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d-wave  superconductivity in cuprates 



Cooper pair 

iron 
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e ー electron 

S-wave 

Conventional Superconductor 

Bardeen-Cooper-Schrieffer theory 

Attractive electron-phonon interactions 

  const.



  const.



Anharmonic E2g mode～70meV 

J. Nagamatsu et al., Nature (2001) MgB2 (Tc =39 K) 



J. G. Bednorz and K.A. Müller, Zeitschrift für Physik B 64, 189 (1986). 

High-Tc cuprates 



Introduction    
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HgPb Nb
NbN

V3Si

Nb3Sn
Nb3Ge

MgB2

(La,Ba)2CuO4

(La,Sr)2CuO4

YBa2Cu3O7

Bi2Sr2Ca2Cu3Oy

Tl2Ba2Ca2Cu3Oy

HgBa2Ca2Cu3Oy

HgBa2Ca2Cu3Oy

(Under pressure)

LaOFeP

LaO0.89F0.11FeAs

LaO0.89F0.11FeAs
(Under pressure)

SmO0.9F0.1FeAs

 cuprates
 

 Fe-pnictides
 

 BCS SCs

liquid N2

“1111” compounds 

“122” compounds 

 “111” compounds 



Comparison and contrast between cuprates and pnictides 

3D Metal 2D Metal 

In layered 2D metals, interactions decay more slowly and hence are stronger 

P. Coleman, Science 327, 969 (2010) 

Enhanced fluctuations  suppression of magnetic order 
FeAs layer 

FeAs layer 

Superconductivity occurs in CuO2 2D planes 

Cu 

O 



Mott insulator 

O 

Cu 

hole 

(La1-xSrx)2CuO4 La3+  Ba2+  La2CuO4 

High-Tc superconductor 

Superconductivity appears by doping holes or electrons 



銅酸化物高温超伝導体最大の謎 
擬ギャップ 

擬ギャップの起源 

クロスオーバー 超伝導ゆらぎ 

相転移 超伝導と競合する何らかの秩序 

フェルミ面の再構成 

電荷ストライプ相(並進対称性の破れ） 
軌道電流反磁性(時間反転対称性の破れ） 
 

フェルミアーク 

エネルギー
ギャップ 



銅酸化物高温超伝導体最大の謎 
擬ギャップ 

超伝導ゆらぎ 

超伝導と競合する何らかの秩序 

フェルミ面の再構成 

電荷ストライプ相(並進対称性の破れ） 
軌道電流反磁性(時間反転対称性の破れ） 
 



1 mB S=1/2 

~0.6 mB 
2D quantum fluctuation 

0.3-0.5 mB 

~2 mB itinerant 

Antiferro 

Ferro 

AFM insulator 

Parent compound 

Cu 

a 

b 

Strong electron-electron correlation 

Cu3d 

Cu3d 

O2p U 

W 

U : Coulomb  ~ 8eV 

W : Band width  ~ 3eV 

Mott insulator 



single 

band 

3d9 

Cu2+ 

eg 

t2g 

x2-y2 

3z2-r2 

xy 

xz,yz 

1hole  

Large crystal field ~2-3 eV 

Cu 
O 

Cuprates 

x2-y2 

Tl2Ba2CuO6+d

One orbital hole 



クーパー対 

Onsite repulsive 



  const.

s-wave d-wave 

Copper pair with finite angular momentum 

+ + 

- 

- 
dx

2
-y

2     (kx
2-ky

2) 

zeros at kx=+ky, - ky 

d-wave superconductivity in cuprates 

Attractive 

Cu 

O 



kx 

ky 

Q=(p,p)

Large c(q) 

(k+q)(k) < 0 

Sign change 


 

Why is d-wave pairing realized 

kx 

ky s-wave d-wave 

AF Brillouin 

zone  

V(q) 

q 

V(q): pairing interaction  

0 

V(q) is negative and constant 

0 

V(q) 

q Q=(p,p)

