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Exchange-spring magnets
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剩磁增强

新的物理现象：

交换弹性耦合

新的永磁机理：磁硬化机制不同于单相永磁

Mh
Ms

交换弹性耦合与剩磁增强

晶粒尺寸 20 nm ～ 30 nm



典型永磁材料性能实验与理论比较

]1[)( 2
)(2

04
1

max
0

h
shs

K
MMM

sMBH −−= μμ

)(0
2

hhss
Hhss
MfMf

KfKf
nH +

+= μ

sshhr MfMfM +=

实验值远远低于理论极限

State Key Lab. of Magnetism, IPCAS; http://maglab.iphy.ac.cn



Self-assembly (particles)

(BH)max=20.1MG Oe

H. Zeng et al., Nature 420(2002)395
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template template template

• 维度与磁性的关系
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宏观量子效应和量子隧穿

quantum bit
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• 巨大磁矩与磁各向异性

P. Gambardella et al.,
Science, 300,1130(2003)
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MBE/SPM/SMOKE/MS(2004)

穆斯堡尔谱仪穆斯堡尔谱仪(2003)

单晶生长炉(2002) 电化学实验室（2003)

多电极磁输运（2002) 电子自旋共振(2006)

实验条件磁性纳米结构与磁共振
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单晶生长

单晶衬底

表面磁光科尔效应 电子自旋共振 穆斯堡尔效应

磁性纳米点 磁性纳米线磁性超薄膜

磁性纳米结构与磁共振

外延生长
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•MnSi磁性半导体超薄膜可控生长和磁性调控

•磁性纳米线的磁各向异性调控
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M M

自旋注入困难

•晶格失配

•电导失配

MnSi磁性半导体超薄膜的可控生长和磁性调控
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Si(111)

MnSi

Si表面外延生长金属和金属Si化物
FeSi, CoSi, NiSi 弱磁或非磁

C. Pfleider, PRB,55,8330(1997)

•MnSi 铁磁性金属
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Si(111)

MnSi

Si(111)

MnSi

•维度？

•应力？

MnSi超薄膜的磁性与电性调控

三维 二维或一维
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MnSi(111) surface:A=B=0.645nm,C=1.17nm 

MnSi(111) surface:

dMn-Si=0.373 nmSi(111)

MnSi

Epitaxial Growth of metal or metal Silicides on Si
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C. Pfleider, PRB,55,8330(1997)

Ferromagnetic and Metallic Properties of MnSi
bulk intermetallic Compounds

FeSi, CoSi, NiSi weak, or non-magnetic 
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D.J. Thouless, PRL,39,1167(1977)
P.W. Anderson, PRL,43,718(1979)



L. Van de dries, PRL 46, 565(1981)
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Cu on glass  11.9nm

PRB 45 11430

Ag/Si(111)-7×7

Experimental Studies of Localization
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Uniform Mn nanodots on Si(111)
II. Preferential arrangement and Controllable Growth of Mn Nanodots
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Honeycomb structureTriangular structure

Deposition
Rate 

II. Preferential arrangement and Controllable Growth of Mn Nanodots
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II. Preferential arrangement and Controllable Growth of Mn Nanodots
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III. Fabrication of MnSi ultrathin film on Si(111)
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III. Fabrication of MnSi ultrathin film on Si(111)
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同步辐射 XRD 确定成分和结构
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T. Nagao et al., Surf. Sci. 419(1999), 134

III. Fabrication of MnSi ultrathin film on Si(111)

1000×1000nm2

30×30nm2

As-deposited 

Post-annealed 

Growth model of MnSi
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IV. Magnetic and Magnetotransport Properties of MnSi
Ultrathin films
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应力诱导居里温度的提高
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应力诱导居里温度的提高
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应力诱导居里温度的提高

压力效应

W. Yu et al., PRL, 92,086403(2004)



小 结
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1. 在MnSi 超薄膜中发现维度诱导的金属－绝缘体
转变。

2. 电阻率温度依赖性表明MnSi 超薄膜是一个弱局
域的二维电子系统

3. MnSi超薄膜同时具有铁磁性和半导体特性

4. 维度调控金属－绝缘体转变现象的发现可为自旋
电子器件研制和应用提供一个新的途径。



磁各向异性的重要性

1. 低维体系中长程磁有序的来源

2. 磁性材料的主要参数

• 高矫顽力
• 高频特性
• 磁记录
• ………….
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磁性纳米线的磁各向异性调控



State Key Lab. of Magnetism, IPCAS; http://maglab.iphy.ac.cn

Mermin and Wagner, PRL 17(1966),1133; M. Bander and D.L. Mills, Phys. Rev. B. 38(1988)

Long Range Magnetic Order low-dimensional System

Μermin-Wagner Theorem
An infinite d dimensional lattice of localized spins 

cannot have LRO at any finite  temperature for d<3 if 
the effective exchange interactions among spins are 

isotropic in spin space and of finite range
Τ=0 Κ, FM LRO,  No AFM LRO

• Anisotropy (exchange,dipolar or single-ion anisotropy)

•Dipolar or RKKY interactions 

FM LRMO at T>0 if

磁性纳米线的磁各向异性调控
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Ζ.Q. Qiu et al., PRL 67(1991),1133

Fe(110)/Ag(111)

Importance of Magnetic anisotropy
•Origin of Long range Magnetic order in low dimensional system
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Importance of Magnetic anisotropy
•Strong permanent magnet 
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• Ultrahigh density of magnetic media and superparamagnetism limit

