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动机(5d元素)动机(5d元素)

• 讲这个题目的来源



内容内容
5d过渡金属氧化物5d过渡金属氧化物

�烧绿石结构铱化合物�烧绿石结构铱化合物
磁基态构型, Weyl半金属, Fermi Arc

�设计Axion绝缘体

�Slater insulator

�BiS2超导体

��电声子耦合电声子耦合ÆÆ非常规超导体非常规超导体

�总结



5d过渡元素氧化物的特点
自旋轨道耦合和电子关联自旋轨道耦合和电子关联

IrO

SrO

IrO2

尽管5d的实空间轨道半径很大 但是由于强的 SrO

IrO2

•尽管5d的实空间轨道半径很大，但是由于强的
自旋轨道耦合，仍然有不可忽略的电子关联效应。

SrO

SrO
由于自旋轨道耦合和电子关联的联合效应导致了
Sr IrO 等5d5电子体系是绝缘体 SrO

IrO2

Sr2IrO4等5d5电子体系是绝缘体



强自旋轨道耦合下的T2 轨道
强晶体场下的相对论5d电子

5d5
强自旋轨道耦合下的T2g轨道

Ir 5d5

j=5/2

Γ7

Γ8

j=3/2

Γ7

A small Hubbard U
produces Mott insulating behavior
for Γ7 band at half filling

(after Kim et.al, PRL 2009)



5d过渡元素氧化物的特点
强自旋轨道耦合强自旋轨道耦合



5d过渡元素氧化物的特点

1) 有着hyperkagome 结构
2) Curie-Weiss 温度(大约为650K)2) Curie Weiss 温度(大约为650K)
3) effective moment 也较大（1.96μB）??
4) 在极低的温度下它都不表现任何磁有序4) 在极低的温度下它都不表现任何磁有序。

三维的量子自旋液体?





5d过渡元素氧化物的特点

实验证实它有长程磁序（Singh and Gegenwart 2010）



烧绿石结构烧绿石结构
磁阻错现象磁阻错现象

烧绿石结构A2B2O7；尖晶石结构AB2O4



Spin ice
A2B2O7,部分4f元素占据A位时表现出Ising-type的各向异性。

当铁磁的 h i t ti 和I i t 的各向异性结合可以当铁磁的exchange interaction和Ising-type的各向异性结合可以
导致出巨大的Geometrical frustration

Ho2Ti2O7



Magnetic Monopoles in Spin IceMagnetic Monopoles in Spin Ice



烧绿石结构A2Ir2O7
这些材料表现强的磁响应

烧绿石结构 2 2 7

实验定磁结构不容易

基本没有能带计算的工作



烧绿石结构氧化物是强拓扑绝缘体?



内容内容内容内容

�5d过渡金属氧化物

�烧绿石结构铱化合物

�磁基态构型,Weyl半金属,Fermi Arc

�设计Axion绝缘体



烧绿石结构铱氧化物A2Ir2O7(A=Y,稀土元素)
实验事实实验事实

MATSUHIRA et al., (2007)
N. Taira, M. Wakeshima and Y. Hinatsu 
(2001) U !!!



局域密度近似+自旋轨道耦合计算

Fermi Level4f ld

2fold

Fermi Level

¾ Y2Ir2O7元胞里面有4个Ir原子，
所以有8个相对论的|Γ >态

4fold

所以有8个相对论的|Γ7>态

¾每个Ir的|Γ7>带填一个电子(每个

2fold

每个 的| 7 带填 个电子(每个
J=3/2带填4个电子，成为满带); 所
以总的|G7>带填4个电子.

¾在Γ点的简并度为2-4-2. 填4个电
子Æmetal!子Æmetal!



