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380 X線 異常散乱効果で見る局所構造:斜 方輝石を例に

Fig. 3 Spectrum of the synchrotron radiation at BL-10 and BL-14 of the Photon Factory. The wavelengths at the K, 

L I , L~ absorption edges are indicated for the atoms Ti to U.

Table 2. Atomic coordinates and thermal parameters of (Co, Ni, Zn) SiO3 orthopyroxene. The anisotropic 
temperature factors u, are multiplied by 103.

5.積 分反射強度 と結晶構造の精密化

　 MoKα の データは,グ ラファイ トで単色 した封入管
からの特性X線 を使って収集 した.理 学電機製4軸 回

折 計AFC5を 用 い,sinθ/λ〓1.3A-1の 範 囲 で,4653独

立 反 射 を得 た.そ の うちF〓3σFで あ る2514反 射 を 用 い

て 結 晶構 造 を 求 め た.CoSiO3の 原 子 座 標 値6)を 初 期 値

と し,(1)式 に 基 づ い て,非 線 形 最 小 二 乗 法 プ ロ グ ラム

佐々木 (1990)

PF, 単結晶回折Line 
でのエネルギーと輝度

10A: 0.7 - 1.7Åの硬X線域 
　　(17.7 - 7.3 KeV)



鉱物・合成複雑単結晶UG の簡易紹介
主な研究対象 
　天然鉱物や合成の微小結晶に対して、単結晶X線回折法によ
り、組織に対応した構造や温度・圧力変化に伴う相転移を含む
構造変化等の解析から、成因や変化プロセスを解明

低温で成長した鉱物結晶の低対称化の構造的要因 (Nakamura et al. 2016; 2017) 
圧力誘起相転移に伴う変調構造 (Okamoto et al. 2021) 
含水素鉱物の圧力誘起相転移と相転移後の水素位置の解明 
(Kuribayashi et al. 2014)  
新鉱物の結晶学的記載(田之畑石、千葉石、房総石、日立鉱) 
(Nagase et al. 2012; Momma et al. 2011); Kuribayashi et al. 2019) 

単結晶回折法とXAFSによる熱振動解析  
(Nakatsuka et al. 2017)

単結晶X線異常散乱法による特定元素の席選択性の解明 
硬X線波長域を活用： Cu, Zn, Pb, Bi, As, Sb …

LIII線

マクロとミクロをつなぐ　～　薄片スケールから原子スケールまで
研究例



測定エネルギー：For HX, 0.4 ~ 2.6 Å (Tiよりも重い元素をカバー) 

地球科学的には、Mg-Al-Siができれば… (AXS実験は厳しく、分光情報まで？）

２ビーム：SR　＋　SR  
　複雑組成の中での多元素の同時異常分散実験など

Hybrid Ringへの提案

材料科学～地球科学まで

これまでの成果から新たな発展的課題へ 
　複雑組織への対応と異常散乱法(AXS)による測定時間の短縮

回折実験　と　分光実験　（秩序－無秩序構造への展開） 
　より広いエネルギーレンジによる測定 
　かつ　複数元素の同時測定 
回折・分光　と　組成イメージング　（鉱物組織との対応） 
　X線回折による組織の方位解析（成長過程の解明）

Two-beamの活用１(SR + SR; HX+HX or HX + SX)

＆　高圧下その場実験　HXが必要



He discussed that various sectoral structures were formed
during growth as a consequence of cation ordering and
suggested that the ordered distributions were strongly af-
fected by its growth process on the basis of his optical
observations (Akizuki and Sunagawa, 1978; Akizuki,
1981). As discussed by Akizuki (1984), when cation or-
dering in birefringent garnet is produced by something
kinetic effects during crystal growth, the {110}c and
{211}c growth sectors are expected to have different de-
grees of cation ordering in their crystal structures. Several
structural refinements have been performed on birefrin-
gent garnet samples with various chemical compositions
in ugrandite solid solution (Allen and Buseck, 1988;
Kingma and Downs, 1989; Wildner and Andrut, 2001;
Frank–Kamenetskaya et al., 2007; Kobayashi et al.,
2013); however, most of these studies did not consider
the growth sectors with the exception of examined crys-
tals, except for Frank–Kamenetskaya et al. (2007).

