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Instrument

BL18: General-Purpose Powder Diffractometer

BL02: Multi-Purpose Reflectometer

BL01: Small-Angle Neutron Scattering

BL16: Multi-Physics Instrument

BL11: Atmospheric Neutron Irradiation Spectrometer 

BL05: High-Energy Direct-Geometry Inelastic Spectrometer

BL13: Energy-Resolved Neutron Imaging Instrument

BL14: Very Small-Angle Neutron Scattering 

BL15: High-Pressure Neutron Diffractometer

BL09: High-Resolution Neutron Diffractometer

BL08A: Engineering Material Neutron Diffractometer

BL20: Direct-Geometry Polarized Inelastic Spectrometer

BL12: Neutron Physics and Application Spectrometer

BL19: Macromolecular Single-Crystal Neutron Diffractometer

BL17: Elastic Diffuse Scattering Neutron Diffractometer

BL10: Neutron Backscattering Spectrometer

BL04: Cold Neutron Inelastic Spectrometer

BL08B: Neutron Technology Development

BL03: Liquid Reflectometer

BL06: Indirect-Geometry Molecular Vibrational Spectrometer

第二期

In different periods, the design and construction of different instruments and equipment must be 

based on needs of national and/or reginal science and technology and economic development.
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Neutron

Neutron
one “up” quark (charge 

+2/3e)

two “down” quarks

(charge −2/3 e)
All matters are composed of tiny

particles call atom. Every atom is

made up of three types of smaller

subatomic particles, electron,

neutron, and proton. Proton and

neutron make up nucleus,

surrounded by electrons.

The proton carries two “up” quarks and one “down”

quark, while the neutron carries one “up” quark and

two ‘down” quarks. The “up” quark have +2/3 e, and

the “down quark has -1/3 e. So that the proton carries

+e, and the neutron is a neutral particle.

Proton
two “up” quarks (charge 

+4/3 e) 

one “down” quark

(charge -1/3 e)

+e
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Theorized Ernest Rutherford (1920)

Discovered James Chadwick (1932)

Mass 1.67492749804(95)×10
−27

kg, 939.56542052(54) MeV/c
2
, 

1.00866491588(49) Da

Mean lifetime 879.4(6) s (free)

Electric charge 0 e (−2±8)×10
−22

e (experimental limits)

Electric dipole moment < 2.9×10
−26

e⋅cm (experimental upper limit)

Electric polarizability 1.16(15)×10
−3

fm
3

Magnetic moment −1.04187563(25)×10
−3    

,  −1.91304273(45)

Magnetic polarizability 3.7(20)×10
−4

fm
3

Spin 1/2

Wavevector Magnitude 2p / l

Wavelength h/mv

Energy (E) (1/2)mv
2
=h

2
/2ml

2

mB mN

Intrinsic Properties of Neutron, Wave-particle Duality
中子的本征性质， 波粒二象性

Neutron

1. The most mass of an atom comes from

proton and neutron. The mass of a neutron

（ 1.67492749804(95)×10−27 kg） is slightly

greater than a proton.

2. Neutrons accompany protons in nucleus.

When neutrons leave nucleus become

free, the average lifetime of a free neutron

is about 14.66 minutes.

3. Although neutron is a neutral particle, it

carries zero electric charge. The magnetic

moment of neutron is not zero.

4. It has spin ½ with moment of -0.001042 mB.

5. This is an indication of its quark

substructure and internal charge

distribution.

6. Energy E= ½ mv2=h2/2ml2, that is the lower
v the lower E or the shorter l the higher E.

7. Neutrons move in a wave mode; the

wavelength l=h/mv, i.e. the higher v the
shorter l.

8. The magnitude of wavevector (2p / l) is a

function of wavelength.

9. Neutrons possess wave-particle duality.
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Wave Neutron diffraction is a form of elastic

scattering where the neutrons exiting the

experiment have the same energy as the incident

neutrons. This technique can be used to study the

atomic and magnetic structures of a material, such

as crystalline solids, amorphous, liquids, and

gasses.

Particle Inelastic scattering occurs because the

atoms in a solid are of finite mass and they can gain

or loss energy when neutrons, or any kind of

radiation, collide with them. It can used to study the

atomic dynamics of the sample, such as quantum

materials, energy-related materials, soft matter,

complex fluids, biology, magnetic excitations,

vibrational and rotational， diffusional processes

and quantum tunnelling.

中子衍射类似X-射线衍射，是一种弹
性散射，即实验中的入射与散射的中
子具有相同的能量。但不同的辐射所
得到的信息具有互补性.中子衍射用于
分析晶体结构/磁结构，适用研究结晶
固体，气体，液体以及非晶材料。

非弹性散射发生在当中子或任何类型
的辐射与固体中的原子碰撞时获得或
损失能量。用来研究量子材料，能量
相关材料，软物质，复合流体, 生物学,

磁激发，振动和旋转光谱，扩散过程
和量子隧道等。

Neutron, Wave-Particle Duality

https://zh.wikipedia.org/wiki/File:Neutron_quark_structure.svg


Elastic and Inelastic Scattering
Neutron

When atoms in a solid are of finite mass and they do or don’t gain or loss energy when neutrons, or any 

kind of radiation, collide with them.