几何阻错结构磁性基态的找寻

X Wan Q Yin S Y Savrasov PRL 97 266403X. Wan, Q. Yin, S.Y. Savrasov, PRL 97, 266403

X Wan T A Maier and S Y Savrasov PRB 79 155114X. Wan, T. A. Maier, and S. Y. Savrasov, PRB 79, 155114

X Wan J Dong and S Y Savrasov PRB 83 205201X. Wan, J. Dong, and S. Y. Savrasov, PRB 83, 205201

X. Wan, M. Kohno, and X. Hu, PRL 94, 087205X. Wan, M. Kohno, and X. Hu, PRL 94, 087205

X. Wan, M. Kohno, and X. Hu, PRL 95, 146602



磁性基态构型

All-in/all-out非共线磁结构

• 根据:根据:

• 1) 有转过去的趋势

• 2) 此构型是我们计算的唯一稳定的磁构型• 2) 此构型是我们计算的唯 稳定的磁构型

• 3) J(q)在q=0是极大

• 4) 没有Fermi surface nesting



实验证实实验证实



实验证实实验证实



实验证实实验证实



理论方面

Mean field approximation

DCA



理论方面



All-in/all-out非共线磁结构

Cd2Os2O7



All-in/all-out非共线磁结构



内容内容内容内容

�5d过渡金属氧化物

�烧绿石结构铱化合物

磁基态构型, Weyl半金属, Fermi Arc

�设计Axion绝缘体



电子关联+自旋轨道耦合Æ新的物理?

这里是磁性打破了时间反演 所以这个体系不是这里是磁性打破了时间反演，所以这个体系不是
常规的拓扑绝缘体。

是否有新的物理？

绝缘体 只要能隙没有闭合，其拓扑量子序不变。绝缘体 只要能隙没有闭合，其拓扑量子序不变。
所以对于绝缘体可以定义拓扑性质。

对于金属呢？



反常的能带行为
宇称反转宇称反转

U=0 eV U=1 eV U=1.5 eV U=2 eV U=2.2 eV

-
-

+

-

Mott InsulatorParities change!

We study changes in band parities that may indicate a
100k points

We study changes in band parities that may indicate a 
presence of topological insulator and also semi-metallic 
phase since topological insulators in 3D must bephase since topological insulators in 3D must be
separated from trivial insulator by 3D Dirac (Weyl) points 
(Murakami, Kuga, 2008).



在合理的U的范围内（1.0eV<U<1.8 eV）是Weyl 
semi–metalsemi metal

LEFT:within kz=0 plane of BZ RIGHT:for kz=0.3 plane of BZ

Arita et al., PRL (2012)Æ U在1.4Æ2.3 eV



Weyl-semimetal
G h 里面的Di i t 是4分量的)• Graphene 里面的Dirac point 是4分量的)。

• Weyl点一旦产生，就非常稳定，小的扰动不
能把它消灭。只有2个具有相反符号的Weyl能把它消灭。只有2个具有相反符号的Weyl
点相遇，Weyl点才能消失，材料变为绝缘体。

• 要打破时间反演或空间反演不变。

A  B
A C

C' B
�

A  B
Re C  0 , kx, ky, kz

C B
Im C  0



金属 拓扑？金属 拓扑？

绝 体 有 其 扑 序• 绝缘体 只要能隙没有闭合，其拓扑量子序
不变。所以对于绝缘体可以定义拓扑性质。变 所 对 体 定 拓扑性质

对于金属呢？• 对于金属呢？



Weyl-semimetal



“点电荷”

Charge determined in terms of electron velocities at this kD point:

s ( )c ign v v v• ×1 2 3s ( )c ign v v v= • ×

Three positive Weyl points around L Positive and negative Weyl points in BZ 



变化U的影响
增加UÆWeyl Point朝L点移动,当
U=1.8eV时,2个相反符号的Weyl 
Point在L点相遇ÆMott insulatorPoint在L点相遇ÆMott insulator

