recorded thermomagnetically on both lands and grooves of TbFeCo f匀m. 

Our second study7 describes the relation be.tween the mark shapes for TbFeCo 

recording f匀m and its underlayer-roughness , which were prepared on V-shaped 

grooves. Previously, Ushiyamaθt a1. reported8 that the shapes of the recorded marks 

tend to be uniform on the rough underlayer though they are more irregular on the 

smooth underlayer , which are closely related with the noise characteristics. In this 

study, we investigated the role of the underlayer--roughness in forming the mark 

shapes. We observed the applied tield dependencies of the mark shapes on TbFeCo 

films on both the smooth and the rough underlayers. The relation between the 

recording characteristics and the magnetization reversal process of these two media is 

discussed. 

Spin SEM is especially useful for this kind of study because it can detect 

magnetization information independent of sample surface topography. Thus , it is useful 

for investigating samples with uneven topographies such as a magneto-optical medium 

on a grooved substrate , or an underlayer with surface roughness. 
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3.2 Experiment 

TbFeCo recording films were prepared by rnagnetron sputtering. We used a 

pregrooved glass-substrate (direct-etched) for the land/ groove substrate of our first 

study. The disk structure is shown in Fig. 3.1. Nitride underlayer (85 nm) , TbFeCo (80 

nm) , and Al alloy overcoating layer (10 nm) were prepared on the substrate. Marks 

were recorded on both lands and grooves using a magneto-optical drive whose 

objective lens has a numerical ape口ure of 0.55 , and a laser with a wavelength of 680 

nm. In this experiment , we changed laser powers track by track so that we could easily 

observe the laser power dependency in one spin-SEM image. Each mark had a length 

several times the nominal unit length of 0.3μm for mark-edge recording.9 During the 

recording process mark widths were adjusted at a constant by multi-pulse recording 

with preheating power10 where the mark length is controlled by number of the pulses as 

shown in Fig. 3.2. 

In the second study we used glass substrates pregrooved with photo-polymerized 

(2P) resin. The track pitch was 1. 4μm. Nitride underlayer (85 nm) , TbFeCo (25 nm) , 

and Al alloy overcoating layer (10 nm) were prepared on the substrate. We made two 

kinds of samples with the SiN underlayer having different surface roughness , as we did 

in our previous work.8 The marks were recorded using a magneto-optical drive whose 

objective lens has a numerical aperture of 0.55 , and a laser with a wavelength of 830 

nm. 
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Fig. 3. 1. The structure of the magneto-optical medium used in the first study. 2 



We used 10-nm thick Al alloy layers for overcoating layers of all samples instead 

of 60-80 nm-thick nitride layers which are generally used for the TbFeCo medium. 

During the spin SEM measurements , images represent magnetization of a 1 nm thick 

surface region and the overcoating layer is removed by Ar-ion bombardment before 

measurement. 1n this sense the thinner overcoating layer of Al alloy can be removed 

over a shorter period , saving considerable experimental time. 

The samples were cut into small pieces of about 10 x 10 mm2 and put into the 

spin SEM chamber. After sample-surface cleaning by Ar+-ion bombardment and getting 

rid of the overcoarting layer, the domain observations were made under the base 

pressure on the order of 10-7 Pa. 1n the spin SEM observation , the probe beam energy 

was 15 keV and the typical probe current was about 1 nA. 

3.3 Results and Discussion 

3.3.1 The marks on the land/ groove substrate 

Figures 3.3 show the domain images of recorded marks of TbFeCo on lands (a) 

and grooves (b) , and Fig. 3.4 shows a higher magnif兤ation image of marks on grooves 

recorded using low laser power. The contrast is dependent on the magnetization 

component perpendicular to the surface of the sample. 1n these figures the laser beam 

runs 仕om left to right. 
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Fig. 3. 2. (a)Write laser wave form , and (b)shape of the recorded marks. 7 
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Fig. 3. 3. Recorded marks of TbFeCo on lands (a), on grooves (b). 7 
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In Figs. 3.4 (a) and (b) , various lengths of recorded marks as used in the markｭ

edge recording are observed. Because of the multi--pulse recording9 as shown in Figs. 

3.2 , the widths of the marks are almost the same in each track and are independent of 

the mark lengths. The shapes are almost the same for lands and grooves and sizes are 

slightly larger on lands than on grooves. This suggests that coercivity is larger on 

grooves than on lands. At a laser power of 2.7 m'vV tiny marks with distorted shapes 

were observed on grooves (Fig. 3 .4), while oval-shaped marks were recorded on lands. 

This means 2.7 mW  is not su市cient to form uniform domains against the coercivity on 

the grooves. As the recording laser power increases the mark sizes become large. In 

the region of high laser power, even a preheating laser created tail-like irregularities. 

In addition , the side edges of marks are flat at the borders between lands and grooves , 

which is more obvious in the marks on grooves. 

