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講演内容

1. フーリエ変換ホログラフィー法とは

2. 硬X線ホログラフィー: 特色・何が難しいか

3. 電荷散乱ホログラフィー法の開発

4. 磁気ホログラフィー法 開発の現状

5. 今後の展開̶XFELによる磁気デバイス解析に向けて

*XFEL: X線自由電子レーザー (X-ray Free Electron Laser)



背景: 磁気記録媒体の高密度化

ナノ磁性 = モルフォロジーと磁性

連続膜→ナノ構造へ 粒境界によるノイズの問題

ビットパターン媒体

1 Tbit/in2 = 25×25 nm/bit
= 106 原子/bit

200 Gbit/in2 500 Gbit/in2 1 Tbit/in2

面内記録 垂直記録 不連続トラック パターン媒体

記録密度

記録方式

ビット長:
トラック幅:

25 nm
120 nm

20 nm
60 nm

25 nm
25 nm

23 nm
100 nm

年表は東北大 角田氏から提供

グラニュラー媒体
磁気記録媒体は

パターニングによるダメージ？



従来のX線顕微法は？
硬X線走査型MCD顕微鏡

× 実用空間分解能: ～1 µm
◎ 検出深さ:～数 µm
◎ 磁場中測定が可能
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電磁石

円偏光X線

KB集光ミラー

SPring-8 BL39XU

光電子顕微鏡 (PEEM)

○ 空間分解能: ～20 nm
△ 検出深さ: 20～200 nm
× 磁場中測定は不可

PEEM SPECTOR 
(ELMITEC)

Takagaki, IPAP Conf. Series 7, 267 (2006).

Kotsugi, APEX 3, 013001 (2010).

5µm

α
γ

○空間分解能: ～20 nm
△ 検出深さ:～100 nm  ◎ 磁場中測定が可能

P. Fisher, et al. (ALS Web)

軟X線走査型MCD顕微鏡



フーリエ変換ホログラフィー法

・試料回折光と参照光との干渉によるホログラム
・左右円偏光による差分像 → 磁気イメージ

S. Eisebitt et al., Nature 432, 885 (2004).

原理上 波長程度の分解能
 ∆x ~ λ

実際には検出器の
サイズと距離で決まる

 ∆x ~ λz/a < 10 nm 

コヒーレントX線

軟X線: S. Aoki and S. Kikuta, AIP Conference Proceedings, 147, 49 (1986).



様々な波長域でホログラフィーは可能？
波長 (nm) 浸透深さ 可干渉距離

可視光 ~ 500 10 nm ~ mm*

UV, EUV ~ 50 10 nm ~ mm*

軟X線 ~ 1 100 nm ~ 100 µm

硬X線 ~ 0.1 10 µm ~ 10 µm

ガンマ線 (?) < 0.01 > 1 mm < 1 µm (?)

・空間分解能：原理的には波長に比例→短波長ほど有利
・厚い試料の観察→短波長ほど有利
・空間コヒーレンス(可干渉距離)→短波長ほど短い

第３世代放射光源で~10μm @λ=0.1 nm

*レーザーが利用可能



X線ホログラフィーの特徴

・高空間分解能 (原理的には波長に比例)

・厚い試料の観察、バルク敏感性
軟X線 ... 100 nm
硬X線 .... 10 µm

・元素選択性
共鳴吸収端の利用

・磁気イメージング
磁気円偏光二色性、共鳴吸収端の利用



硬X線ホログラフィーのメリット

・バルク敏感性
実デバイス試料の観察
表面保護層等の下に埋もれた磁性層
3次元観察 (CT)

・試料環境の自由度
超高真空環境が不要
強磁場、パルス磁場、書き込み用レーザー等の導入

・XFEL (X線自由電子レーザー) への展開
2010年度完成、2011年度から稼働予定
最初のビームラインは硬X線用

10 T 超伝導マグネット



硬X線と軟X線ホログラフィーの比較

元素吸収端 波長 (nm)
X線エネル
ギー (eV)