1.8 eV

U=

1.7 eV
1.5 eV
1 0 eV1.0 eV



变化U的影响

+

+

+

减小UÆWeyl Point朝X点移动,当U=1.0eV时,2个相反符减小 y 朝 点移动,当 时, 个相反符
号的Weyl Point在X点相遇.如果材料是绝缘体的话这将
是Axion Insulator是
但是LDA+SO+U发现别处有能带通过Fermi level



内容内容内容内容

�5d过渡金属氧化物

�烧绿石结构铱化合物

磁基态构型, Weyl半金属, Fermi Arc

�设计Axion绝缘体



Fermi Arc (费米面是不连Fermi Arc (费米面是不连
续的线段)续的线段)

Gap

kkλ



Fermi Arc (topoÆ费米面是不连续的线段)

（110）面

Fermi Arcs connecting Weyl points of opposite chirality can be directly observed



烧绿石结构烧绿石结构IrIr氧化物（氧化物（AA22IrIr22OO77）相图）相图

A-site调节



新型的拓扑量子态—Weyl半金属y
• a) Weyl点是稳定的

• b) 有受拓扑保护的表面态，即非闭合的费
米面(Fermi arc)米面(Fermi arc)

• c) 它对外场的响应也由其拓扑性质决定(只
与W l点的位置有关 和能带的细节无关)与Weyl点的位置有关，和能带的细节无关)。



相关实验



相关实验相关实验



内容内容内容内容

�5d过渡金属氧化物

�烧绿石结构铱化合物

磁基态构型,Weyl半金属,Fermi Arc

�设计Axion绝缘体



Axion InsulatorsAxion Insulators

( )3 2 28
∫ ( )3 2 2

0
8 E B /S d xdt ε μ
π

= −∫
2θ 2

3 EB
2 2

eS d xdt
cθ

θ
π π

= ∫
urur

h

时间反演对称ÆƟ=0,π

空间反演对称ÆƟ 0空间反演对称ÆƟ=0,π

没有时间空间反演对称ÆƟ不再量子化，但是都很小BFO, 10-4



磁+拓扑磁+拓扑

• The simplest way is to coat a topological 
insulator with magnetic material to get rid g g
of surface states. that will also have 
theta = pi but there are technical problemstheta = pi, but there are technical problems 
there. (Y.L. Chen et al., Science (2010))

• Combine band topology with intrinsic• Combine band topology with intrinsic 
magnetic order.



设计大的磁电响应材料设计大的磁电响应材料

磁需要电子关联• 磁需要电子关联

• 拓扑量子序需要自旋轨道耦合拓扑 子序需 旋轨 耦

• Bi Se 等已知的不好• Bi2Se3等已知的不好

• 3d,4d不好

• 4f,5f不好

• 5d !



计算θ计算θ
Turner, Zhang, Vishwanath, arXiv:1010.4335
H h P d d B i PRB (2011)Hughes, Prodan and Bernevig, PRB (2011)

P  6 e2

2Eh B2Eh





设计Axion insulator设计Axion insulator



汇报内容汇报内容汇报内容汇报内容

�5d过渡金属氧化物

�烧绿石结构铱化合物

磁基态构型, Weyl半金属, Fermi Arc

�设计Axion绝缘体

�Slater insulator



Slater InsulatorSlater Insulator
• 金属Æ绝缘体转变

• Mott (1940s电子关联)
• Anderson (1970s localization via disorder)Anderson (1970s localization via disorder)
• Slater (1951) antiferromagnetic AF order 

alone can open a gap regardless of thealone can open a gap regardless of the 
magnitude of the Coulomb interaction. 

• Generally, a 3D conductor causes only a y, y
small fraction of changes in its electronic 
structure through the AF ordering所以g g所以
Slater insulator很少受到关注。



Slater Insulator Cd2Os2O72 2 7
(2001)



All-in/all-out非共线磁结构



NaOsO33



1) Despite its big value the SOC has only weak effect on the 
band structure and magnetic moment. 

2) The electronic correlations alone cannot open the band gap, 
and the low temperature phase of NaOsO is not a Mottand the low-temperature phase of NaOsO3 is not a Mott-
type insulator. 