Figure 3.5 shows the laser power dependencies of average sizes of marks (some of 

which are not shown in Figs. 3.3) , with shortest nominallength. The mark sizes , except 

for the mark width on grooves , increase with the laser power as previously reported. 11
, 12 

In thermomagnetical recording , the area of the magnetization reversal depends on the 

temperature distribution created by the laser, and higher laser powers can create 

larger marks. On grooves , however, mark width seems to saturate with a value of 0.7 

μm around 5 mW  while mark length continuously increases. In this region , the widths 

of marks already reach the width of the track and side edges of marks flatten along the 

border lines as Fig. 3.3(b) shows. This means that marks do not extend into adjacent 

tracks and mark width saturates even when laser power is high enough. The e庁ect is 
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not very clear in marks on lands , where mark sizes increase monotonously both in width 

and length as laser power increases. This is because the land width 0.8μm is wider 

than that of grooves , and laser power is not sufficient to saturate mark width. However , 

as Fig. 3.3(a) shows , the upper edges of the sides of marks have already reached the 

borders of grooves and flattened in the region of the high laser power, where marks 

were not recorded at the exact centers of tracks. Mark width is limited by track width 

and marks cannot expand to adjacent tracks. 

Borders between lands and grooves seem to prevent recorded marks 仕om

expanding to adjacent tracks. In other words , the borders stop the magnetization 

reversal process , which was reported by Gadetskyθt aJ.;) There are several possible 

factors for this phenomenon. Gadetskyθt a1. suggested that one of those factors may 

be the difference in the coercivities of grooves and lands. Larger coercivity on either 

lands or grooves stops the wall motion on the other with smaller coercivity. In our 

experiment , however , this prevention is also occurred to the mark expansion from the 

grooves where the coercivities are larger, to the lands where the coercivities are 

smaller. Therefore the difference of the coercivities is not crucial element in our 

exper匇ent. 

Gadetsky et aJ. suggested another factor: that the borders themselves have the 

pinning effect. The simulation l3, 1 ・ 1 shows the presence of spatial variation in the 

magnetic parameters of the material , such as anisotropy energy , affects the pinning 

force. In Figs. 3.3 and 3.4, the color at the borders is gray , which means the 

perpendicular magnetization component at the border is smaller than that on the other 
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areas of the lands and grooves. This agrees with the previous workヲ which confirmed 

that the anisotropy axis at the borders directs to the di町erent direction from those at 

other areas due to the difference of the surface inclination angles. Therefore the 

magnetic characteristics are different such as in the anisotropy between the borders 

and the other areas , and the prevention of the wall motion may be caused by the 

pmmng e庁ect related with the magnetic characteristics at the borders. 

The thermal conductivity at the borders must also be considered since we 

recorded the marks thermomagnetically. The film thickness at the borders must have a 

tendency to be thinner than that on the other areas in the sputtering because of the 

surface inclination. This causes a decrease in the thermal conductivity and the mark 

expansion might be prevented in the thermomagnetic recording at the borders. As 

described above , there are several possible causes why the wall motion is stopped and 

further experiments are needed to explain the mechanism of the pinning. 

This stopping of the wall motion is useful because we can keep recorded marks 

within tracks even if the laser power exceeds the proper value to some extent. This 

means that borders increase the laser power margin for recording. We can say that 

cross write , which has been considered to be a serious problem in land/ groove 

recording , rarely happens in this kind of magneto-optical medium. 

3.3.2 The marks on the rough and smooth underlayer 
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Previously we studied the underlayer roughness dependency of the noise 

characteristics.8 By smoothing the underlayer surface the noise of the non-recorded 

state can be decreased , whereas the noise level of the recorded state does not change 

very much. This means the recording noise , which is defined by subtracting the noise of 

the non-recorded state 仕om that of the recorded state , is increased by smoothing the 

underlayer surface. This is explained by the di庁erence in the mark shapes recorded on 

both smooth and rough underlayers , which were observed by spin SEM. The mark 

shapes on the smooth underlayer are irregular, but , those on the rough underlayer are 

more uniform. This can be explained if we assume more wall pinning sites for rough 

under1ayer than for smooth one , as Satohθt a1. suggested. 1 刀 Since a domain wall stops 

at a pinning site the mark shape tends to be polygon connecting the pinning sites. Thus 

the domain shapes become more irregular in the film with fewer pinning sites. Satohθt 

a1. also presumed that the magnetization reversa1 process depends on the underlayer 

roughness because of the difference in the number and the force of the pinning sites , 

which are related with the recording characteristics. 

In the present study we observed marks recorded with various values of the field 

opposite to that of norma1 recording in order to study the ro1e of the under1ayer 

roughness in forming the recorded marks. 