E. A. Dobisz, et al., Proceedings of the IEEE  96,( 2008), 1836
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Importance of Magnetic anisotropy
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•For cubic symmetry

•For in-plane uniaxial anisotropy

D. S. Xue, F. S. Li, et al., Chin. Phys. Lett. 25, 4120 (2008).

•High frequency of magnetic materials
Importance of Magnetic anisotropy
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• Magnetocrystalline anisotropy(MCA)

SLELS •= λ
Single-Ion Model

CEF Orbital anisotropy MCA
LS

Magnetic Anisotropy



State Key Lab. of Magnetism, IPCAS; http://maglab.iphy.ac.cn

Fe/Cu(100) SRT=5ML
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Surface magnetic anisotropy
Magnetic Anisotropy
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A.Winkelmann et al, PRL,96,257206(2006)

Perpendicular Magnetic Anisotropy Induced by Tetragonal 
Distortion of FeCo Alloy Films Grown on Pd(001)
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F. Yildiz et al, PRL,100,037205(2008)

Strongly Enhanced Orbital Moment by 
Reduced Lattice Symmetry and  varying 
Composition of Fe1-xCox Alloy Films
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Why chose Fe/Pb/Si(111)

200nm                                                           200nm

Growth at Low temperature for 30 seconds Co
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1. 直接用Pb基底不容易处理，而Si台阶容易获取和处

理

2. Fe/Si 形成FeSi 化合物
Fe/Pb/Si

3. Fe表面自由能：2.48J/m2, Pb表面自由能：0.5J/m2

Fe bcc 2.87A Fe(110) 2.49A
Pb fcc 4.95A Pb(111) 2.8435A  
0D: “V W” 直接成核模式
1D: “Step-decoration”

Why chose Fe/Pb/Si(111)
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Pb / Si(111) 
0.1度斜切
500×500

Pb / Si(111) 
4度斜切
500×500

0.84ML
Fe islands on
Pb ( 18ML ) / Si
(200nm×200nm)

1.27ML
Fe wires on Pb ( 18ML ) / Si
(300nm×300nm)

Pb膜上的Fe岛和Fe线
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易磁化方向的确定
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Three experimental geometries of SMOKE
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SMOKE 信号 与线成60度角
1.6 ML 300K

SMOKE 信号 与线成90度角
1.6 ML 300K

Pb膜面内不同方向的Fe岛磁性
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300 nm*300  nm

MBE-Step induced 
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2. 电子自旋共振波谱仪
(Electron Spin Resonance 简称ESR)

微波系统

电磁铁

谐振腔

真空系统

低温系统

微波频率：X波段
温度范围：2.5～470 K
磁场：-100～13000 Oe
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线宽ΔHpp：自旋-晶格弛豫时间T1，
自旋-自旋弛豫时间T2；

g因子：自旋角动量S和轨道角动量L
对电子磁矩的贡献大小；

强度I：自旋磁化率

磁共振研究独特性

Short Time Scale
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利用电子自旋共振确定磁各向异性
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Magnetic Anisotropy

Keff =(KV -Kd) + 2Ks/d

Ks Kd

Ks

Kd

1.6 ML 1.6 ML

Kd

Ks

5.0 ML
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• 在低覆盖度时，Fe形成具有分形结构的岛状结构
；表现出垂直磁各向异性；

• 随着覆盖度的增加，在3.3 ML时在室温下可以观
察Fe岛的平行于面内的各向同性的SMOKE信号

• Si基底原子台阶诱导的Fe纳米线表现出具有沿着
台阶方向的磁各向异性。

小结



抛光

阳极氧化

沉积

多孔氧化铝模板

解离

部分腐蚀

抛光

阳极氧化

沉积

多孔氧化铝模板

解离

部分腐蚀

FeFe基纳米线阵列的磁各向异性基纳米线阵列的磁各向异性

纳米线阵列的制备方法纳米线阵列的制备方法

阳极氧化铝（AAO）模板法
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[100]: magnetic easy axis due to 
magnetocrystalline anisotropy 

[110]: magnetic easy axis due to 
shape anisotropy 
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Low temperature and Superconducting Magnet for
Mössbauer Spectrometer

Source Detector

State Key Lab. of Magnetism, IPCAS; http://maglab.iphy.ac.cn



Applications of In-field Mössbauer Spectroscopy

• Field-induced magnetic phase transition

• Magnetization processes of two phases individually
from microscopic scale

• Magnetic anisotropy

•……………..

γ-ray

State Key Lab. of Magnetism, IPCAS; http://maglab.iphy.ac.cn



θ is the angle between Fe moment and γ-ray.

The intensity ratio among the six lines is 3:I2,5:1:1: I2,5:3. 

Intensities of the six lines
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Magnetization processes

State Key Lab. of Magnetism, IPCAS; http://maglab.iphy.ac.cn
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Mössbauer spectra of Fe nanowire arrays in AAO films at 10 K in various 
magnetic fields applied perpendicular to the nanowire axis.
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θ : the angle between Fe moment and γ -ray,

π/2− θ : the angle between Fe moment and applied field.

M/MS = < cos (π/2− θ) >=< sin θ >

Magnetic shape anisotropy
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总 结

Δ交换作用 E各向异性
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纳米磁性的机遇与挑战

State Key Lab. of Magnetism, IPCAS; http://maglab.iphy.ac.cn
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