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Outline
I

Lecture by Prof. Profeta
B DFT for superconductors (SCDFT) Gross et al., 1988, 2001, 2005

¢ Formalism free from empirical parameters (such as u* in the
Migdal-Eliashberg theory)
¢ T_.reproduced successfully for conventional superconductors

(such as simple metals, MgB,, CaC;...)

B Development of SCDFT for unconventional SC
¢ Plasmon mechanism

¢ Application to Li under high pressure (T, >10K)
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DFT for normal state
I

AAN

H =T +W_+ f,f)v(r)d3r

Hohenberg-Kohn theorem

V < > 0

one-to-one correspondence

Kohn-Sham equation

(—%2+vs(r)—u)¢,-(l”)=E1¢i(l”) p(r)=2‘¢j (r){z

vilpl=v,, +vy[pl+v. [p] V=

(Nuclei are treated by the Born-Oppenheimer approx.)
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DFT for superconductors
|
Oliveira et al., PRL 60, 2430 (1988) M. Liiders et al, PRB 72, 024545 (2005)

Kreibich & Gross PRL 86, 2984 (2001) M. Marques et al, PRB 72, 024546 (2005)

AAN

+ffﬁ/(r)d3r -fd3rfd3r'()((r,r')A*(r,r') +H.c.)

p()=( 302 (W) cecion censiy

x(r, 1) = <1/J¢ (r)z/q (’”')> anomalous density

Hohenberg-Kohn theorem for superconductors

[V,A] < > [px]
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Kohn-Sham BdG equation

]
Oliveira et al., PRL 60, 2430 (1988) M. Liiders et al, PRB 72, 024545 (2005)
Kreibich & Gross PRL 86, 2984 (2001) M. Marques et al, PRB 72, 024546 (2005)

(—V?z+vs(r)— M)ul.(r) +fd3r'AS(I’,I")VZ-(V') = Eu,(r)

(%()M)() [ A () = Ev, ()

v,[o, x1(0)=v,, +vilpl+v. [P, X]

=fdrv p(r') + 6F;cc
[r-r'| dp(r)

Alp, xlx,x'Yy=A_ +A, +A_,

__xor)  OF,

o (r,r")

r-r'
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Gap equation

Oliveira et al., PRL 60, 2430 (1988) M. Liiders et al, PRB 72, 024545 (2005)
Kreibich & Gross PRL 86, 2984 (2001) M. Marques et al, PRB 72, 024546 (2005)

Linearized gap equation

A - "—IEE..HXC tanh[ B, /2] -
2 : 7 gj J

J

F.HXC _ 52(EH +Ecc)
' 6){1 (SX]

_fd3 fd3 ,p(r)p(r') +fd3 fd3 Jx(e,r)

r—r'|

Once F, is given, we can calculate T, without adjustable parameters
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Migdal-EIiashberg Theorx

Self-consistent perturbation theory:
lowest-order dressed-phonon and dressed Coulomb contribution to X retained

(Nambu-Gor’kov formalism)

4 _
Z{gm}»2 D,k -K' i, —iw )+V.(k-K") £

(27)

Damping and retardation effects are considered

S(k,iw,) = —kBTE .Gk iw )T,
k'.n'

Can we take account of these effects in the framework of DFT ?

In DFT, everything is represented in terms of density ...
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Retardation effect in SCDFT
Gap equation in SCDFT-> No w dependence, but state dependent
| e tanh[(B/2)E ]
A, =—ZZ.AI.—EE(KU +K;) A

SN

Almost state independent
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'0 P (without introducing

le-04 0.001 0.01 0.1 1 adjustable parameters like u*)

Kohn-Sham energy & of ¢. [eV]
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Application to simple metals
|

tanh[([a’ / 2)§j] A
3 !

J

A =—Zl.Ai—%2(K;h+K;e)

Al, exp Nb, exp

A [meV]

0 2 4 6 8 10 12
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Application to simple metals

M. Liders et al, PRB 72, 024545 (2005), M. Marques et al, PRB 72, 024546 (2005)

Transition temperatures from DFT calculation

— [a[w[mam]
DT [ 09] 95| 37 69 |<vor

Experimental] 18] 95 5] 72| -

Gap at zero temperature

[ a [ [m o
Dt [ous |17 oes[1ae] - |

Experimental | 0.179] 155 | 09| 133 | -



Application to MgB,
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A. Floris et al, Phys. Rev. Lett. 94, 037004 (2005) '_,\‘
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Application to unconventional SC

Lag_,Sr,CuOy4

R. Akashi, K. Nakamura,
RA and M. Imada PRB2012

R. Akashi and RA,
arXiv:1303.5152

r) '/ 7
AT
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DFT for unconventional SC
]

It is an interesting challenge to formulate DFT for
unconventional SC
* spin-fluctuation mediated SC
» orbital-fluctuation mediated SC
e exciton mechanism
- * plasmon mechanism
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Plasmon mechanism
]

Proposed by Y. Takada JPSJ 45 786 (1978)
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Fig. 2. Calculated results of T, for several values of
m*, k, and g,. A 2D system is treated in (a), while
a 3D one is in (b).