δ β 吸収率 (%)
位相シフト 

(°)

Co L3 1.59 778 2.1×10–3 1.8×10–3 63 20.9

Pt L3 0.107 11564 1.5×10–5 2.7×10–6 1.4 2.2

*[Co(0.4 nm)/Pt(1.1 nm)]40 多層膜 (厚さ 44 nm) に対する計算結果

物質との相互作用：硬X線 << 軟X線

・ホログラフィー像のコントラスト低下
・十分な遮弊が得られない→参照光源？



硬X線で解決すべき点

参照光用の穴の作製 ・小さい穴径→高分解能
・硬X線→重元素、厚さ必要

・細く深く掘らなければ！

直径 10 nm × 深さ1 µm = 1:100 !

細く深く掘られた井戸

Au (Z = 79)
T = 50% (t = 1µm)@7 keV
T = 80% (t = 1µm)@10 keV

Auなど重金属膜でも完全な遮光は難しい

透過率



参照光源物体の検討

a. 穴を参照光源とする b. 散乱体を参照光源とする

試料本体
参照光源用の
遮弊体

試料本体参照光源用の穴

SiN等基板

Auなど

Q1. 穴 or 遮弊体？

Q2. 半透明 (位相物体) でも機能するか？

.... バビネの定理



“凹”試料 (穴を参照光源)
‘F’ パターン、参照光穴３個

膜: Ta (厚さ2.75 μm)
基板: SiC メンブレン (厚さ240 nm)
パターン加工: FIB (収束イオンビーム)
パターン幅: 185 nm

試料作製：
NTT-ATナノファブリケーション株式会社
(フレネルゾーンプレートの実績)

試料本体参照光源用の穴

SiC基板
(240 nm)

Ta膜 (2.8 µm)

Ta (Z = 73)
T = 9% (t = 2.75 µm)@5 keV
T = 34% (t = 2.75 µm)@10 keV

Ta膜の透過率

Φ185 nm

1.0 µm 185 nm

参照光穴

SEM像

1.0 µm

2.49 µm



“凸”試料 (散乱体を参照光源)

Φ243 nm

1.0 µm 240 nm

‘F’ パターン、参照光物体３個

参照光物体

試料作製：
NTT-ATナノファブリケーション株式会社

試料本体参照光源用の遮弊体

SiC基板
(240 nm)

Ta膜 (2.8 µm)

1.0 µm

2.49 µm

SEM像

鳥瞰図

膜: Ta (2.75 μm)/SiC (240 nm)
パターン加工: FIBリソグラフィー
パターン幅: 240 nm



実験配置

X線CCD: 
Princeton Instrumetns
PI-LCX-1300

素子面積: 26.8 x 26.0 mm
1340 x 1300ピクセル
ピクセルサイズ: px = 20 μm

ピンホール2 
Φ40 μm

X線CCD

試料

参照光源 穴

試料からの回折光

参照光

E = 5 keV (λ = 2.48 Å)

z = 2.4 m0.65 m光源から50 m

ビームストッパ
Φ1 mm

w
 =

 2
6.

8 
m

m

BL29XU

ピンホール1 
Φ10 μm

0.15 m

この配置での理論値

1. 空間分解能

2. 観察可能な視野
四方

∆x ≥ λz
w/2

= 57 nm

xmax =
λz

2px
= 18.6 µm

 46 nm 

 15 µm  

0.45 m

ピンホール3 
Φ100 μm



実験の様子

SPring-8 BL39XUビームライン

試料まわり X線CCDとビームストッパ

ピンホール

試料



ホログラフィーパターン (“穴”試料)
回折パターン
濃淡はログスケール

蜂の巣状の干渉縞→試料-参照光穴の干渉

多段階露出→ダイナミックレンジ8桁

E = 5 keV (λ = 2.48 Å) 蜂の巣状の干渉縞

中心部に強いダイレクトビーム
干渉縞強度はその5桁落ち

回折パターン
横方向断面
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フーリエ変換による再生像

試料SEM像

・‘F’パターンの形状を再現（幅 185 nm）

(回折パターンの中心部をマスクして解析)