Figure 3.6 shows the mark images recorded under the various external fields from 

-150 to 0 Oe on the smooth underlayer. Figures 3.~( show the mark images recorded 

under the fields 仕om -400 to 0 Oe on the rough underlayer (a) , and higher 

magnification images of marks on the rough underlayer (b). The minus sign indicates 
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that field direction is opposite to that of normal recording , however , magnetization 

reversal occurs because of the demagnetization 日elds. Apparently the process of the 

mark creation is di庁erent in Figs. 3.6 and 3.7. In Fig. 3.6 no domains are recorded at 

-150 Oe. When the strength of the external 日eld decreases to -100 Oe small domains 

with distorted shapes are created , and the domains grow as the negative field 

decreases. At the 0 field the mark shapes almost reach their usual one although the 

sizes are still smaller. On the other hand , a number of small domains with a size of less 

than 0.1μm appear at the negative field of -300 Oe in Fig. 3.7(a). It should be noted 

that the complete mark shape is already formed in the negative field of 200-300 Oe. 

The number of the small domains increases as the negative field decreases. This is clear 

in Fig. 3.7(b) with higher magni五cation. The images at -100 Oe show sirnilar 

characteristics to the images reported by Satoh et a1. which were taken by polarized 

optical microscope. 15 

The relation of the carrier level of these media and the applied 日eld was studied. 

Figure 3.8 shows the same tendency reported by Satohθt a1. This is consistent with 

the result of the mark images. For both samples the carr'ﾎer keeps almost constant when 

the marks were recorded under the positive applied field. On the rough underlayer the 

carrier decreases gradually as the negative field increases and it reaches the noise level 

at -300 Oe. 1n contrast , on the smooth underlayer the carrier level decreases 

drastically around -50 Oe and reaches the noise level. 

Given these results , the magnetization reversal process can be explained by 

using the assumptions of Satohθt a1. 15 As for the case with the smooth underlayer as 
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shown in Fig. 3.6 , in the higher negative 日 eld region than 150 Oe , no domains can be 

observed. One explanation for this is that tiny reversed multidomains , which have 

nucleated once during the thermomagnetic recording process , collapse instantaneously 

after the laser beam goes away. This is because the force to shrink the domain 

overcomes the force to expand and wall-pinning force , where the force to shrink and 

expand the walls comes respectively 仕om the wall energy and the demagnetization 

energy. When the force to expand walls overcomes other forces during the laser 

heating in the higher field region , in our experiments the region of the negative field 

with less strength than 50 Oe , the reversed domains expand rapidly , positioning the 

walls to the pinning sites , and are stable after the laser heating. The number of the 

pinning sites should be small judging 合om the ragged shapes in the region of negative 

日eld of 50 Oe. 

1n Fig. 3.7 , on the other hand , tiny domains , nucleating during the laser heating, 

can exist stably after the laser heating due to the strong force of the pinning sites. Jt is 

di伍cult for the force to expand walls to overcome the pinning force , so the size of each 

domain does not grow largely as the negative 日eld decreases , whereas the number of 

small domains increases. Thus it is reasonable to say that more pinning sites with 

stronger pinning force exist in this film than that in Fig. 3.6. The small domains form 

the mark shapes at the field of -200 Oe , which does not become much larger as the 

field increases. The size of the recorded mark on this sample , therefore , is not sensitive 

to the external field , which is supposed to be due to the sharp decrease of the coercive 

force at the mark edge when it is thermomagnetically recorded.11 To explain this 

-56-



insensitivity precisely, however , other factors 一 such as the demagnetization field from 

the close reversed domains or the spatial variation of the coecivity force -must be 

taken into account. 

The pinning force may be caused by the spatial variation of the magnetic 

parameters such as anisotropy due to the underlayer roughness , which is suggested by 

the simulation. 13
,14 Further experiments are required to study the position where the 

domain walls are pinned on the uneven sample surface. 

This difference in the magnetization reversal processes is supposed to be caused 

by the difference in the number and intensity of the wall pinning sites as discussed 

above. On the smooth underlayer with fewer pinning sites , the mark shapes become 

irregular, while they are uniform on the rough underlaYI:;r with more pinning sites. We 

can assume that the domain wall pinning sites are needed to create the uniform mark 

shapes and to decrease the recording noise. 

3.4 Conclusion 

The recorded mark shapes of magneto-optical media TbFeCo were studied. In 

the marks on the land/ groove substrate , we confirmed that the borders between lands 

and grooves prevent the expansion of marks to adjacent tracks. This effect is useful in 

land/ groove recording because it reduces the e庁ect of cross write. The magnetization 

reversal process depends on the underlayer roughness --as Satoh et aJ. 15 suggested -

which is caused by the di汀erence in the pinning effect. A large number of domain wall 
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pmmng s咜es are required to form uniform mark shapes and to reduce the recording 

D01se. 
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4. Observation of Remanent Magnetization Condition on Obliquely Evaporated 

Co-CoO Film 

4.1 Introduction 

Obliquely evaporated metal tapel
-
3 has attracted much attention as a high-

density magnetic recording medium that has its easy magnetization axis inclined 仕om

the surface normal to the film plane. When recording density increases further , the 

longitudinal recording currently used will suffer serious self-demagnetizing. 