Neutrons scattering 

from a sample have 

the same energy as 

the incident 

neutrons.

The neutrons gain or 

lose some energy as 

scattering from a 

sample.

Wave

Particle

https://zh.wikipedia.org/wiki/File:Neutron_quark_structure.svg


为什么用中子？中子有揭示了其他探针无法获得的特性的能力。它可以像波一样衍

射或反射，或者像粒子在运动过程中与物质碰撞时获得或失去能量。

波长从0.1A到100A不等，允许它们测量从像原子一样小到蛋白质一样大的结构。

能量在毫电子伏特量级，与固体或液体中原子运动，磁性材料中的波或分子振动

的能量相同。可以检测的小的纳米电子伏特和十分之一电子伏特的中子与物质

之间的能量交换。

散射本领几乎随机地因原子核而异。有利于对探测轻的原子，同位分离等。

磁性使得中子对原子中的电子自旋和电子的轨道自旋的有序度都很敏感。

穿透能力强中性的中子使得其能够深入样品，更容易穿过极端条件环境设备壁达

到样品，深入测量工程部件中的应力应变。

中子的优势特点
Neutron

https://zh.wikipedia.org/wiki/File:Neutron_quark_structure.svg
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Neutron

入射中子基本单一波长，谱图特性好

能测量大d值晶面间距，有利于分析复杂磁结构和大晶胞晶体结构

在实验过程中能调整分辨率

更通用

峰型简单更容易拟合

吸收和消光校正相对简单

数据存储和简化简单

可进行极快的数据收集和频闪测量

工程衍射仪非常适合复杂构件的应变扫描

工程衍射仪对织构测量简单容易

能测量非常大Q值数据 (小晶面间距d）

用长的飞行管道可达到非常高的分辨率

整个谱图的分辨率不变

运用全入射谱，强度数据需仔细进行刻度校正。

冷中子谱议可用于研究磁结构和大晶胞结构。

复杂的样品环境可用于90度的探测器组。

用大的探测器组对横切大比例Debye-Scherrer锥更为简单。

数据采集非常快捷。

工程谱议适合原位加载和/或加热，连续采集衍射谱。

通用谱议可测织构。

https://zh.wikipedia.org/wiki/File:Neutron_quark_structure.svg
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分析复杂晶体结构或磁结构

相转变

线-宽分析

快速动力学研究

解析或精化小分子无机晶体结构

精化复杂晶体结构或磁结构

定量相分析

International Tables for Crystallography (2018). Vol. H, Chapter 2.3, p92.



International Tables for Crystallography (2018). Vol. H, Chapter 2.3, p92.

分析复杂或低对称性的结构

精修大的或复杂的晶体结构

解磁结构或精修磁结构

定量相分析

相转变分析



结构与性能
Structure and Property

C60

Graphite

Diamond

ABX3

异质同构
性能不同

Ba Ti O3

Mg C Ni3
Zn N Mn3

材料科学: 一级学科，包括金属材料，无机非金属材料，有机材料，有机高分子材料等。
主要研究: 材料成分，组织结构，制备工艺与材料性能及应用之间相互关系。

核心问题: 结构与性能。

A

B

X

同质异构
性能不同 (C) 异质异构 同种性能

在材料科学中，性能是由
结构和结构中的成分及其分布
决定，例如：

1. 图(A)中的三种不同的结
构都由碳元素组成，但它
们具由不同的特性。

2. 图(B)列出的三种化合物
都具有相同的结构，但它
们的性能完全不同。

3. 图(C)所示的所有的结构
和成分都不相同，但它们
都可能具有超导性能。其
超导性能也随着部分改变
其中的组分而变化。

结构材料也与功能材料类
似，性能与结构紧密关联。因
此在材料科学中，结构的研究
是建立材料基因库的重中之重。

(A)

(B)



(La1-xBax) 2CuO4

(Nb1-xCex) 2CuO4+x

Sr1-xNdxCuO2

Bi2Sr2CaCu2O8

YBa2Cu3O7-x

Tl2Ba2Ca2Cu3O10

HgBa2Ca2Cu3O8+x

功能材料探索中的重要步骤
Search for new Functional Materials 

Sr1-xNdxCuO2

(R1-xMx)2CuO4

La2-xMxCan-1CunO2n+1

Nd2-x-yCexSryCuO4

YBa2Cu3O7-x

YBa2Cu4O8

HgBa2Can-1CunO2n+2+x

Tl1-yBa2Can-1CunO2n+3-x

Tl2-yBa2Can-1CunO2n+4-x

Bi2Sr2Can-1CunO2n+4+x

(Pb2Cu)Sr2(Ca,Y)n-1CunO2n+4

(Cu/C)2Ba2Can-1CunO2n+2

CuyBa2Can-1CunO2n+3-x

性能
Property

结构类型
Type of Structure

化合物
Compounds

1. 确定研究的性能；
2. 选择结构类型；
3. 选择结构，化合物制备；
4. 分析结构和性能及其关系；
5. 理论探讨其机理。

在新材料的探索研究过程中一

般有以下几个过程：

1. 首先选择要研究材料的性

能, 例如选择研究图(a)超

导性能。

2. 选择可能具有超导性能的

已知的结构类型（如图(b))