フーリエ変換像
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参照光穴

SEM像

1.0 µm

2.49 µm

・多重像の記録（複数の参照光源）
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断面図

幅 100 nm

フーリエ変換像 (拡大)フーリエ変換像

SEMで見積もった線幅：185 nm
フリンジは qx の測定範囲 < 20 (µm-1) によるものか



ホログラフィーパターン (凸試料)
回折パターン
濃淡はログスケール

蜂の巣状の干渉縞→試料-参照光穴の干渉

多段階露出→ダイナミックレンジ8桁

E = 5 keV (λ = 2.48 Å) 蜂の巣状の干渉縞

中心部に強いダイレクトビーム
干渉縞強度はその5桁落ち

回折パターン
横方向断面
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フーリエ変換による再生像
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散乱体を参照光源として使用可能



硬X線磁気ホログラフィー用試料

Co/Pt 多層膜 (n = 40, 厚さ 44 nm)
1 µm 厚 Si3N4 メンブレン上に成膜

・
・
・
・
・
・
・

Ta (4 nm)
Ru (5 nm)

[Co(0.4)/Pt(0.7 nm)]n
n = 40

SiN (1 μm)

Ru (1 nm)
Ta (1 nm)

Si frame

(b) 膜構造(a) SEM 像

Co/Pt dot
(100 nm sq. x 高さ44 nm)

900 nm

100 nm sq.

φ130 nm
高さ330 nm 

φ40 nm
高さ380 nm 

φ80 nm
高さ290 nm 

参照光源物体: 高アスペクト比のW製ピラー
電子ビームアシスト-CVD法で形成

S. Isogami, M. Tsunoda, and M. Takahashi, IEEE Trans. Magn., 41, 3607 (2005).

380 nm

φ40 nm



ドットの磁化過程での磁気イメージング

1 µm

20 nm径ドット

磁性膜構成：　Co80Pt20/Au/Ti

近藤祐治ほか: 2008年春季 第55回応用物理学関係連合講演会

ドット径：100, 70, 20 nm
ピッチ: 100 nm

外部磁場 (kOe)

X
M

C
D

 (任
意
目
盛

)

ビットパターン媒体の磁化反転過程に関する情報
スイッチング磁場分散 (SFD) との関係
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電荷ホログラフィー像
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による像
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による像

φ40 nm参照
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拡大図:
φ80 nm 参照光源に
よるドット再生像
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ホログラム

・Pt L3吸収端:
　X線エネルギー 11.562 keV (λ = 0.107 nm)
・右回り円偏光
・試料-CCD距離: 3.95 m 
・試料は交流消磁

FFT



磁気ホログラフィー像
左右円偏光に対する電荷像の差分@Pt L3吸収端

右回り円偏光

-3 -2 -1 0 1 2 3

!m

左回り円偏光

‒

-3 -2 -1 0 1 2 3

!m

差分 (磁気像)

=

-3 -2 -1 0 1 2 3

!m

35: demag.

磁気ドット位置に、なんらかの磁気的信号

*試料は消磁状態



磁気ホログラフィー像

(a) H = +0.2 T (b) H = –0.2 T (c)消磁状態
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34: +0.2 T
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33: -0.2 T

-3 -2 -1 0 1 2 3

!m

35: demag.

左右円偏光に対する電荷像の差分

試料の磁区変化に対応した磁気像の変化を観測

磁気コントラスト ≒ S/N比



XMCDおよび元素別磁化曲線 (Co/Pt連続膜)

H = 0.6 T
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反復位相回復法との組み合わせ
硬X線ホログラフィー + 反復位相回復による像再生

Lorenz-M. Stadler et al., PRL 100, 245503 (2008).