Perpendicular recording is considered to be suitable for high-density recording 

because it experiences less self-demagnetizing. l3ut its excellent recording 

characteristics are supposed to be achieved with a single-pole head , not with the 

currently used ring head. Obliquely evaporated 日lms have less self-demagnetizing 

e庁ect than the longitudinally magnetized films and can obtain better recording 

characteristics than perpendicular magnetized 日lms with the currently used ring head. 

This makes possible a smooth transition from longitudinally magnetized film to 

obliquely evaporated film for high-density recording applications. Some obliquely 

evaporated metal tapes have already been used for high-band 8-mm video tape 

recorder (VTR) and digital VTR. Especially , a Co-CoO obliquely evaporated film 2
,3 has 

been reported to have the potential to achieve higher recording density because it has 

high remanent magnetization and coercivity. But for now the recording characteristics 
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of this medium still do not satisfy the demand for the high-definition VTR film with a 

track width of about 5 mm , which is half of that in the present digital VTR f匀m. 

One of the problems in Co-CoO media was that the origins of the media noise 

were unclear. Recently we observed the recorded bit structures and magnetization 

distribution in the remanent state in order to clarify the origins of the media noise and 

to improve the recording characteristics. 1 We took the images of the bit structures with 

the in-plane magnetization component using a spin SEM. In the images of CO-COO;I 

numbers of small inverse domains approximately 80 nm in size were found in recorded 

bits and remanent magnetization. These domains are considered to be created because 

of the self-demagnetizing field. In this medium , the origin of most of the media noise is 

assumed to be inside the bits , because the media noise decreases somewhat as the 

recording 仕equency increases.ﾙ Therefore , these domains are thought to be the 

principal origin of the media noise. 

In this chapter, we study how a high carrier-to-noise (C/N) ratio can be achieved 

in this medium.6 It is generally believed that the reduction ofthe inverse domain sizes is 

effective in order to reduce the media noise. This is because irregular small flux from 

the inverse domains are averaged and come close to being constant in a bit if the 

inverse domains are small enough. To develop a method for reducing the sizes of the 

inverse domains in this medium , we studied the e庁ect of the f冾ld direction on the 

inverse domain sizes and shapes. 

It is di市cult to analyze how the 日eld-direction a庁ects the inverse domain under 

actual recording conditions. This is because the magnetic field from the head diverges 
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three-dimensionally in space; this causes a change in the strength and the direction on 

the f匀m according to the position of a point on the film relative to the head. 

Accordingly , we used several remanent magnetization conditions prepared under an 

external 日eld with different directions and studied the field-direction e庁ect on the sizes 

and shapes of the inverse domains. 

Besides the media noise reduction , increasing the output signal is also an 

important issue. When the film's intrinsic anisotropy easy axis is aligned with the 

component perpendicular to the film plane , the magn(~tization vectors are likely to 

incline toward the in-plane direction because of the dernagnetization energy , 7 and may 

forrn closure-domain-like structures. 8 This results in the decrease of the magnetic f1ux 

commg 仕om the media to the head , and consequent decrease of the output signal. This 

means that analyzing only the in-plane components is not su出cient and that the 

perpendicular magnetization component should also be considered. Now it is possible 

by our spin SEM in which all three of the magnetization components are detectable. In 

this chapter we also discuss the magnetization distributions in three dimensions of this 

medium. 

4.2 Experirnent 

Co-CoO films were prepared at room temperatllre by Co deposition on Siｭ

sllbstrates in an oxygen atmosphere at the incident angle of 60 degrees from the 

sllbstrate surface normal. With this process the magnetization easy axis was directed to 
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around 30 degrees from the surface normal. The f匀m thickness was about 200 nm. The 

saturation magnetization of the prepared samples was 950 kA/ m, which is higher than 

the sample in the previous work (700 kA/m).~ This is because of the reduced oxygen 

content. 

Three kinds of samples of remanent magnetization conditions were prepared by 

applying the external magnetic f冾ld in different direc:tions until the magnetization 

saturated. Figure 4.1 schematically shows the field directions: (a) the z-direction , (b) 

the x--direction , and (c) the direction inclined from the z-direction toward the -xｭ

direction by 45 degrees. 

The condition of the spin SEM measurement is almost the same as in the former 

chapter. Although this time the samples do not have overcoating layer, sample surface 

cleaning by Ar+-ion bombardment is necessary considering the probing depth of this 

method. In our system , domain images of any two of the three magnetization 

components can be detected simultaneously. 