或根据经验和理论推测一

种新的结构模型。

3. 设计切合该结构的化合物。

4. 化合物制备并进行性能测

试和结构分析。

5. 结果分析。

(a) (b)

(c)



Powder Diffraction

Structures Analysis

Powder diffraction: a useful toll for revealing

the most important structural information in materials science

定量物相分析 Quantitative phase analysis

结构精化 Structure refinement

化学成分确定 Chemical composition

对称性分析 Symmetry analysis

分析元素分布 Element distribution

织构，应变等研究 Texture, stress …

二维结构测定 2-D structure

局域结构等 Local structure…

有序度研究 Order degree

磁结构和性能 Magnetic structure & properties (NPD only)

X-ray
Neutron

Electron

Rietveld 方法和相应的峰型分析软件的发展
Development of Rietveld method and related software for profile analysis

粉末样品制备简易
Easy to prepare powder sample

困难或不可能生长足够大的单晶体

Difficulty or impossible to grow single crystal

使用特殊的环境条件方便
Convenient for using special environmental condition

容易中子衍射研究磁结构和性能
Easy for studying magnetic structure and properties by NPD

…

} Diffraction



Macromolecules 大分子

Zeolites 沸石

Minerals and Mining 矿物和采矿

Inorganic Structures 无机结构

Glass Ceramics 玻璃陶瓷

Ceramic Materials (incl medicals) 陶瓷材料

Metals and Alloys 金属和合金

Cement 水泥

Polymers and Fibers 聚合物和纤维

Pharmaceuticals 制药

Forensic Science 法医科学

Materials for Energy Storage and Conversion 能源储存和转换材料

Magnetic Materials 磁性材料

Catalysis 催化

Peroleum and Petrochemicals 石油和石化产品

Superconductivity 超导

Composites 复合材料

Paint and Pigments油漆和颜料

Piezo Ceramics 压电陶瓷

Aeronautics and Space Materials 航空航天材料

Metal-Organic Framework 金属有机框架
。。。。。。

多晶衍射方法的广泛应用



Peaks Position: 2dsinq = nl

where l is the incident beam wavelength, d and q are the distance 

between successive hkl planes and Bragg angles of reflections, 

respectively.

Diffraction Intensity: Ihkl = C|Fhkl|
2

where  |Fhkl|
2 is the hkl reflection amplitude of the diffracted X-ray, 

or neutron, or magnetic, and C is all others.

X-ray: |Fhkl |2 = |∑   fj exp(2p i (hx + ky + lz))|2 e-2W

where fj is the X-ray atomic scattering factor of atom j for X-ray.

Neutron:   |Fhkl |2 = ∑  bj exp(2p i (hx + ky + lz))|2 e-2W

where bj is the neutron scattering length for atom j.

Magnetic: |Fhkl |2 = ∑  qj fMj exp(2p i (hx + ky + lz))|2 e-2W

where qj and fMj are the magnetic interaction vector and the

magnetic form factor for atom j, respectively. 

X射线和中子粉末衍射峰的位置，强度和结构因子
Powder diffraction positions, intensity, and structural factors for XRPD & NPD

X-射线衍射与中子衍射具有许多共同
点。峰的位置都遵循Bragg方程:

2dsinq =nl

衍射峰的强度:

Ihkl =C|Fhkl|
2 

式中 C 是与晶体结构无关的参数, Fhkl是结
构因子。
（1）在结构因子中，除了由于元素的散
射因子差异使得衍射峰强度不同外，其它
与结构有关的参数都一样。
（2）在中子衍射中，磁有序的衍射谱图
是一套独立于晶体结构的衍射图，因此磁
相可作为一个独立的相精化得到磁结构信
息。



X-射线的电子散射因子

（fx）和磁形状因子（fM）

都是衍射角和波长（sinq/l)

的函数，数值随着sinq/l增

大而减小，因而其衍射峰

强度随着sinq/l增大而衰减。

而中子散射因子(b*)和磁矩

(mB)是常数，不随sinq/l变

化而变化，因此中子衍射

在高角度仍然有强峰。

fX (Fe), bN(Fe), and fM(Fe)

中子, X射线和粉末衍射峰的位置，强度和结构因子
Powder diffraction positions, intensity, and structural factors for XRPD & NPD

* Squires, G. L. (1978). Introduction to the Theory of Thermal Neutron Scattering. Cambridge University Press.



XRPD and NPD patterns for Bi4Ge3O12 ，Sample comes from Jintai Zhao’s group

NPD data collected at BT1 at NCNR

with l=1.5403 Å

XRPD data collected at 11b at ANL 

with l=0.41356 Å

X射线与中子衍射谱图 XRPD& NPD diffraction patterns

(a)

(b)

左图所示的是Bi4Ge3O12

的中子(a) 和X射线(b)在相同
Q范围的粉末衍射精修谱。
该化合物为立方晶系，样品
由单晶体研磨并过300目筛，
衍射数据在室温收集。可以
看到：
1. 衍射峰没有重叠现象；
2. 图(a)的中子衍射在整给