ホログラム像

波長: 1.55 Å (8 keV)     
試料：”P” 型パターン、幅200 nm
参照光物体： Au ドット175 nm径 × 5個

@ESRF ID10C

damage, which has severe consequences for the conver-
gence of the reconstruction algorithms and can be over-
come by appropriate algorithms [20,21] only to a certain
extent.

Here, we show for the first time results from hard x ray
HDI—a combination of FTH and iterative phase retrieval
methods in order to overcome the limitations of conven-
tional CDI as mentioned above. We lithographically fab-
ricated a nanoscale gold structure (the block letter P) on a
50 nm-thin Si3N4 membrane, with the letter elements
about 200 nm in widths and approximately 220 nm in
height. Five gold dots with about 175 nm diameter and
220 nm height were equally placed on a circle of radius
r ! 2:5 !m around the object, each acting as reference
source in the scattering process. In this straightforward
form of spatial multiplexing each source generates a
unique image upon reconstruction. The multiple images
can then be averaged in order to increase the image quality
[10].

The experiment was carried out at beam line ID10C at
the European Synchrotron Radiation Facility in Grenoble,
France. A beam of partially coherent hard x-ray photons
(energy E ! 8 keV and wavelength " ! 1:55 !A, respec-
tively) was used. Temporal coherence was ensured by a
Si(111) channel-cut monochromator ("E=E " 10#4) and
roller-blade slits were used to select a spatially coherent
beam cross-section A0 ! 10$ 10 !m2 with an intensity
of I0 " 1:4$ 108 photons per second. Two pairs of guard
slits were used to clean the beam from parasitic slit scat-
tering before illuminating the sample. The diffraction pat-
tern was recorded in transmission geometry with a direct-
illumination charge-coupled device (Princeton Instru-
ments, 1242$ 1152 pixels, 22:5$ 22:5 !m2 pixel size)
at a distance of L ! 3:29 m from the sample. For reducing
air scattering we used an evacuated flight tube with kapton
windows, whereas the sample as well as the slits were
situated in air. A beam stop (1 mm diameter) at the end
of the flight tube was used to block the direct beam and

some remaining parasitic slit scattering at very small
angles.

Figure 1(a) shows the recorded hologram in a 1094$
1094 pixel-wide array, almost extending to the edges of the
detector. The image is the sum of 200 single pictures, 3 s
exposed each. A single Fourier transform of the measured
intensities gives the spatial autocorrelation of the overall
object, including the crosscorrelation between the object
and the dots, which directly yields the object shape and its
complex conjugate (a 180%-rotated copy) for each dot [10].
Since for each reference the object consists of the letter P
plus the 4 other references, the reference sources are
imaged as well. The central part of the inverted hologram
is shown in Fig. 1(b). The letter P is clearly recognizable.
Its shape is, however, slightly distorted and the contrast is
reduced by a wavy background. This image degradation
stems from the considerable number of bad pixels in the
diffraction pattern, i.e., pixels that were either blocked by
the beam stop or damaged or (in few cases, near the central
beam stop) containing some remaining parasitic slit scat-
tering. In addition, the relatively big reference-source size
causes a slight blurring of the P structure in the FTH
reconstruction, which is a small effect in our case.

In order to improve the statistics of the FTH result we
average the 5 independent subimages. This average, shown
as inset in the right upper corner of Fig. 1(b), still exhibits
some small distortions and a nonconstant background, but
features appear already quite clearly. Qualitatively, this
result compares well to the scanning-electron micrograph
depicted in the right lower corner of Fig. 1(b). The aver-
aged FTH result is thus extremely well suited as starting
point for further iterative phase retrieval algorithms that
allow to push the spatial resolution down to the diffraction
limit [16,17].