V(q) is positive and peaks at q=Q 

d-wave superconductivity in cuprates 

Coulomb Magnetic fluctuation 

phonon AFM spin fluctuations 

( attractive ) 
( repulsive ) 

http://maru.bonyari.jp/texclip/texclip.php?s=/chi(q)/sim/delta(q-Q)
http://maru.bonyari.jp/texclip/texclip.php?s=$V_{kp}/simeq/frac{3}{2}U^2/chi(k-p)$


Gap equation 

Coulomb Magnetic fluctuation 

(k+Q)(k) < 0 sign change 

>0 

kx 

ky 

Q=(p,p)
+ + 

Why is d-wave pairing realized 

kx 

ky 

+ + 

+ 

+ 

s-wave d-wave 

AF Brillouin 

zone  

Node 

d-wave superconductivity in cuprates 

http://maru.bonyari.jp/texclip/texclip.php?s=

/Delta(k)=/Delta
http://maru.bonyari.jp/texclip/texclip.php?s=/[/Delta=-/sum_{p}V_{kp}/frac{/tanh(/varepsilon_p/2T)}{/varepsilon_p}/Delta/]

http://maru.bonyari.jp/texclip/texclip.php?s=V_{kp}=V<0
http://maru.bonyari.jp/texclip/texclip.php?s=/chi(q)/sim/delta(q-Q)
http://maru.bonyari.jp/texclip/texclip.php?s=$Q$=(/pi,/pi)
http://maru.bonyari.jp/texclip/texclip.php?s=/varepsilon_p=/sqrt{/Delta_p^2+/xi_p^2}
http://maru.bonyari.jp/texclip/texclip.php?s==--$U^2/frac{/tanh(/varepsilon_{k+Q}/2T)}{2/varepsilon_{k+Q}}/Delta(k+Q)$
http://maru.bonyari.jp/texclip/texclip.php?s=/[/Delta(k)/sim-/sum_{p}U^2/delta(k-p+Q)/frac{/tanh(/varepsilon_p/2T)}{2/varepsilon_p}/Delta(p)/]


http://maru.bonyari.jp/texclip/texclip.php?s=/[/Delta(k)=-/sum_{p}V_{kp}/frac{/tanh(/varepsilon_p/2T)}{2/varepsilon_p}/Delta(p)/]


http://maru.bonyari.jp/texclip/texclip.php?s=$V_{kp}/simeq/frac{3}{2}U^2/chi(k-p)$
http://maru.bonyari.jp/texclip/texclip.php?s=$V(r)/sim-/delta(r)$
http://maru.bonyari.jp/texclip/texclip.php?s=$V(x,y)/sim/cos{/pi(x+y)}+/cos/pi(x-y)
$


kx 

ky 

Q=(p,p)
+ + 

Why is d-wave pairing realized 

kx 

ky 

+ + 

+ 

+ 

s-wave d-wave 

AF Brillouin 

zone  

Node 

d-wave superconductivity in cuprates 

y 

x 

repulsive 

attractive 

Real space 

(k+Q)(k) < 0 sign change 

http://maru.bonyari.jp/texclip/texclip.php?s=$V(x,y)/sim/cos{/pi(x+y)}+/cos/pi(x-y)
$
http://maru.bonyari.jp/texclip/texclip.php?s=$V(r)/sim-/delta(r)$


d-wave superconductivity in cuprates 

KxFe2-ySe2 (Tc~30 K) KFe2As2 

(Tc=4 K) 

 

No hole pockets 

No electron pockets 

(b) 

(c) Fe 

As 

TN > T 
[100]O 

[010]O 

Fe 

As/P 
[100]T 

[001]T 

dx
2
-y

2     (kx
2-ky

2) 

zeros at kx=+ky, - ky 

V(q)  is large at q=Q opposite sign in the order parameter   
(k+Q)(k) < 0 

Hint = Vk,k’c
+

-k’↓c
+
k’↑ck’↑c-k’↓  

  

Gap equation     (k) = - 1/2 Sq V(q) (k+q)/Ek+q  

Vk,k’ may be anisotropic in unconventional SCs 

Single band (cuprates) 

kx 

ky 

Q=(p,p)
+ + 

Repulsive V(q)>0 

q-space r-space 

Repulsive on-site and 

attractive off-site interaction 

D. J. Scalapino, Phys. Rep. (1995). 

nodes  

(zeros) 