角度范围内强度都比较
均匀，高Q的峰强没有
明显的减小，这是因为
中子的散射振幅是常数；

3. 图(b)的XRPD的衍射谱图
随着角度的增大强度迅
速减弱，这是由于X射线
衍射中的电子散射振幅
随着角度增大而减小，
最终趋近零。



Magnetic intensities observed for 4f

electrons in higher 2q-angle range

Decay

磁峰出现在低角度范围

磁形状因子曲线

磁有序, 磁晶胞, 磁对称性，磁结构及性能
Spins order, magnetic cell, magnetic symmetry, and structure & properties

Magnetic form factor for Er3+

含重稀土Er3+ 合金的中子衍射谱图。图中红

线是以晶体结构拟合曲线，图的下部观察数据与

计算数据的差值是Er3+的有序的磁衍射峰。



Crashed crystal
FWHM=0.254(2)

Eta=0.06(3)

Crashed crystal
FWHM=0.00546(20)

Eta=0.813(5)

X射线和中子衍射峰的峰型剖面
Diffraction Peak Profile of XRPD and NPD

NPD

Good Gaussian

peak profile
Synchrotron XRD

81% Lorentz

理想的X射线衍射的峰型可用洛伦兹函数描述 反应堆单色波中子衍射的峰型函数则是高斯函数

NCNR BT1
Cu311

APS
B11



Polycrystalline
FWHM=0.0835(15)

Eta=0.83(3)

Polycrystalline
FWHM=0.0275(4)

Eta=1.03(2)

Lab XRD

83% LorentzSynchrotron XRD

100% Lorentz

X射线和中子衍射峰的峰型剖面
Diffraction Peak Profile of XRPD and NPD

对于一般合成的粉末样品，由于晶粒大小不均匀因而引起衍射峰的展宽，特别是高分辨衍射仪尤其明显。



部分X射线散射和中子散线截面
Some scattering cross section of x-ray and neutron

Negative .

.

.

fx

bN (fm)

H C O Ti V Cu Zn PbB

Positive
Isotope

High absorption

# 1 5 6 8 22 23 29 30 82

-0.374 0.535 0.665 0.581 -0.334 -0.038 0.772 0.580 0.940

部分X射线散射和中子散线截面（以图中的圆圈的面积表示）
1. X射线衍射的强度随着元素内部的电子数目的增加而增强，即X射线散

射的截面随着原子序数增大而增加，因此对原子序数低的元素不敏感。
2. 中子散射截面不随原子序数的规律变化，对原子序数小的元素也可能

有较大的散射截面。而且对非相干散射大和吸收大的元素可以用相应
的同位素替代。

Representations of the scattering of X-rays and neutrons by 

selected elements. The scattering cross sections are 

proportional to the areas of the circles shown. For the neutron 

case, separate entries appear for the different isotopes and 

negative scattering lengths are indicated by shading. 



部分元素的中子散射因子
Representations of the neutron scattering amplitudes of selected elements

与X射线散射因子不同，中子散射因子与原子序数无
关，是常数, 即不随衍射角变化，有正值也有负值等特点。
因此在运用粉末衍射方法测定晶体结构上弥补了X射线衍
射方法上一些不足。对序数是小的元素较敏感，如 H, D,

Li, Be,11B, C, N，O 等, 通常用来测定这类元素的位置和
占有率。对过渡金属，稀土等相邻元素具有较强的分辨
能力，常用来探测其在共占位中的比例。

应该指出不宜用中子测量含有大量高吸收元素，如 B,
Cd, Pm, Sm, Eu, 和 Gd ，有些可用同位素替代，如在中子
测量MgB2就是用11B来替代 B。而对于H元素，由于非相
干散射很强，用中子测量产生很高的背底，因此测量对
大量含H的化合物，可以用同位素氘（D）替代。

由于元素的中子散射因子有负值，在与正值元素共
占位，结果会相互抵消。

Atom    Atomic # b(cm-12)
Ti 22 -0.3438
V 23 -0.0382
Cr 24 0.3635
Mn 25 -0.373
Fe 26 0.954
Co 27 0.253
Ni 28 1.03
Cu 29 0.7718



Higher background and absorption due to 

samples contain higher incoherent scattering elements



International Table for Crystallography, Vol. C, Third Edition, Edited by E. Prince,(2004). P445-451. 









比较X射线衍射与中子衍射的应用
Comparison the Application of XRPD and NPD

中子相对优势 (Neutron Advantage)

• 保持高角度峰强 (Comparable intensity at High-Q)

• 轻元素位置和占有率(Position & occupancy for 

Light elements)
• 近邻过渡族金属元素分布与共占位 (Distinguishing 

neighbor transition & rear-earth elements)
• 占有率与温度因子的相关性小 (Smaller correlation 

between occupancy and temperature factor)
• 有序磁对称性，磁结构及性能 (Ordered magnetic 

symmetry & structure and properties)
• 穿透力强 (Strong penetration)

中子相对劣势 (Neutron Disadvantage)

• 衍射强度低 (Lower intensity)

• 角分辨率低 (Lower Resolution)

• 要求样品量多 (Larger sample required)

• 中子源少 （High cost)



Metal-organic frameworks (MOFs)

*Omar M. Yaghi et al., Nature 402, 276 (1999).