3) The magnetic configuration has an important effect on the 
conductivity, and the ground state is a G-type AFM insulator. 

4) magnetic orderingÆinsulating behavior of NaOsO3.

5) 磁化率曲线要小心



我们的理论结果被这篇实验很好的证实

磁矩大小，磁结构，SOC影响不大



主要的内容主要的内容

• 1）烧绿石结构过渡金属Ir氧化物的磁结构1）烧绿石结构过渡金属Ir氧化物的磁结构

• 2）对于金属也是可以对其拓扑分类的

• 3）Axion insulator

• 4）确定了NaOsO 是Slater insulator• 4）确定了NaOsO3是Slater insulator



BiS2层状超导体 (2012-07)BiS2层状超导体 (2012 07)
• Bi4O4S3

• LaO1-xFxBiS2

• NdOBiS• NdOBiS2



LaO F BiS 的Fermi surfaceLaO0.5F0.5BiS2的Fermi surface 

strong Fermi surface nesting at wavevectors 
near k =(π, π, 0).



CDW?CDW?
Sun et al., 

Wen et alWen et al., 



LaO0 5F0 5BiS2的声子谱0.5 0.5 2的声子谱

li h l l tilinear response phonon calculation

F, O

BiS2



Frozen phonon calculationFrozen phonon calculation
NestingÆCDW?

套程序都得到2套程序都得到了
double well



anharmonic problemanharmonic problem



非谐的贡献非谐 贡献

=  NÃ0Ä
ÃFSÄ
!!

|⌦n|Mkk�|0½|2=  NÃ0Ä
kk�
!

n
! kk

ÃE n"E 0Ä

是基态 是激发态|0½是基态,|n½是激发态

在谐波近视下En "E0  n~Nq ,Nq是声子能量

在非谐下En就不是evenly spaced

Hui, Allen (1974)



electron-phonon interaction
• Four anharmonic modes

=total  0. 85

Coulomb parameter >' � 0. 1
ND  260K

calculated Tc � 11. 3K



拓扑超导拓扑超导

Fu and Berg (PRL 2010)判据: odd-parity pairing 
t d it F i f l ddsymmetry and its Fermi surface encloses an odd 

number of time reversal invariant moments

已知的拓扑+超导的材料都是s/p电子体系

对于实际的材料体系 电声子耦合可能导致非常规超导吗?对于实际的材料体系 电声子耦合可能导致非常规超导吗?



BCS with General Pairing SymmetryBCS with General Pairing Symmetry

BCS gap equation

对于电声子耦合:



线性响应密度泛函线性响应密度泛函

V  ! "Ze2Vext  
R,t
! "Ze

|r"R"t"$tR |

1Veff  1Vext �e2 ? 1F
|r"r�|

� dVxc
dF 1F

Ã"�2 �V "3Ä1M �1V M  0

ff |r"r | dF

Ã"�2 �Veff "3kjÄ1Mkj �1VeffMkj  0

1F  ! fkjÃMkj
'1Mkj �h. c. Ä

kj



Orthonormalize polynomials at a given energy surface (such, e.g., as spherical 
harmonics in case of a sphere)

Expanding superconducting energy gap and pairing interaction

The gap equation becomes



pairing occurs for the electrons within a thin layer near Ef

This reduces the gap equation to (integral is extended over Debye frequency range)

Assuming crystal symmetry makes W b=W δ b and evaluating the integral givesAssuming crystal symmetry makes Wab Waδab and evaluating the integral gives

h h l h li i i h l i i bwhere the average electron-phonon coupling in a given a channel is given by
the Fermi surface average of the electron-phonon coupling

Finally, the superconducting state with largest λa will be realized.



为何实际材料电声子耦合总是为何实际材料电声子耦合总是ss--wave like?wave like?
电声子耦合往往是实空间局域的 基本与k无关

In the extreme case                                 we obtain:

所以只有s-wave!