V(q) broadly peaks at (p,p) 

kx 

ky 

Q=(p,p)
+ + 



パイ接合２ 

YBCO tricrystal  

superconducting ring 

        (1994) 

量子干渉効果顕微鏡 

YBCO tricrystal  

superconducting ring 

        (1994) 

d-wave superconductivity in cuprates 

S波 

p接合 

C.C. Tsuei  et al. PRL (94) 



超伝導ギャップ構造の決定方法 



Low-lying 

excitations 

+ 

- 

- 

+ 

•T-linear penetration depth 

•Finite k0/T in the T0 K limit 

 

 

Clear evidence for line node with 

sign change in BaFe2(As1-xPx)2 

HTT  )0(/k

HTTC  )0(/

31

1 TT 

How to determine the gap structure 

Full gap 

Line node 

Full gap 

Line node 

Full gap Line node 

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/propto e^{-/frac{/Delta}{T}}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/propto T
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
C /propto e^{-/frac{/Delta}{T}}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/rho_s=/frac{/lambda^2(0)}{/lambda^2(T)}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
C/T/propto e^{-/frac{/Delta}{T}}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
C/propto T^2
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
1/T_1/propto T^3
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
1/T_1/propto e^{-/frac{/Delta}{T}}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/lambda_L^{-2}/propto e^{-/frac{/Delta}{T}}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/lambda_L^{-2}/propto T
/end{align*}


Low-lying 

excitations 

+ 

- 

- 

+ 

•T-linear penetration depth 

•Finite k0/T in the T0 K limit 

 

 

Clear evidence for line node with 

sign change in BaFe2(As1-xPx)2 

HTT  )0(/k

HTTC  )0(/

31

1 TT  k00/T is independent of impurity mW/K2.0~/ 2

0

0

00

abL

T



k 

L0: Lorentz number 

FF vENT )(~/k

phonon 

Full gap 

(phonon) 

Line node 

(impurity+QP+phonon) 

Independent of impurity 

impurity Universal thermal conductivity 

Full gap 

Line node 

Thermal conductivity 

Low-lying 

excitations 

Impurity 

induced QPs 

Superfluid does not carry the heat 

How to determine the gap structure 

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/rho_s=/frac{/lambda^2(0)}{/lambda^2(T)}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
C/T/propto e^{-/frac{/Delta}{T}}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/kappa/T=/alpha+/beta T^2
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/kappa/T
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
T^2
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/kappa/T=N(0)v_F^2/tau
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/alpha=0
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/alpha=/kappa_{00}/T
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/kappa_{00}/T=N_{imp}(0)v_F^2/tau_{imp}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/tau_{imp}/propto 1/N_{imp}(0)
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/kappa_{00}/T
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/kappa = Cv_F^2/tau
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/kappa_e = C_ev_F^2/tau
/end{align*}


Doppler shift 

G.E. Volovik, JETP Lett. 58, 469 (1993) 

Doppler shift of QP energy spectrum 

Finite density of states appears at EF 

Thermal conductivity is governed by 

QPs outside of vortex core. 

Low-lying 

excitations 

+ 

- 

- 

+ 

Impurity 

induced QPs 

Hc2 0 H Hc2 0 H 

C
(H

) 

Full gap 

Line node 

vs: supercurrent 

Doppler shift 

Line node Line node 

Full gap 

Full gap 

How to determine the gap structure 

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/kappa_{00}/T
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/kappa/T|_{T/rightarrow 0}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/sqrt{H}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/sqrt{H}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
H
/end{align*}


Horizontal Vertical 

or 

H < 0.4 T : 

In spite of large anisotropy of 

Hc2, k is nearly isotropic. 