Additionally, we may also look at the FTH phases that
are shown in Fig. 2. In general, x rays passing through a
material of thickness z experience a phase shift "# ac-
cording to "# ! &2$="'%z, where % denotes the real part

FIG. 1 (color). HDI processing of a single diffraction experiment. (a) Hologram of the lithographically grown gold nanostructure
(block letter P), recorded with partially coherent 8 keV photons. Logarithmic pseudocolor scale. (b) Central part of the modulus of the
Fourier transformed hologram, imaging the object and its rotated copy 5 times each. Logarithmic pseudocolor scale. The inset in the
upper right corner shows the average of the 5 independent FTH results on a linear pseudocolor scale. For comparison, an SEM image is
shown as inset in the right lower corner. (c) Visualization of the central object geometry as derived from the electron density profile.
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damage, which has severe consequences for the conver-
gence of the reconstruction algorithms and can be over-
come by appropriate algorithms [20,21] only to a certain
extent.

Here, we show for the first time results from hard x ray
HDI—a combination of FTH and iterative phase retrieval
methods in order to overcome the limitations of conven-
tional CDI as mentioned above. We lithographically fab-
ricated a nanoscale gold structure (the block letter P) on a
50 nm-thin Si3N4 membrane, with the letter elements
about 200 nm in widths and approximately 220 nm in
height. Five gold dots with about 175 nm diameter and
220 nm height were equally placed on a circle of radius
r ! 2:5 !m around the object, each acting as reference
source in the scattering process. In this straightforward
form of spatial multiplexing each source generates a
unique image upon reconstruction. The multiple images
can then be averaged in order to increase the image quality
[10].

The experiment was carried out at beam line ID10C at
the European Synchrotron Radiation Facility in Grenoble,
France. A beam of partially coherent hard x-ray photons
(energy E ! 8 keV and wavelength " ! 1:55 !A, respec-
tively) was used. Temporal coherence was ensured by a
Si(111) channel-cut monochromator ("E=E " 10#4) and
roller-blade slits were used to select a spatially coherent
beam cross-section A0 ! 10$ 10 !m2 with an intensity
of I0 " 1:4$ 108 photons per second. Two pairs of guard
slits were used to clean the beam from parasitic slit scat-
tering before illuminating the sample. The diffraction pat-
tern was recorded in transmission geometry with a direct-
illumination charge-coupled device (Princeton Instru-
ments, 1242$ 1152 pixels, 22:5$ 22:5 !m2 pixel size)
at a distance of L ! 3:29 m from the sample. For reducing
air scattering we used an evacuated flight tube with kapton
windows, whereas the sample as well as the slits were
situated in air. A beam stop (1 mm diameter) at the end
of the flight tube was used to block the direct beam and

some remaining parasitic slit scattering at very small
angles.

Figure 1(a) shows the recorded hologram in a 1094$
1094 pixel-wide array, almost extending to the edges of the
detector. The image is the sum of 200 single pictures, 3 s
exposed each. A single Fourier transform of the measured
intensities gives the spatial autocorrelation of the overall
object, including the crosscorrelation between the object
and the dots, which directly yields the object shape and its
complex conjugate (a 180%-rotated copy) for each dot [10].
Since for each reference the object consists of the letter P
plus the 4 other references, the reference sources are
imaged as well. The central part of the inverted hologram
is shown in Fig. 1(b). The letter P is clearly recognizable.
Its shape is, however, slightly distorted and the contrast is
reduced by a wavy background. This image degradation
stems from the considerable number of bad pixels in the
diffraction pattern, i.e., pixels that were either blocked by
the beam stop or damaged or (in few cases, near the central
beam stop) containing some remaining parasitic slit scat-
tering. In addition, the relatively big reference-source size
causes a slight blurring of the P structure in the FTH
reconstruction, which is a small effect in our case.

In order to improve the statistics of the FTH result we
average the 5 independent subimages. This average, shown
as inset in the right upper corner of Fig. 1(b), still exhibits
some small distortions and a nonconstant background, but
features appear already quite clearly. Qualitatively, this
result compares well to the scanning-electron micrograph
depicted in the right lower corner of Fig. 1(b). The aver-
aged FTH result is thus extremely well suited as starting
point for further iterative phase retrieval algorithms that
allow to push the spatial resolution down to the diffraction
limit [16,17].