4.3 Results and Discussion 

4.3.2 Magnetization rotation around the domain boundaries 

Figures 4.2(a) and 4.2(b) are respectively the spin SEM images of the x--and y-

components of remanent magnetization of the same area prepared using the external 
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fields when the remanent magnetization conditions were prepared. :(a) the z-direction , (b) 
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degrees.6 
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magnetic field perpendicular to the film plane , as shown in Fig. 4.1 (a). In Fig. 4.2(a) we 

can see the small island-like shaped domains , indicated as white regions , similar to the 

one we observed in the previous work , where these small domains are identified to be 

the inverse domains by cross sectional domain image. '~ The width of the inverse 

domains in Figs. 4.2(a) and 4.2(b) are approximately 200 nm. This value is larger than 

that of the domains we observed in the previous work. This is probably because the 

medium we used in the present study contains less oxygen and therefore less CoO than 

the medium used in the previous work. CoO disconnects the magnetic interactions 

between the Co particles; hence , a smaller CoO ratio means a smaller number of 

domain walls and inverse domains , and larger inverse dornain sizes. In this sense , media 

noise reduction can be achieved by increasing CoO ratio , however , which also leads to 

the reduction of the output signal because the saturation magnetization decreases. 

Therefore increasing CoO ratio does not always increase C/N ratio and there is 

supposed to be the proper CoO concentration. Since the anisotropy easy axis is in the 

x-z plane , there should be no y-component of the magnetization if the magnetization is 

aligned exactly along the easy axis. But the black-and-white contrast in Fig. 4.2(b) 

indicates that there is substantial y-component in this medium. Figures 4.3 are the 

domain images of different part of the sample surface 仕om Figs. 4.2. Figures 4.3(a) and 

4.3(b) show the images of, respectively the x-and z-components of the same area. 

These two images show similar domain structures , although the contrast is higher in 

Fig. 4.3(a) than in Fig. 4.3(b). 
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Fig. 4. 2. The spin SEM images of the remanent magnetization conditions of the Co-

CoO films. The anisotropy axis is aligned as shown by the gray a汀ow. The x-and y-

components are shown in (a) and (b) , respectively. The a口'ows below the images 

indicate the magnetization direction in the images. The black-and-white lines in the 

images show the region where these two magnetization components are depicted 

numerically shown in Fig. 4. 4(a) and 4. 4(b) , respectively. 
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Fig. 4. 3. The spin SEM images of the remanent magnetization conditions of the Co-

CoO films. The anisotropy axis is aligned as shown by the gray a打ow. The x-and z-

components are shown in (a) and (b) , respectively. The a汀ows below the images 

indicate the magnetization direction in the images. The black-and-white lines in the 

images show the region where these two magnetization components are depicted 

numerically shown in Fig. 4. 5(a) and 4. 5(b) , respectively. 
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Fig. 4. 6. The schematic of the magnetization rotation at the surface of the film. Depicted 

are top view around a domain boundary (a) and (b) along the x-direction. 6 
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Each magnetization component was obtained numerically using these domain 

images. Because the magnetization easy axis inclines in the x-z plane , the way that the 

magnetization rotates may differ between the domain boundaries running in the x-

direction and those in the y-direction. Accordingly , we studied the magnetization 

rotation across the domain boundaries running in the x-and y-direction. We applied 

the smoothing operation9 for magnetization data along the black-and-white lines in the 

images and analyzed the magnetization rotation in the x-y plane and the x-z plane. See 

Figs. 4.4(a) and 4.4(b) , which show the angle () and the magnitude of the 

magnetization component in the x-y plane along the black-and-white lines running in 

the y-and x-direction , depicted in Figs. 4.2(a) and 4.2(b) , respectively. See also Figs. 

4.5(a) and 4.5(b) , which show the angle 戸 and the magnitude of the magnetization 

component in the x-z plane along the black-and-white lines running in the y-and xｭ

direction as depicted in Figs. 4.3(a) and 4.3(b) , respectively. The approximate 

positions of the domain boundaries are indicated above each graph; these are def匤ed 

by the minimum point of the magnitude of the x-component. 

Although Figs. 4.2 and 4.3 are images of different parts of the sample surface , the 

magnetization distribution around the boundaries running in the same directions show 

similar tendencies. Therefore using Figs. 4.4(a) and 4.5(a) , and Fig. 4.4(b) and 4.5(b) , 

the magnetization rotation around a domain boundary running in x-and y-direction 

can be assumed as shown respectively in Figs. 4.6(a) and 4.6(b) , where the blackｭ

and-white contrast show the x-component of the magnetization as in Figs. 4.2(a) and 

4.3(a). Across the domain boundary running in the x- and y-direction , the 
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magnetization rotates respectively in the plane including both the easy axis and the 

y-axis and in the plane inclined slightly from the x-z plane. The validity of this 

magnetization rotation model can be confirmed if we deduce the angle θ ，戸 and the 

magnitude of the magnetization from Figs. 4.6 , and compare them with those in Figs. 