Steep increase with H 

Spherical band 

Horizontal Vertical 

Vertical 

Horizontal 

Y.Matsuda, K.Izawa and I.Vekhter, J.Phys. C (2006) 

Doppler shift 

k(r)v(k)r)(k,  sEE

Angular dependent DOS 

How to determine the gap structure 



How to determine the gap structure 



Quasiparticle excitations from the SC ground state 

B-quasiparticle: a superposition of  an electron and a hole 

Sign change or no sign change? 

Coherence factor 

Nuclear magnetic resonance 

Neutron scattering 

Quasiparticle interference 

 connected by time-

reversal symmetry 

scattering 

Scattering of QPs 

Creation and annihilation 

of two QPs 

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/gamma_{k0}^{/dagger}=u_kc_{k/uparrow}^{/dagger}-v_kc_{-k/downarrow}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/gamma_{k1}^{/dagger}=u_kc_{-k/downarrow}^{/dagger}+v_kc_{k/uparrow}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/gamma_{k0}^{/dagger}/Phi_0
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/mathcal{H}_1=/sum_{k/sigma, k'/sigma'}B_{k/sigma,k'/sigma'}c_{k/sigma}^{/dagger}c_{k'/sigma'}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/gamma^{/dagger}_{k1}/Phi_0
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
B_{k/sigma,k'/sigma'}c_{k/sigma}^{/dagger}c_{k'/sigma'}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
B_{-k'-/sigma',-k-/sigma}c_{-k'-/sigma'}^{/dagger}c_{-k-/sigma}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
B_{k/sigma,k'/sigma'}=+/theta_{/sigma/sigma'}B_{-k'-/sigma',-k-/sigma}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
B_{k/sigma,k'/sigma'}=-/theta_{/sigma/sigma'}B_{-k'-/sigma',-k-/sigma}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
k/sigma /rightarrow k'/sigma'
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/ell({/bold k},{/bold k}')/equiv u_ku_{k'}+v_kv_{k'}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
{/bold k}/sigma /rightarrow {/bold k'}/sigma'
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
m({/bold k},{/bold k}')/equiv u_kv_{k'}+u_{k'}v_{k}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
p({/bold k},{/bold k}')/equiv u_kv_{k'}-u_{k'}v_{k}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
(u_ku_{k'} /pm v_kv_{k'})
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
(u_kv_{k'} /pm u_{k'}v_{k})
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
|u_k|^2=/frac{1}{2}/left(1+/frac{/xi_k}{/sqrt{/Delta_k^2+/xi_k^2}}/right)
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
|v_k|^2=/frac{1}{2}/left(1-/frac{/xi_k}{/sqrt{/Delta_k^2+/xi_k^2}}/right)
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/xi_k/equiv /frac{/hbar^2k^2}{2m}-/varepsilon_F
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/xi_k
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/Delta
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
-/Delta
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
(u_ku_{k'} /pm v_kv_{k'})^2=/frac{1}{2}/left(1/pm/frac{/Delta^2}{EE'}/right)
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
(v_ku_{k'} /pm u_kv_{k'})^2=/frac{1}{2}/left(1/pm/frac{/Delta^2}{EE'}/right)
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
(u_ku_{k'} /pm v_kv_{k'})^2=/frac{1}{2}/left(1/pm/frac{/Delta^2}{E_kE_{k'}}/right)
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
(v_ku_{k'} /pm u_kv_{k'})^2=/frac{1}{2}/left(1/pm/frac{/Delta^2}{E_kE_{k'}}/right)
/end{align*}