Additionally, we may also look at the FTH phases that
are shown in Fig. 2. In general, x rays passing through a
material of thickness z experience a phase shift "# ac-
cording to "# ! &2$="'%z, where % denotes the real part

FIG. 1 (color). HDI processing of a single diffraction experiment. (a) Hologram of the lithographically grown gold nanostructure
(block letter P), recorded with partially coherent 8 keV photons. Logarithmic pseudocolor scale. (b) Central part of the modulus of the
Fourier transformed hologram, imaging the object and its rotated copy 5 times each. Logarithmic pseudocolor scale. The inset in the
upper right corner shows the average of the 5 independent FTH results on a linear pseudocolor scale. For comparison, an SEM image is
shown as inset in the right lower corner. (c) Visualization of the central object geometry as derived from the electron density profile.
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of the material’s refractive index at a specific photon
energy. In the Fourier transform of the hologram we are
sensitive to the difference between the x-ray phase shift in
the reference and the sample structure. Provided sample
and reference are illuminated with a plane wave, the phase
in the FTH object image is ’ ! 0 at all points where the
heights of object and reference dot are equal and ’ !
"2!="##!z at points with a height difference of !z. In
Fig. 2 the object is well recognizable although ’ is affected
by a strong phase structure, which is caused by the missing
pixels due to the beam stop and local detector damage.
Since we know those pixels, we can account for them and
derive quantitative information about the true object phases
and the object height, respectively. Assuming a homoge-
neous sample height we simulate the corresponding FTH
phases while accounting for the bad detector pixels as well
as for the intensity in the measurement together with
Poisson statistics [22]. To verify the quality of our assump-
tion we take the difference between the experimental and
simulated data, !’, and further average over the regions
containing the 5 independent object images [22]. The inset
in Fig. 2 shows a slice through that map, corresponding to
the average of slices through !’ at positions indicated by
the dashed white lines in the main panel. From that cut we
obtain h!’i ! 0:323$ 0:045 rad. This difference is ex-
plained by a Fresnel phase ~’ that forms between the object
and the reference dots, since in the experiment the sample
was situated l % 0:48 m downstream of the beam-defining
slits; i.e., the sample was not illuminated by a plane wave
but by the Fresnel diffraction of the slits. Following

Ref. [23] we calculate the mean ~’ for the object as

 ~’ ! 1&!"="
2

r2
!
2!
"L

& 2!
"l

"
; (1)

yielding ~’ % 0:3 rad in excellent agreement with the
above finding. The standard deviation of !’ corresponds
to % 23 nm—a quantitative measure of the homogeneity
of the sample height.

For the iterative CDI procedures, we defined an initial
support based on the P shape of the FTH average plus 5
circles at the reference-source positions. We then used the
standard CDI algorithms of error reduction and hybrid-
input output [13] and also allowed for further support
refinement by the so-called shrink wrap method [21],
which mainly affected the actual support of the reference
dots. To be sure to have a clear result 100 independent
phase retrieval runs (950 iterations each) were carried out.

Figure 3(a) shows the average amplitudes of those runs,
yielding an object shape and support, respectively, in ex-
cellent agreement with the SEM finding. The small hot
spot in the actual amplitude values, approximately in the
middle of the long upright bar of the P letter, is an artifact
due to the partial coherence of the x-ray beam [24]. The
theoretical spatial resolution, corresponding to the maxi-
mum photon momentum transfer Q, recorded at the edge
of the Fourier transform array, was 20.7 nm. From line
scans through an individual reconstruction result, illus-
trated in Fig. 3(b), we derive a resolution of % 25 nm,
which comes close to the theoretical value.