另外一个极限：电声子耦合在k空间局域

where the overlap matrix between two polynomials shows up 

It would be less than unity for non-zero angular momentum index a unlessIt would be less than unity for non zero angular momentum index a unless 



实际材料电声子耦合只能s-wave吗?

在倒空 域要找电声子耦合在倒空间局域

需要 >'

LDA+SO Æ Bi2Se3!



Superconductivity in CuSuperconductivity in CuxxBiBi22SeSe33

Hor et al,  PRL 104, 057001 (2010)

Tc up to 3.8K

Cu



Symmetry of Pairing StateSymmetry of Pairing State

� Point-contact spectroscopy: odd-parity pairing in CuxBi2Se3
(S ki t l PRL 2011) i b d bi d t(Sasaki et.al, PRL 2011) via observed zero-bias conductance

� Scanning-tunneling spectroscopy: fully gapped state in Cu Bi2Se3Scanning tunneling spectroscopy: fully gapped state in CuxBi2Se3
(Levy et.al, arXiv 2012)





Phonon Spectrum for BiPhonon Spectrum for Bi22SeSe33

Density functional linear 
response approachp pp

LDA+SO

Prior VASP calculations in

reported some instabilities hichreported some instabilities which
we did not confirm



Calculated phonon Calculated phonon linewidthslinewidths in doped Biin doped Bi22SeSe33

Electron-phonon coupling is enormous at q0~(0,0,0.04)2π/c



Nesting FunctionNesting Function

Doping 0.16 el.

Basal area is rhombus

Shows a strong ridge-like structure
along ΓZ line at small q’s due to quasialong ΓZ line at small q s due to quasi
2D features of the Fermi surface.



Calculated electronCalculated electron--phonon matrix elementsphonon matrix elements
Define average electron-phonon matrix element (squared) as followsDefine average electron phonon matrix element (squared) as follows

This eliminates all nesting-like 
features offeatures of

Still <W(q)> shows almost singular
behavior for q0~(0,0,0.04)2π/c



Calculated deformation potentials at long wavelengthsCalculated deformation potentials at long wavelengths

自旋轨道耦合自旋轨道耦合

中心反演对称

打破中心反演对称打破中心反演对称



Basis function for hexagonal latticesBasis function for hexagonal lattices



Large ElectronLarge Electron--Phonon Interaction in CuPhonon Interaction in CuxxBiBi22SeSe33

pz-like

px,y-like

S-wave shows largest coupling. P-wave is also very large!



Coulomb pseudopotential μμ* * 压制压制 ss--wavewave

where μμll is the Fermi surface average of the screened Coulomb interaction

Assuming Hubbard like on-site Coulomb repulsion

μμ∗∗ will affect s-wave pairing only 



Estimates with Estimates with μμ**

For doped Bi2Se3 we obtain the estimate

~ 100D Kω

and

~ 2000 5000
D

F Kε −

For doping by 0.16 electrons we get the estimates

* 0.1sμ =
p g y g

S-wave P-wave

0 45EPIλ 0 39EPIλ0.45sλ =
* 0.1sμ =

2
0.39

u

EPI
Aλ =
* ~ 0l sμ >

Effective coupling λ-μ* for p-wave pairing channel wins!

s l sμ >

Effective coupling λ-μ for p-wave pairing channel wins!



Other Compoundsp

Bi TeBi2Te3

TlBiTe2

Doped-SnTe



ConclusionConclusion

� Large electron-phonon coupling is found for CuxBi2Se3

� Not only s-wave but also p-wave pairing  is found to be large due to strong  
anisotropy and quasi-2D Fermi surfaces. λs~λp

� Coulomb interaction and spin fluctuations will reduce λs and make λp>λp
therefore unconventional superconductivity may indeed be realized here.

� Discussed effects have nothing to do with topological aspect of the problem, may be 
found in other doped band insulators.
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