Hebel-Slichter peak 

d-wave 

s-wave 

No HS peak 

Almunium 

N. Curro et al. Nature (12) 

K. Ishida et al. JPSJ (93) 

Sign change or no sign change?: NMR 

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/frac{1}{T_1T} /propto /sum_{kk'}/left(1+/frac{/Delta_1/Delta_2}{E_kE_{k'}}/right)/left[-/frac{/partial f(E_k)}{/partial E_k}/right]/delta(E_k-E_{k'})
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/frac{1}{T_1}/propto/int_{/Delta(T)}^{/infty}dE~/frac{E^2-/Delta^2}{E^2-/Delta^2} ~
{/rm sech}^2/left(/frac{E}{2T}/right)=
/int_{/Delta(T)}^{/infty}dE~
{/rm sech}^2/left(/frac{E}{2T}/right)
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/frac{1}{T_1}/propto/int_{/Delta(T)}^{/infty}dE~/frac{E^2+/Delta^2}{E^2-/Delta^2} ~
{/rm sech}^2/left(/frac{E}{2T}/right)
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/frac{1}{T_1T} /propto /sum_{kk'}/left(1 + /frac{/Delta_k/Delta_{k'}}{E_kE_{k'}}/right)/left[-/frac{/partial f(E_k)}{/partial E_k}/right]/delta(E_k-E_{k'})
/end{align*}


Sharp resonance peak at wres< 2 (el+hole) 

疑問点： 

resolution limit 
2~0.9meV 

resonance peak 
d-wave 

Tc=2.3K 

Observed peak is rather small and broad  

Broad peak at wres> 2 (el+hole) 

   

Stock et al., PRL 100, 087001 (2008) 

CeCoIn5 

 

 
Sign change? Neutron resonance peak 

Sharp resonance peak at wres< 2 

In the superconducting state 

The coherence factor becomes 2 for  

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
S_{+-}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
S_{++}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
{/rm Im} /chi_0({/bold q},/omega)=/frac{1}{4} /frac{1}{(2/pi)^3} /int d^3k/left(1-/frac{/Delta_k/Delta_{k+q}}{E_{k+q}E_k}/right)/delta(/omega-E_{k+q}-E_k)
/end{align*}


Sign change or no sign change?: STM 

Bi:2212  Zn不純物周りの電子状態 



S+- or  S++?: Quasiparticle interference (QPI) 

Bogoliubov-QPI for Cuprate 

FT 

Nonmagnetic impurity 

V 

I 
ρ(r,E) 

Quasi-Particle Interference 

No impurity (no scattering)                      for 

Quasiparticle interference (QPI) 

Tunnel conductance 

Tunnel conductance 

coherence factor matrix element 

QP scattering probability (SC state) 

sign-preserving scattering 

sign-reversing scattering 

Nonmagnetic 

(no spin flip) 

small 

large 

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
Z({/bold r},E)/equiv /frac{dI/dV({/bold r}, +E)}{dI/dV({/bold r}, -E)}=/frac{/rho({/bold r},+E)}{/rho({/bold r},-E)}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
Z({/bold q},E)
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
Z({/bold q},E)=0
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
{/bold q}/neq 0
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
u_k={/rm sgn}(/Delta ({/bold k})) /sqrt{ /frac{1+/xi_k/E_k}{2}}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
v_k=/sqrt{1-u_k^2}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
w({/bold k}/rightarrow {/bold k'}) /propto |V({/bold k}, {/bold k'})|^2(u_ku_{k'} + v_kv_{k'})^2
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
E_k=/sqrt{/xi_k^2+/Delta^2({/bold k})}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}w({/bold k}/sigma/rightarrow {/bold k'}/sigma) /propto |V({/bold k}, {/bold k'})|^2(u_ku_{k'}  - v_kv_{k'})^2/end{align*}
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/end{align*}


Quasiparticle interference (QPI) 

Bogoliubov-QPI for Cuprate 
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T. Hanaguri, et al., Science 323, 923 (2009). 

FT 

ギャップ関数が同位相の時、準粒子干渉無し 

Nonmagnetic impurity 

sign-preserving scattering ＝＞ suppression 

sign-reversing scattering＝＞ enhancement 

M. Maltseva and P. Coleman, Phys. Rev. B 80, 144514 (2009). 

銅酸化物においてd波決定に貢献！ Δk and Δk+q 

Cuprate : Octet Model 

coherence factor 
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ρ(r,E) 

Quasi-Particle Interference 

No impurity (no scattering)                      for 

Tunnel conductance 

Tunnel conductance 
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sign-preserving  (q1, q4, q5) 
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sign-reversing   

   (q2, q3, q6, q7) 

J. Hoffman et al., Science (2002), K. McElroy, et al., Nature (2003). 

T. Hanaguri et al. 
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