We note that the computing time for getting from the
diffraction pattern [Fig. 1(a)] to the final object electron
density as anticipated in Fig. 1(c) is very small. The
computation time for the single Fourier transform of the
measured hologram and the averaging of the 5 individual
object images [Fig. 1(b)] is negligible. A successful phase

FIG. 3 (color). Results from the FTH-based phase retrieval
runs. (a) Average amplitude of 100 phase retrieval runs. Linear
gray scale. (b) Slices through an individual phase retrieval result
at positions indicated by the red and blue line at the height of the
eye-guiding arrow in (a), demonstrating a resolution of % 25 nm
(compare dashed lines). (c) Visualization of the object geometry
(letter plus reference dots) as determined from the electron
density profile.

FIG. 2 (color). Central part of the phases of the Fourier trans-
formed hologram. The object phases are affected by the phase
structure which is caused by missing detector pixels. The inset
shows the average of slices (indicated by the dashed white lines)
within the 5 individual object image regions through the differ-
ence !’ between the experimental and simulated data, where a
homogeneous sample height was assumed and missing detector
pixels were accounted for.
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of the material’s refractive index at a specific photon
energy. In the Fourier transform of the hologram we are
sensitive to the difference between the x-ray phase shift in
the reference and the sample structure. Provided sample
and reference are illuminated with a plane wave, the phase
in the FTH object image is ’ ! 0 at all points where the
heights of object and reference dot are equal and ’ !
"2!="##!z at points with a height difference of !z. In
Fig. 2 the object is well recognizable although ’ is affected
by a strong phase structure, which is caused by the missing
pixels due to the beam stop and local detector damage.
Since we know those pixels, we can account for them and
derive quantitative information about the true object phases
and the object height, respectively. Assuming a homoge-
neous sample height we simulate the corresponding FTH
phases while accounting for the bad detector pixels as well
as for the intensity in the measurement together with
Poisson statistics [22]. To verify the quality of our assump-
tion we take the difference between the experimental and
simulated data, !’, and further average over the regions
containing the 5 independent object images [22]. The inset
in Fig. 2 shows a slice through that map, corresponding to
the average of slices through !’ at positions indicated by
the dashed white lines in the main panel. From that cut we
obtain h!’i ! 0:323$ 0:045 rad. This difference is ex-
plained by a Fresnel phase ~’ that forms between the object
and the reference dots, since in the experiment the sample
was situated l % 0:48 m downstream of the beam-defining
slits; i.e., the sample was not illuminated by a plane wave
but by the Fresnel diffraction of the slits. Following

Ref. [23] we calculate the mean ~’ for the object as

 ~’ ! 1&!"="
2
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!
2!
"L

& 2!
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"
; (1)

yielding ~’ % 0:3 rad in excellent agreement with the
above finding. The standard deviation of !’ corresponds
to % 23 nm—a quantitative measure of the homogeneity
of the sample height.

For the iterative CDI procedures, we defined an initial
support based on the P shape of the FTH average plus 5
circles at the reference-source positions. We then used the
standard CDI algorithms of error reduction and hybrid-
input output [13] and also allowed for further support
refinement by the so-called shrink wrap method [21],
which mainly affected the actual support of the reference
dots. To be sure to have a clear result 100 independent
phase retrieval runs (950 iterations each) were carried out.

Figure 3(a) shows the average amplitudes of those runs,
yielding an object shape and support, respectively, in ex-
cellent agreement with the SEM finding. The small hot
spot in the actual amplitude values, approximately in the
middle of the long upright bar of the P letter, is an artifact
due to the partial coherence of the x-ray beam [24]. The
theoretical spatial resolution, corresponding to the maxi-
mum photon momentum transfer Q, recorded at the edge
of the Fourier transform array, was 20.7 nm. From line
scans through an individual reconstruction result, illus-
trated in Fig. 3(b), we derive a resolution of % 25 nm,
which comes close to the theoretical value.