4.4 and 4.5. The magnetization rotation in Fig. 4.6(a) gives a continuous rotation for 

magnetization components in the x-y plane , but a constant magnetization angle in the 

domain and a sudden jump at the domain boundary f()r a magnetization component in 

the x-z plane. These are explained by the domain images as follows. If we look at the 

verticalline in Fig. 4.2(a) , the magnetization starts out in the - x-direction , goes in the 

+ x-directio口 as we move up the line , and ends up in the -x-direction. In the case of the 

same line in Fig. 4.2(b) , the magnetization starts out around the boundary of the black 

and white region , where the y-component is very small. As we move up the line , the 

magnetization goes in the -y-direction , then goes in the + y-direction , and ends up 

around the boundary of the black and white region. As for the case of the vertical line 

in Figs. 4.3, the polarity of the magnetization change almost in the same way in (a) and 

(b). These are consistent with the magnetization distribution in Fig. 4.4(a) and 4.5(a). 

The magnitude of the magnetization component in the x-z plane should be zero at the 

domain boundary. These values are also consistent with the results in Fig. 4.5(a). 

Although the magnitude of the magnetization component in the x-y plane should be 

larger at domain boundary than in domain , the observed result is the opposite as shown 

in Fig. 4.4(a). This is probably due to the smoothing process or to the probe beam size 

being larger than the width of the domain boundarγ. 
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The magnetization rotation in Fig. 4.6(b) gives the rotation of the magnetization 

components in both the x-y plane and the x-z plane , which is explained by the domain 

images in the same way as Fig. 4.6(a). The magnitude of the component in the x-y 

plane and in the x-z plane should be smallest at the domain boundary. These values are 

consistent with the results in Figs. 4.4(b) and 4.5(b). However , the decrement of the 

magnitude in Fig. 4.5(b) is much larger than might be expected 什om Fig. 4.6(b). This 

is , again , thought to be due to the smoothing process or to the larger probe beam. 

The reasons for these magnetization distributions are considered to be as follows. 

1n obliquely evaporated films , there are magnetic poles in a domain at the surface , 

which causes the magnetic fluxes to stray above the surface. Because of these stray 

日elds ， the magnetization tends to form the closure domains at the film surface to 

reduce the magneto-static energy.8 The more gradual magnetization rotation in Fig. 

4.4(a) compared to Fig. 4.4(b) suggests that the exchange interaction is stronger in the 

y-direction than in the x-direction as we suggested in the previous work. I This is due 

to the self-shadowing e庁ect during Co-CoO deposition.10 1n the self-shadowing effect , 

some of the injected particle beam is prevented 仕om n~aching the substrate because of 

the difference between the injected direction of the particle beam (60-degreeｭ

inclination from the surface normal) and the growing direction of the column-shaped 

particles (30-degree-inclination 合om the surface normal). This causes the voids 

between the particles in the x-direction in this case , which results in stronger 

interparticle exchange interactions in the y-direction than in the x-direction. This 
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anisotropic exchange interaction is important in considering the 日eld dependency of 

the remanent domain sizes and shapes , as will be shown later. 

The closure-like magnetic domain structure results in the reduction of the 

magnetic flux coming 仕om the 日1m. If this structure found in under remanent conditions 

is present in the actual recording , the signals are reduced substantially. Improving the 

magnetic characteristics of this medium to prevent the formation of this kind of 

magnetization distribution can be expected to increase the output signal. One method 

is , for instance , increasing the anisotropy energy of each sample particle , which directs 

the magnetization in the anisotropy easy axis even at the film surface , in defiance of 

magneto-statlc ener白人

4.3.3 Field-direction dependency 

We studied the field-direction dependency of the inverse domain shapes and 

sizes. Figures 4.7(心， 4. 7(b) , and 4.7(c) show the domain structures of the x-component 

under remanent magnetization conditions with the external field of the directions as 

shown in Figs. 4.1(a) , 4.1(b) , and 4.1(c). The sizes and the shapes of the domains 

clearly change in each 日gure. As the external magnetic field is applied closer to the 

anisotropy hard axis , the domain sizes become smaller, especially in the y-direction. 