Superconducting ground state for large rq



Plasmon mechanism

SrTiO;
Y. Takada JPSJ 49 1267 (1980)
0'5 I L | I ] 1 ’ LI l] T 1 T l LR
N SrTiQ3 m¥= 2.6 _
e . Experiment (ref.4) °
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Fig. 6. Calculated T, as a function of n for several

values of m* in the plasmon-FE soft phonon
mechanism of superconductivity.
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GIC
Y. Takada JPSJ 51 63 (1982),
JPSJ 78 013703 (2009)
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Cooperation of phonon &
plasmon enhances pairing
instability



SC in doped insulators
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Field-induced SC has been observed in a variety of band insulators

a
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K. Ueno et al.,

Nature Nanotechnology 6 408 (2011)
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Tc has a dope-like shape
Peak in low density region
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How to describe the plasmon mechanism in DFT

_ tanh[BE. /2 ?
Al- _ _IEKZHXC an [/35] / ]A . K;{XC — 6 (Ejj:l< + Ecc)
D s Y ?g‘j J X, 0X ;

Kohn-Sham perturbation theory (F, D, V. are obtained from first-principles calc.)

F (anomalous Green fn.) F (anomalous Green fn.)
F eph — F e-e —
2()
D} (v,) =— 5%
v, +Q

Static screened Coulomb 7,
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How to describe the plasmon mechanism in DFT

oL 3 a4 X, X

Kohn-Sham perturbation theory (F, D, V. are obtained from first-principles calc.)

F (anomalous Green fn.) F (anomalous Green fn.)
F eph — F e-e —
79}\
D)\ q( Vn) -
v+ Dynamical screened Coulomb V (w)

with plasmon-pole approximation
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How to describe the plasmon mechanism in DFT
.

Kohn-Sham perturbation theory (F, D, V. are obtained from first-principles calc.)

F (anomalous Green fn.) F (anomalous Green fn.)
F eph — F e-e —
)\q( V”) B 2
v, +Qx.q Dynamical screened Coulomb ¥V (w)

with plasmon-pole approximation

/ jceldyn _ 1 1 1 \

nk,n'k tanh[(8/2)E, x| tanh(BE, /2) B2
X Z Frox (iwy) Frx (iwo ) Whenie [i (w1 —w2) ]

wiwa

Wnkn'k' (iwm) = Wnkn'k' (0)
1 1

Ny s Fox(iw) = -
2 2w2,nkn k nk(lw) iw+ E,x iw— FEpx

P
+E Qisnkn’k’ —
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Energy[eV]

I: band structure
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High T, SC in Li under high pressure: experiments
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Li under high pressure: conventional scenario ?

100 20
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Consistent with T. Bazirov et al., PRB 82, 184509 (2010)
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Conventional SCDFT calc. for Li
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High T, SC in Li under high pressure: experiments
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Application to Li: Exch-Corr. Kernel

-)

N(O)K k(S

0.8+

0.2}
0.4}

0.6

(_#® THE UNIVERSITY OF TOKYO

e_e p—
FXC

Kch _ 62(EH +F;CC)

8,0,

Dynamical screened Coulomb V (w)



Application to Li: Exch-Corr. Kernel

-)

N(O)K k(S
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Dynamical screened Coulomb V (w)

e_e p—
FXC

Kch _ 62(EH +F;CC)

i

8,0,
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Application to Li: Exch-Corr. Kernel

0.8l Dynamical screened Coulomb V (w)
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-

e_e p—
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Application to Li: Gap function at T=0




Application to Li: Gap function
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Application to Li: T,
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Application to Al: T,
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Summarx & Outlook

E Development of SCDFT for unconventional SC
¢ Plasmon assisted SC

¢ Application to Li under high pressure

E Application to other systems such as MoS,, HfNCI, ...
B Development of SCDFT for other mechanisms
¢ Spin fluctuation mediated SC

* ..