(SBU: secondary building unit)

 Modular synthesis: hydrothermal or solvothermal methods
 Well-defined structure: crystal with uniform pore geometry
 Versatile chemistry: various metal clusters and organic linkers possible
→ Tunable pore size
→ Tunable functionality

 Gas-adsorption related applications: gas storage, gas separation etc.



Some prototypical MOFs

MOF-5                                         ZIF-8 MIL-53
(Metal Organic Framework-5)               (Zeolitic Imidazolate Framework-8)            (Materials of Institut Lavoisier-53)

ZnO4+(C6H4)-(CO2)2

(Yaghi’s group)
ZnN4+(C3N2H2)-CH3

(Yaghi’s group)
AlO6+(C6H4)-(CO2)2

(Férey’s group)

Large sphere:
the void/pore
in the structure



MOFs with open M coordination sites 

(Mn4Cl)3(btt)8 / Mn4ClC24H8N32

Mn4Cl-MOF
Zn2(dhtp) / Zn2C8H2O6

MOF-74HKUST-1
Cu3(btc)2 / Cu3C12H4O8

Mn: unsaturated

(Long’s group)

Cu: unsaturated

(Williams’s group)

Zn: unsaturated

(Yaghi’s group)



 Zr-UIO-66: an important prototypical Zr-based MOF; each metal center connected to 

12 linkers. Because of its high framework connectivity, it exhibits exceptional chemical, 

thermal, and mechanical stabilities not commonly found in other MOFs.

 A long-standing myth about this MOF: The experimental pore volume is ~20% higher 

than the theoretical value, suggesting that this MOF might contain significant amount of 

vacancy defects. However, synchrotron XRD data fit nicely with the ideal crystal structure.

MOF结构中缺陷的研究
Study of Vacancy in MOF 

Zr4+

BDC linker

H. Wu, T. Yildirim, W. Zhou*, J. Phys. Chem. Lett., 4, 925–930 (2013).

(Lillerud’s group)

一个典型的Zr基MOF，能连接多个有机单元，具有其它一般的MOF所不具备的不寻常的
化学，热学性质以及框价结构的稳定性。实验得到的空隙容积比理论值大20%，暗示这种
MOF结构中可能有大量的空位。但同步辐射X射线衍射并没有发现空位的存在。



X-射线比较中子粉末衍射
Neutron solved the myth in Zr-UiO-66

H. Wu, Y. S. Chua, V. Krungleviciute, M. Tyagi, P. Chen, T. Yildirim, W. Zhou*, J. Am. Chem. Soc., 135 , 10525 (2013).
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Neutron solved the myth in Zr-UiO-66

Neutron diffraction shows that Zr-UiO-66 
contains significant amount of missing-linker 
defects, which effectively reduce the framework 
connection from 12 to 11.  (In contrast, x-ray 
diffraction is dominated by scattering from heavy 
element Zr, and thus is much less  sensitive to 
linker vacancies.)

H. Wu, Y. S. Chua, V. Krungleviciute, M. Tyagi, P. Chen, T. Yildirim, W. Zhou*, J. Am. Chem. Soc., 135 , 10525 (2013).

中子粉末衍射方法分析发现框架网络中只有连

接有11个有机单元而不是理论的12个。而由于

X射线衍射强度中重元素Zr占主导地位，因此

没能发现丢了一个不敏感的较轻元素组成的有

机单元。



Li

P

Fe/Mn/Ni/Co

O

锂离子电极材料Li+x(Fe/Ni)2+~3+ P5+O2-
4 结构分析及讨论

Discussion of Structure of electrode material Li+xFe2+~3+ P5+O2-
4

价态变化

x=1： Li1+
x M

2+ P5+ O2-
4

x=0-1：Li1+
x M

2+
1-x M

3+
x P

5+ O2-
4

x~0： Li1+
x M

3+ P5+ O2-
4

中子测定锂电池电极材料Li+xFe2+~3+ P5+O2-
4

中离子通道中Li含量和混合占位引起的结构
和性能变化, 因为X射线对轻元素Li极不敏感，
很难测出准确的Li的占位率以及不同Li离子
占位率对结构的影响。在充放电过程中，
由于Li离子占位率变化，Fe和Ni的价态发生
变化而伴随的晶胞体积的变化可能对电池
的运用受到影响。

Neutron scattering amplitude

bFe =0.954 bNi =1.03

bLi = -0.203 bO =0.5805

bP =0.513 bMn = -0.373

bCo =0.254



Huang, Q ., Qiu, Y., Bao, W ., et.al. PRL,101, 257003 (2008)

Determine and refine

crystal  and magnetic

structures:

Chemical & symmetry

Atomic distribution

Magnetic order-disorder

Spin arrangement
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…

BaFe2As2晶体结构和磁结构,相转变与性能
Crystal & Magnetic Structure, Phase Transformation, and properties of BaFe2As2

化合物BaFe2As2在~142 K
经历由高温I4/mmm到低
温Fmmm的一级晶体结构
相变，伴随着从顺磁到反
铁磁的磁有序转变和电阻
急剧下降的突变。

http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=2EQJAyQEwbavva9BAy3&author_name=Huang,%20Q&dais_id=957001&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=2EQJAyQEwbavva9BAy3&author_name=Qiu,%20Y&dais_id=2164042&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=2EQJAyQEwbavva9BAy3&author_name=Bao,%20W&dais_id=16143276&excludeEventConfig=ExcludeIfFromFullRecPage


