d-wave superconductivity in cuprates
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FIG. 1. Fermi surface of MgBs. The figure is taken from
Ref. [5]. Holes in the o-band form cylinders around the
I'A-line. The w-band has electron and hole pockets located
near the H- and K-points, respectively.
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High-T, cuprates

Possible High T, Superconductivity
in the Ba—La—Cu— O System

J.G. Bednorz and K.A. Miiller
IBM Ziirich Research Laboratory, Riischlikon, Switzerland

Received April 17, 1986

Metallic, oxygen-deficient compounds in the Ba—La — Cu— O system, with the composi-
tion Ba,Las_,CusO; @3-, have been prepared in polycrystalline form. Samples with
x=1 and 0.75, y>0, annealed below 900 °C under reducing conditions, consist of three
phases, one of them a perovskite-like mixed-valent copper compound. Upon cooling,
the samples show a linear decrease in resistivity, then an approximately logarithmic
increase, interpreted as a beginning of localization. Finally an abrupt decrease by up
to three orders of magnitude occurs, reminiscent of the onset of percolative superconduc-
tivity. The highest onset temperature is observed in the 30 K range. It is markedly
reduced by high current densities. Thus, it results partially from the percolative nature,
bute possibly also from 2D superconducting fluctuations of double perovskite layers

of one of the phases present. L S C O
a2 — 0 LUV
Q.08 . Q020
°‘J
3 G
.
005 a8 . !I
a* o 0.016
. S
. : nn‘" ‘_:.- |
.o, x
004 [ 4 %, S
. SCTR
, °_ o - 0.012
= fa— Sranant®® . p— T
[ . e El
@ oA - 1 =
-
Q . o Q
T o e 0008
002 - ‘: o 0.25 Afem?
v + 0.50 Afom? T
1 < 050 Afem?
o, — noos
001 |-fx
H
o i
L;
¥
Pi] .JE 1 | | I dg
o 00 L. 200 300
Q@ La/SreCu@O
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Superconductivity occurs in CuO, 2D planes

Cu

Enhanced fluctuations = suppression of magnetic order
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Parent compound

Cu3d

>
02p> U
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Cu

Cu3d

U : Coulomb ~ 8eV
W : Band width ~ 3eV S=1/2 1y

Strong electron-electron correlation ~0.6 g _
2D quantum fluctuation

Mott insulator
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d-wave superconductivity in cuprates

Copper pair with finite angular momentum
S-wave d-wave Cu
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d-wave superconductivity in cuprates

~ AF Brillouin
Zone
V(q): pairing interaction
V(a), V(a),
phonon AFM spin fluctuations
| q ° Q=(n.m) 4

V(q) is negative and constant  V(Q) |§e l(J)Igll\yev)e and peaks at g=Q

( attractive ) Vip =~ 2.U2X(k p) (@) ~ (g — Q)

Coulomb Magnetic fluctuation
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d-wave superconductivity in cuprates
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d-wave superconductivity in cuprates
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d-wave superconductivity in cuprates
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d-wave superconductivity in cuprates

YBCO tricrystal
superconducting ring
(1994)

C.C. Tsuei et al. PRL (94)
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How to determine the gap structure
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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*}

Density of states

Density of states

How to determine the gap structure
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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*}

How to determine the gap structure

Full gap
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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*}

How to determine the gap structure

Doppler shift Angular dependent DOS
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Sign change or no sign change?

Quasiparticle excitations from the SC ground state
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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*}
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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*}

Sign change? Neutron resonance peak
In the superconducting state
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Quasiparticle interference (QPI)

Quasi-Patrticle Interference - Tunnel conductance
_dl/dV(r,+F)  p(r,+F)

20 B) = G Javie,~B) = o(r,—B) ? 2(q, E) Y
]
No impurity (no scattering) Z(q, E) = 0 for q # 0 | p(r.E) /

Nonmagnetic impurity
QP scattering probability (SC state) |
w(ko — kK'o) o< |V (K, k’)|2(uku;{,r — fukfukr)Q Nonmagnetic

\ (no spin flip)
matrix element coherence factor
(uptp — vpvp)? = L 1 - 4
2 EkEkr

sign-preserving scattering
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sign-reversing scattering
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Quasiparticle interference (QPI)

Quasi-Patrticle Interference - Tunnel conductance

_dl/dV(r,+E)  p(r, +E)
20 B) = Ve B v, —E) ? Z(q, £) iv
]
No impurity (no scattering) Z(q, E) = 0 for q # 0 p(r,E) /

Nonmagnetic impurity

Cuprate : Octet Model J. Hoffman et al., Science (2002), K. McElroy, et al., Nature (2003).
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T. Hanaguri et al.
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