Structural information on cation distributions is cru-
cial for understanding the origin of birefringent garnet. In
this study, SC–XRD experiments on the birefringent gar-
net from Mali were conducted to clarify the differences
in the degree of cation ordering between the {110}c and
{211}c growth sectors and to discuss the origin of sym-
metry reduction in detail.

EXPERIMENTAL PROCEDURE

Sample

The crystal used in this study is a garnet specimen from
Kayas, Mali, and is approximately 1 cm in diameter. The
crystal is extremely dark brown in color in hand but ap-
pears brown under the optical microscope. The external
crystal form consists of well–developed {110}c faces and
small {211}c faces as shown in Figure 1. The {110}c
growth surface is characterized by a lot of growth hill-
ocks and steps which were observed by differential inter-
ference contrast optical microscopy. The growth hillocks
are consisted of four vicinal faces like a pyramid. There is
no growth hillock or step on the {211}c surface.

Polished thin sections were prepared parallel to the
(110)c surface for the microscopic observations, chemical
analysis, and the SC–XRD experiments. In this paper, for
ease of comparison with the cubic structure, each face
index of the birefringent garnet is described by the nota-
tion for the cubic garnet with the subscript ‘c’.

Chemical analysis

The chemical compositions were analyzed using an elec-
tron micro–probe analyzer (EPMA; JEOL, JSM–5410),

operating at a 15 kV accelerating voltage and 1.25 nA
beam current. The results are summarized in Table 1.
Standard materials were as follows: wollastonite for Ca
and Si; almandine for Al; hematite for Fe3+; ilmenite for
Ti; MgO for Mg and tephroite for Mn. The chemical com-
positions of the garnet (Table 1) are very close to the bor-
der between andradite and grossular. Figure 2 shows a
back–scattered electron (BSE) image of a cross–section
cut parallel to the (110)c surface across the center of the
crystal. Three growth stages are could be observed and are
labeled as I, II, and III. Each growth stage shows different
contrast. The content of Fe3+2 O3 slightly increases from
stage I to III, whereas that of Al2O3 decreases. The frag-
ments of the {110}c and {211}c sectors for SC–XRD
experiments were picked from the stage III. The chemi-
cal compositions of the stage III were (Ca2.96Mg0.04
Mn0.04)Σ3.04(Fe0.97Al0.95Ti0.11)Σ2.03Si2.93O12 for {110}c sec-
tor, and (Ca2.91Mg0.05Mn0.03)Σ2.99(Fe1.01Al0.90Ti0.14)Σ2.05
Si2.93O12 for the {211}c sector. The Al content in the

Figure 1. (a) Optical microphotograph of a cross section of the
Mali garnet. The thin section is parallel to the (110), and the
[001]c direction is horizontal. In the (110)c sector, white crosses
show the principal vibration axis of the X and Z. The longer
lines correspond to the X axis. The Y axis is normal to the
(110)c. In other sectors, extinction angles and directions are
shown by black or white lines. (b) Schematic image of the crys-
tal shape and the cut–off plane of the thin section indicated by
shaded plane. (c) Schematic drawing of Figure 1a.
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回折法と分光法の活用で 
構造中の元素配置の詳細を観察 

分光実験：価数や配位数 
回折実験：席選択性の解明 

天然鉱物では固溶は普遍的 
　固溶元素の局所構造 
席選択性 
　Al/Siの秩序-無秩序問題 
　Mg/Al/Si 
　（造岩鉱物系） 
他にも 
　Fe/Mn, Bi/Pb, Cu/Zn 
　Fe/Al, As/Sb, Ca/Mn, As/Se 
　（硫化鉱物系）（材料物質系） 
　要：マシンタイムの制約から 
　　　複数元素の同時測定