N. Romming et.al, Science (2013)

C. Pfleiderer, Nature Physics (2011)Skyrmions has a potential applications 

Incommensurate magnetic

(101)+

(101)-

(000)-

Satellite peaks  of incommensurate magnetic 
ordering observed at GPPD

Magnetic Skyrmions

在中国散裂源GPPD探测到的无公度磁有序卫星峰



Small crystalline size inhibits the magnetic order

晶粒尺度对铁磁有序度的影响



RE

O(1)

O(2)

Cu

a
b

c

SC crystal As-grown SC powder NSC 

powder      powder

n(La) 0.481(4) 0.489(4) 0.479(4) 0.480(4)

n(Cu) 1.001(6) 0.977(6) 1.001(6) 0.988(5)

n(O2) 0.974(5) 0.988(6) 0.972(5) 0.986(5)

Ratio(Cu:O) 1:3.94 1:4.07 1:3.94 1:4.02

RE-O(1) 2.3640(3) 2.3609(3) 2.3636(3) 2.3615(3)

RE-O(2) 2.6922(4) 2.6948(4) 2.6933(4) 2.6952(4)

O(1)-O(1) 2.81995(3)      2.81921(3) 2.82001(2) 2.81923(2)

O(2)-O(2) 3.07875(4)      3.07805(3) 3.07940(3) 3.07980(3)

V(REO8) 24.4826(6)      24.4642(5) 24.4888(5) 24.4781(5)

Cu-O(2) 1.99401(2)      1.99348(2) 1.99405(1)   1.99350(2)
V (Cu)* (e.u.) 1.661 1.729 1.658 1.706

结构中得到LaPr0.88Ce0.12CuO4+d 是E-doping超导体的证据

Hole doping

La1.88
3+ Ba0.12

2+ Cu2.12+ O4

Electron doping

La3+ Pr0.88
3+ Ce0.12

4+ Cu1.88+ O4



N.E.Brese and M.O’Keefe. Bond-Valence Parameters for Solids. Acta Cryst., B47, 192-197(1991)

CuIII-O, R=1.724; CoIV-O, R=1.75; FeIV-O, R=1.78; 

NiIII-O, R=1.68;  NiIV-O, R=1.72

Recommended bond-valence parameters for oxides, fluorides and chlorides

根据实验测得的键长，用表中的数据计算离子的价态
Vi= jvij, vij=exp[(Rij-dij)/b], e=2.71828, b=0.37, dij is bond distance



Schematic view of charge transfer between conduction layer and charge reservoir layer in superconducting and

related compounds. Electron transfer from the conducting layer to the charge reservoir layer is known as “hole

doping” and moving electrons from the charge reservoir layer to the conducting layer is known as “electron doping”.

化学成分，结构对称性 & 元素分布与性能的关系

YBa2Cu3O7-x是
第一个被发现TC在
液氮以下的高温超
导体。研究发现：
1）O1位置的占有
率高于35%时为有
序占有，结构变为
正交Pmmm对称性，
化合物超导。
2）O1位置的占有
率低于35%时为无
序占有，结构为四
方P4/mmm对称性，
不超导。
3）超导温度随着
O1的占有率增加上
升到91 K。



YBa2Cu3O7-x超导温度TC和对应的价态V Cu(plane) 随氧空位d(O1) 的变化

NSC

Tetragonal

SC

Orthorhombic

(a) Calculated bond-valence for Cu in the CuO2 plane layer versus oxygen content in the chain layer of YBa2Cu3O7-x.

The data of bond distances used in the calculation are based on the structure information reported by Jorgensen et al.

(1990). (b) TC versus oxygen content in the chain layer of YBa2Cu3O7-x.

V = ∑ vij, vij = exp[(Rij - dij)/b], e = 2.71828, b = 0.37,  dij is observed interatomic distance.

N. E. Brese and M. O’Keeffe. Bond-Valence Parameters for Solid. Acta Cryst. B47, 192-197(1991).  



层状汞系铜基高温超导体HgBa2Can-1CunO(2n+2)+x结构分析
Analysis of High-Tc superconductors HgBa2Can-1CunO(2n+2)+x

a)
b) c)

d)

以图a的HgBa2CuO4+x的结构为
基础，在c轴方向叠加图b和c
的平面构成图d的三维层状结
构层状汞系铜基高温超导系列
化合物 HgBa2Can-1CunO(2n+2)+x

是。最高超导温度达到133 K.
如图所示的电荷转移示意。当
HgOx层的X=0时，化合物不超
导。因此，准确测定HgOx层
中的O的占有率是研究化合物
结构与性能的关系的关键。电
荷转移可以用半经验方法计算
Cu的价态得以估计。同时可以
根据层间距估计化合物晶胞c

轴的长度。 P4/mmm

HgBa2Can-1CunO(2n+2)+x



Charge Transforms

RE3+O2-Fe2+As3-

Ba2+Fe2+
2As3-

2

Fe-As~2.4 Å; RE-As~3.4 Å; RE-O/F~2.4 Å; M-As~3.3 Å .