This can be explained qualitatively by considering the relaxation process of 

magnetization from the saturated state to the remanent state after the external field is 

removed. When magnetization relaxes from the saturated state in the easy axis 
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Fig. 4. 7. The remanent magnetization images that were prepared under the three types of external 

fields. The field directions for (a) , (b) , and (c) are shown in Figs. 4.1 (a) , 4.1 (b) , and 4.1 (c) , 

respectively. 
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Fig. 4.8. (a) The media noise as a function of the magneto-motive force of the head for 

the recording 仕equencies of 0 (dc erase) , 3 and 20 MHz. (b) The carrier level and (c) 

the C /N ratio as functions of the magneto-motive force of the head for the recording 

合equency of 3 MHz. In (b) and (c) , the solid circles are measured data , the line is a 

日tting curve of fourth degree , and the maximum point of the fitting curve is indicated.6 
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direction , the remanent state is achieved by 1800 rotation of parts of the 

magnetization , overcoming the barrier of anisotropic energy. In this case , the 

relaxation occurs principally in two steps; the formation of inversion nuclei , and the 

growth of inverse domains 仕om the nuclei by movement of the domain walls.11 The 

second step needs less energy in the case ofthe medium with the exchange interaction. 

On the other hand , when the relaxation proceeds in the direction of the hard axis , the 

remanent state is achieved simply by 1900 rotation of the magnetization without having 

to overcome an energy barrier. Since the case of the relaxation process in the easy 

direction needs higher energy (to overcome the anisotropy energy barrier) to form 

inversion nuclei , its domain density is lower and its domain size is larger , as can be seen 

in Fig. 4.7(a). 

The elongation of the domain shape in the x-direction in Fig. 4.7(c) can be 

explained by the e汀ect of wall energy. Since the anisotropy easy axis was inclined by 

300 toward the x-direction from the medium surface normal , we approximated an 

inverse domain shape as a square and classified the domain walls into two types in this 

medium; one lies in the x-z plane , and the other lies in a plane that includes both the 

y-axis and anisotropy easy axis. If we define these wall areas per unit wall length at the 

surface respectively as ふ， and Sy, 

O
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>。

c
 

y
 

ハ
ふ

一
一

ぐ
吋

(4.1) 

The respective wall energy of these areas are 

Ex 二 4 .s:: .JAyK = 4Sy cos300ぷ;E (4.2) 

and 
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Ey 二主 Sy JAxK. (4.3) 

Here Ax and Ay are the interparticle exchange constant in x-and y-direction 

respectively , and AxくAy is as we mentioned before. }ピ is the anisotropy constant and 

has no direction dependency. If cos30o .JA; くぷ:， ELくEy， and the wall tends to run in 

the x-direction to save wall energy and the domain stretches in the x-direction. 

The domain shapes in Fig. 4.7(a) can be explained as follows. During the process 

of the inverse domain growth from the inversion nuclei , the domain wall tends to move 

more easily in the y-direction than in the x-direction , since the exchange energy Av is 

larger in the y-direction 11 , 12. This phenomenon tends to make the domain longer in the 

y-direction. But the domain shape is disadvantageous in view of the e町ect of wall 

energy as discussed above. Thus the real domain shape is determined by the balance of 

the mobility and the energy of the wall , and is almost circular or a little elongated in the 

y-direction. 

We ca口 take advantage of this result to reduce media noise. Besides the 

remanent magnetization conditions , there are many small inverse domains in the 

recorded bits that are considered to be the principal source of media noise:' In the 

process of recording , the media magnetization changes direction due to the 日 elds from 

the head. The fields 仕om the head are distributed three-dimensionally; consequently , 

the strength and the direction change from point to point on the film according to the 

relative position of the head and the medium. The field is directed close to the easy axis 

at the leading side and close to the hard axis at the trailing side in the case of the 

obliquely evaporated medium. The position of the field , that last affects the film 
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magnetization , moves to the trailing side when the magneto-motive force increases. 

When the alignment of that field is close to that of the' hard axis (i.e. , that means when 

the magnetization is released in the remanent condition from the saturation in the hard 

axis direction) the inverse domain sizes can be expected to become small. This 

condition will lead to reduction of media noise. Therefore we assumed that this is the 

best magneto-motive force 仕om the standpoint of the media noise reduction. 

We studied the relation between the magneto-motive force of the head and media 

noise. We recorded on the 日1m using the ring head at three recording frequencies , 0 (dc 

erase condition) , 3, and 20 MHz , and measured the media noise as a function of the 

magneto-motive force. The results are shown in Fig. 4.8(a). The media noise decreases 

as the recording 仕equencies increase. This tendency agrees with the noise 

characteristics formerly reported.o At every frequency , as the magneto-motive force 

mcreases 仕om zero , the media noise decreases; it reaches minimum around 0.3 

ampere-turn-zero-to-peak (A Top). Increasing the magneto-motive force further from 

this level increases the media noise. This phenomenon of the minimum point of the 

media noise as a function of the magneto-motive force has been reported previously , 13 

although the direction of the magnetization easy axis in the medium was di斤erent from 

our case (it was inclined by 60 degrees 仕om the surface normal in the case of Ref. 12). 