We note that the computing time for getting from the
diffraction pattern [Fig. 1(a)] to the final object electron
density as anticipated in Fig. 1(c) is very small. The
computation time for the single Fourier transform of the
measured hologram and the averaging of the 5 individual
object images [Fig. 1(b)] is negligible. A successful phase

FIG. 3 (color). Results from the FTH-based phase retrieval
runs. (a) Average amplitude of 100 phase retrieval runs. Linear
gray scale. (b) Slices through an individual phase retrieval result
at positions indicated by the red and blue line at the height of the
eye-guiding arrow in (a), demonstrating a resolution of % 25 nm
(compare dashed lines). (c) Visualization of the object geometry
(letter plus reference dots) as determined from the electron
density profile.

FIG. 2 (color). Central part of the phases of the Fourier trans-
formed hologram. The object phases are affected by the phase
structure which is caused by missing detector pixels. The inset
shows the average of slices (indicated by the dashed white lines)
within the 5 individual object image regions through the differ-
ence !’ between the experimental and simulated data, where a
homogeneous sample height was assumed and missing detector
pixels were accounted for.
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反復位相
回復

フーリエ
変換

位相マッピング

空間分解能: 25 nm



通常の位相回復アルゴリズム (ER/HIO)

FT

FT–1

逆空間 拘束条件

回折パターン振幅
→実験データ

F = |F|eiϕ

F′ = |
√

Imeas|eiϕρ̃′(r)

ρ̃(r) = ρ(r)eiφ(r)

実空間 拘束条件

1. サポート (試料サイズ)

2. ρ(r) > 0, Real

J. R. Fienup, Appl. Opt. 21, 2758 (1982). R. P. Millane and W. J. Stroud, J. Opt. Soc. Am. A 14, 568 (1997). 



XFEL (X線自由電子レーザー)

SPring-8キャンパスに建設中のXFEL施設 (2010年度完成予定)

・X線領域 (λ= 0.1 nm) のレーザー光源
・非常に高い瞬間輝度 (SPring-8の10億倍)

・超短パルス (～ 10 fs)
・コヒーレンス特性

X線の干渉性を用いたイメージングにより、ps ～ fsの物理化学現象を観察



ブラッグ反射配置での回折磁気スペックルの計測

磁気ストレージ産業
への直接的寄与

極小スピンデバイス

0.1 µm0.1 µm

XFEL

コヒー
レント

Ｘ線

回折スペックルパターンの計測

Bit Patterned Media

ハードディスク MRAM

再生ヘッド

記憶セル

ビットパターンドメディア

次世代媒体

磁気情報
の抽出

位相回復
フーリエ変換

極小薄膜デバイス中の
磁気モーメントの
反転過程を可視化

ブラッグ回折スポットに現れるコヒーレント散乱パターン
偏光+共鳴→磁気回折スペックル→磁区の可視化

角田 (東北大)
淡路 (富士通)
中村、鈴木 (JASRI)
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y,z,θ架台

ロードロックチャンバー

試料トランスファーロッド

X線入射ポート

四象限スリット

二次元検出器ガイドレール

回折スペックル計測装置の整備状況

真空多軸回折計

真空対応電磁石

真空対応四象限スリット

フォトダイオード位置調整機構

蛍光投影型高分解能CCD検出器

X-RAY

高速ピエゾシャッターと同チャンバー



Single-pulse magnetic scattering by EUV-FEL

C. Gutt et al. Phys. Rev. B81, 100401 (2010).

Co M2,3 edge (hv = 59 eV, λ = 20.8 nm)
パルス幅 30 fs, 2×1011 photons/pulse

実験配置 (FLASH@DESY, ドイツ)
ワンショットFELパルスに
よる磁気散乱パターン



まとめ
•硬X線レンズレスホログラフィー法を開発

•散乱体を参照光源に用いる方法が有効
Wドット:電子ビームアシスト-CVD法で形成

•厚さ44 nm のCo/Pt磁性膜の電荷イメージング

空間分解能 40 nm

•磁気ホログラフィーイメージング
→S/N比のさらなる改善へ

•XFELへの展開

回折磁気スペックル法

ps～fs領域での磁気ダイナミクスの観察