(1111)

(122)

铁基超导机理研究



LaOFeAs

铁基超导机理研究



CeO1-xFxFeAs

铁基超导机理研究



Huang, Q ., Qiu, Y., Bao, W ., et.al. PRL,101, 257003 (2008)
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BaFe2As2晶体结构和磁结构,相转变与性能
Crystal & Magnetic Structure, Phase Transformation, and properties of BaFe2As2

化合物BaFe2As2在~142 K
经历由高温I4/mmm到低
温Fmmm的一级晶体结构
相变，伴随着从顺磁到反
铁磁的磁有序转变和电阻
急剧下降的突变。

http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=2EQJAyQEwbavva9BAy3&author_name=Huang,%20Q&dais_id=957001&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=2EQJAyQEwbavva9BAy3&author_name=Qiu,%20Y&dais_id=2164042&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=2EQJAyQEwbavva9BAy3&author_name=Bao,%20W&dais_id=16143276&excludeEventConfig=ExcludeIfFromFullRecPage


利用中子对元素H和Li敏感

优势，准确地测定了 (Li/Fe)OH-

FeSe的晶体结构。化合物具有

43K的超导温度使得铁基超导体

进入高温超导行列。由于X射线

对H和Li的不敏感，先前的X射线

粉末衍射工作未能发现H的位置

和确定Fe/Li混合占位的比例。

可以假定结构中， FeSe层与

(Li/Fe)O层之间是通过Se与O存在

有Van der Waals 键连接，结构

也合理。

X.F.Lu et al. PHYSICAL REVIEW B. 89, 020507(R) (2014)

超导化合物(Li/Fe)OH-FeSe 的晶体结构测定
Structure Determination of (Li/Fe)OH-FeSe Superconductor， Tc=43 K

？ ？ ？ ？ ？

？ ？ ？ ？ ？



Figure S2: 

(a): Rietveld refinement on XRD 

data collected at 298 K for the 

structural model of LiFeO2Fe2Se2

which was shown in Fig. S1(a). 

(b): Rietveld refinement on NPD 

data with the structural model of 

OHFeSe shown in Fig. S1(b). The 

NPD data was collected over the 2-

Theta range of 1.3-166.3°using 

Ge311 (λ=2.0775Å) 

monochromator at 4 K.

(c): Rietveld refinement on NPD 

pattern which was collected at 4 K 

using Ge311 (λ=2.0775Å) 

monochromator with the structural 

model of (Li0.8Fe0.2)OHFeSe shown 

in Fig. S1(c). 

铁基超导化合物 (Li/Fe)OH-FeSe 的X射线与中子衍射谱图
XRPD & NDP pattern of superconductor (Li/Fe)OH-FeSe

Name X,#     N, b       

H 1 -0.3741

Li 3 -0.203

O 8 0.5805

Fe 26 0.954

Se 34 0.797

图a和b分别是XRPD和NPD的谱图。对于

XRPD，衍射峰的强度随着衍射角的增大而迅速

衰减。而在NPD图中，由于中子散射因子是常

数，高角度衍射峰并没有明显减弱。再比较X

射线和中子散射因子，H和Li的原子序数为1和3，

X射线的散射本领极低。而H和Li的中子分别为-

0.3741和-0.203，对NPD的贡献要比XRPD大的多。

.

。



DELF: H at (3/4,3/4,0.175)

? at (0 0 0)

b(H)= -0.374

b(Fe)=0.954

b(Li)= -0.203

b(0.814Li+0.186Fe)=0.012

a, Neutron scattering Fourier difference 

analysis using NPD data. Fourier 

difference contours are highlighted in pink. 

Oxygen atoms (green), Li/Fe atoms 

(purple).

b, A schematic view of the structure of 

(Li0.8Fe0.2)OHFeSe. 

c, Observed (crosses) and calculated (red 

solid line) NPD pattern for 

(Li0.8Fe0.2)OHFeSe (λ = 2.0775 Å) at 2.5 K. 

超导化合物(Li/Fe)OH-FeSe晶体结构测定
Structure determination of (Li/Fe)OH-FeSe superconductor

Neutron 

cross section

用中子粉末衍射数据进行差傅里叶分析发现了

夹层中存在H，同时中子数据分析最后确认，在

(000)的位置上Fe0.186和Li0.814共同占位。最后确定

以H-O和H-Se连接FeSe和(Fe/Li)O形成三维结构。

A schematic view of the structure of

(Li0.8Fe0.2)OHFeSe. The FeSe layer, which acts as the

conducting block, alternately stacks with the charge

reservoir block (Li0.8Fe0.2)OH layer in this model.
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Neutron Diffraction Residual Stress Measurement: Stresses

in Railroad Rails before and after Service

NCNR - Thomas Gnäupel-Herold

Diffraction
Incident

Sample moves 

Strong penetration

When there is stress in solid materials, lattice deformation causes diffraction peak displacement.

Neutrons can penetrate deeply without

destroying samples, and pass through walls

controlling a sample's environment allowing

measurements under extreme conditions. Non-

destructive residual stress, texture, and

microstructure investigation in engineering
components.