We assume that the field from the head , which runs in the hard axis direction , becomes 

the last 日eld to a庁ect the film magnetization and that the inverse domain sizes are 

minimal around the magneto-motive force of 0.3 ATop. 
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To consider the C/N ratio , we need to study not only noise but also carrier level. 

When the external f�ld is applied in the anisotropy hard axis , the remanent 

magnetization decreases. In this sense , the carrier lev ,el is also assumed to decrease at 

the magneto-motive force that decreases the media noise. But the carrier level is also 

atfected by the spatial gradient of the field 仕om the head around the coercive force , 

which a庁ects the magnetization distribution at the bit boundaries. Figure 4.8(b) shows 

the carrier level as a function of the magneto-motive force at the recording frequency 

of 3 MHz. The solid circles are measured data , the solid line is a fitting curve of the 

fourth-degree-polynomial , and the maximum point of the fitting curve is indicated. 

From 0 ATop, the carrier level increases drastically with the magneto-motive force and 

reaches the maximum around at 0.25 A Top. After that it decreases gradually. The 

carrier level is not small around the magneto-motive force where the media noise 

reaches the minimum. That means that the carrier level depends mainly on the f冾ld 

gradient around the coercive force , while the media noise is determined mainly by the 

field direction that last a町ects the magnetization field. Therefore , the characteristics of 

the carrier level , and of the media noise as a function of the magneto-motive force of 

the head , are not the same. Figure 4.8(c) shows the C/N ratio as a function of the 

magneto-motive force of the head , which is calculated from Fig. 4.8(a) and 4.8(b). 

Again , the solid circles are the measured data, the solid line is a f咜ting curve of the 

fourth-degree-polynomial , and the maximum point of the 日 tting curve is indicated. It 

reaches the maximum between the magneto-motive force where the carrier level 

reaches the maximum , and the magneto-motive force where the media noise reaches 
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the minimum. This indicates that the field direction 仕om the head and resulting domain 

sizes play important roles in increasing the C/N ratio in obliquely evaporated recording 

media. 

4.4 Conclusion 

The remanent magnetization conditions of obliquely evaporated recording media 

Co-CoO films were studied. We found that the surface with a lot of inverse domains 

has a closure-domain-like structure , and the inverse domain size is smaller when the 

日eld is applied in the hard-axis direction. Application of these results to recording 

affords the capability of increasing the output signal by increasing the anisotropy 

energy to prevent the formation of closure-like domain structure , and of decreasing the 

media noise when the last field 合om the recording head , which determines the 

magnetization condition of the media, is aligned in the direction of the hard axis. 
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5. Summarγ 

[n this study we have improved our spin SEM , which was developed by 

Matsuyama θt a1. for detecting perpendicular magnetization component , which was not 

able to be detected , by installing the spin rotator. By the spin SEM we observed the 

recorded marks on magneto-optical recording medium TbFeCo and remanent 

magnetization state of obliquely evaporated Co-CoO film. We summarized the main 

conclusions of the present work as follows. 

[lJ A spin rotator for detecting the magnetization component perpendicular to the 

sample surface by spin SEM was developed. The spin rotator needs a large focusing 

area for this purpose and the computer simulation showed that a conventional spin 

rotator , which is a well-known energy filter named a Wien Filter, can be modified to 

have a large focusing area by using hyperbolic cylindrical pole pieces as a magnet and 

several auxiliary electrodes and satisちr our demand. We confirmed all the secondary 

electrons emitted 合om the area of a surface as large as 1 mm in diameter can pass the 

spin rotator with uniform spin rotation , and the distribution of the perpendicular 

magnetization components can be imaged successfully by spin SEM. 

[2J The recorded marks of magneto-optical media TbFeCo were observed. From the 

laser power dependency of the mark shapes and sizes on the land/ groove substrate we 

con日rmed that the borders between lands and grooves prevent the expansion of marks 

to adjacent tracks. This effect is useful in land/ groove recording where the track pitch 

becomes smaller substantially , because it reduces the e庁ect of cross write. Moreover 

we confirmed that the underlayer roughness affects the magnetization reversal process. 
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This is considered to be due to the di庁erence in the pinning effect. For the purpose of 

the media noise reduction , a large number of domain wall pinning sites are required to 

form uniform mark shapes. 

[3J The remanent magnetization conditions of obliquely evaporated recording media 

Co-CoO films were studied. We found that the surface with a lot of inverse domains 

has a closure-domain-like structure , which causes the reduction ofthe output signal of 

this medium. Increasing the output signal will be achieved by increasing the anisotropy 

energy to prevent the formation of closure-like domain structure. The inverse domain 

size is smaller as the field is applied in the magnetization hard-axis direction when the 

remanent condition is prepared. This result suggests the media noise decreases when 

the last 日eld 仕om the recording head , which determines the magnetization condition of 

the media , is aligned in the direction of the magnetization hard axis. 
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