Andradite garnet

Nakamura et al. (2016)

with iridescence

Two-beamの活用１の適用
組織ごとの結晶成長時における陽イオ
ン席の非等価化(席選択性)の解明 

（下図のケースでは、Fe-Al） 
 
現状：直接観察ではなく、間接的な情
報からFe-Alの秩序配列を観察

(Ag3.3Cu2.7)(Cu4.2Zn1.5Fe0.5)(Sb3.1As1.0)S12.7

例：四面銅鉱系列



 Pyrite (Py) ~ As含有　構造中のAs 
 Galena (Gn) 
 Argentotetrahedrite-Zn (Attr-Zn)  
 Pyrargyrite (pyg) 
 Barite (Brt) 
 Opal (Opl)

Gn

Attr-Zn
Opl Py
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(Ag3.3Cu2.7)(Cu4.2Zn1.5Fe0.5)  
(Sb3.1As1.0)S12.7
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X線による方位解析&組成の 
マッピングができないか？ 

結晶方位関係 
微細領域の化学組成 

栗林ら　(2022)
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Figure 4. Crystal structures of hemimorphite viewed down from [001] at (a) RP and (b) 3.01
GPa, and the magnifications seen from [01̄1] under (c) RP and (d) 3.01 GPa.
The green filled rectangle in the upper figures corresponds to the range of the lower figures, where
the M−O−M angles via the O1(1) and O1(2) sites with the angle variations are shown. SBUs
on the center are contrasted with ones on the origin by using deeper colors. The displacement
ellipsoids in the upper figures denote the area where existence probability of each atom is 68%.
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Hybrid Ringへの提案

回折実験　と　分光実験　（圧力誘起相転移のプロセス観察） 
　高圧単結晶回折実験　＋　異常散乱測定　＋　XAFS 
　広い波長(エネルギー領域で) 
　変位型相転移の時間変化 
　Zn4Si2O7(OH)2･H2O 
　

Two-beamの活用２　(SR + SP?; HX+HX)
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Figure 3. Observations of Bragg and satellite peaks at the reflections breaking h + k + l = 2n
condition.
(a) Oscillation photographs before and after the phase transition. Under 3.01 GPa, the 522
Bragg reflection is accompanied with a pair of satellite reflections along the b∗ direction. For
the 511 reflection, the Bragg and the satellite peaks are too close to each other to distinguish.
The curved bands are the diffraction rings of the backing plate in the DAC. (b) Scan profiles of
the 520 reflection along k in the reciprocal space at various pressure points.
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Modified after Okamoto et al. (2021)

変調を生じるケース、生じない
ケースが存在　 
→  動的な効果が示唆 
相転移ドメインの観察
温度変化による構造変化 
→ 変位型相転移の構造変化や 
離溶プロセスの解明

これまでの成果から新たな発展的課題へ 
　複雑組織への対応と異常散乱法による測定時間の短縮へ



回折　と　分光　（秩序－無秩序構造への展開） 
回折・分光　と　組成イメージング　（鉱物組織との対応） 
　X線回折による組織の方位解析（成長過程の解明、交代作用）

２ビーム：HX + HX or HX + SX による SR ＋ SR

まとめ 
Hybrid Ringの活用

測定エネルギー：For HX, 0.4 ~ 2.6 Å (Tiよりも重い元素をカバー) 
地球科学的には、Mg-Al-Siができれば… (回折実験は無理)

特殊環境下(温度・圧力)での回折＋分光実験 
SPモードとしては、動的な現象への適用 
　圧力・温度による構造相転移中の元素移動の時間変化 
　～　素過程の解明

２ビーム：HX + HX  による SR ＋ SR or SP