To study residual stresses in steel, aluminum, superalloys, and other such

structural materials. Elastic strain in these materials can be determined by

measuring their interplanar atomic spacing, and the instrument should be

designed to use the high-penetration power of neutrons to generate “maps”

of the strain resulting from residual or applied stresses in bulk materials.

https://zh.wikipedia.org/wiki/File:Neutron_quark_structure.svg
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Definition of the vectors relevant in the evaluation of

factor (Bacon, G. E. (1962)). e and K are unit vectors

in the directions of the scattering and magnetic

moment, respectively. The magnetic interaction vector

q is always perpendicular to the scattering vector.

中子的性质，波粒二象性 Wave-particle Duality

Although the neutron is a neutral particle, the magnetic

moment of a neutron is not zero. It has spin ½ and a moment of -

0.001042 mB, an indication of its quark substructure and internal

charge distribution. It can be modeled as a sum of the magnetic

moments of the constituent quarks. The calculation assumes that

the quarks behave like pointlike Dirac (迪拉克An English physicist)

particles, each having their own magnetic moment. Simplistically,

the magnetic moment of the neutron can be viewed as resulting

from the vector sum of the three quark magnetic moments, plus the

orbital magnetic moments caused by the movement of the three

charged quarks within the neutron.

The neutron contains one “up” quark (charge +2/3 e)

and two “down” quarks (charge −1/3 e). Neutron is a

neutral particle.

根据微观粒子的波粒二象性，中子具有波动性，慢中子的波长约10-10米，与晶体内原子间距相当。中子衍射是研究晶体
结构的重要技术。中子是不带电的基本粒子，静止质量为1.6748×10-27kg，它的半径约为0.8×10-15m，与质子大小类似。

https://baike.baidu.com/item/%E6%B3%A2%E7%B2%92%E4%BA%8C%E8%B1%A1%E6%80%A7?fromModule=lemma_inlink
https://zh.wikipedia.org/wiki/File:Neutron_quark_structure.svg
https://baike.baidu.com/item/%E6%B3%A2%E7%B2%92%E4%BA%8C%E8%B1%A1%E6%80%A7?fromModule=lemma_inlink
https://baike.baidu.com/item/%E6%B3%A2%E5%8A%A8%E6%80%A7?fromModule=lemma_inlink
https://baike.baidu.com/item/%E4%B8%AD%E5%AD%90%E8%A1%8D%E5%B0%84?fromModule=lemma_inlink
https://baike.baidu.com/item/%E5%9F%BA%E6%9C%AC%E7%B2%92%E5%AD%90?fromModule=lemma_inlink


IM = C MT  A(qB) [(g e2)/(2mc2)]2  <1-(t · M)2> |FM|2

C- Instrumental constant
MT- Multiplicity (for powder)

A(qB)- angular factor, 1/(sinq sin2q) 

[(g e2)/(2mc2)]=-0.27 - neutron-electron coupling

<1-(t · M)2>-orientation factor

FM- Magnetic structure factor 

Magnetic Intensity

FM=  m f exp(2pi(hx + ky + lz)) e-W

m- magnetic moment

f- magnetic form factor

W-Debye Waller factor

Peaks Position: 2dsinq = nl

where l is the incident beam wavelength, d and q are the distance 

between successive hkl planes and Bragg angles of reflections, respectively.

Diffraction Intensity: Ihkl = C|Fhkl|
2

where  Fhkl is the amplitude of the diffracted X-ray or neutron hkl

reflection, and C is all others.

X-ray: Fhkl = ∑      fj exp(2p i (hx + ky + lz)) e-2W

where fj is the X-ray atomic scattering factor of atom j for X-ray.

Neutron: Fhkl = ∑     bj exp(2p i (hx + ky + lz)) e-2W

where bj is the neutron scattering length for atom j.

Magnetic: Fhkl = ∑    qj fMj exp(2p i (hx + ky + lz)) e-2W

where qj and fMj are the magnetic interaction vector and the

magnetic form factor for atom j, respectively.



Magnetic intensities observed for 4f

electrons in higher 2q-angle range

Decay

磁峰出现在低角度范围

磁形状因子曲线

磁有序, 磁晶胞, 磁对称性，磁结构及性能
Spins order, magnetic cell, magnetic symmetry, and structure & properties

Magnetic form factor for Er3+

含重稀土Er3+ 合金的中子衍射谱图。图中红

线是以晶体结构拟合曲线，图的下部观察数据与

计算数据的差值是Er3+的有序的磁衍射峰。



具有反钙钛矿结构Mn3Cu0.5Ga0.5N的零热膨胀研究
Zero Thermal Expansion in Antiperovskite Mn3Cu0.5Ga0.5N

Xiaoyan Song, et al., Adv. Mater. 2011, 23, 4690

Mean grain size  (nm)      >1000            ~30               ~12

Refined occupancy nMn 1                  0.878 0.787

a (Å) at 295 K                   3.90077(6)    3.90021(4)    3.89891(1)

MMn (mB) at Mn site  2.970(5)        2.71(2)          2.22(3)

晶体结构和磁结构

磁有序度引起的负膨胀与温度引起的正
膨胀完全抵消时，材料呈现零膨胀。

磁有序度引起的负膨胀与温度引起
的正膨胀完全抵消时，材料呈现零
膨胀。

负膨胀与磁有序度有密切关联，样
品的结晶晶粒大小也直接影响磁有
序行为。


























