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1. Heavy Fermion Superconductivity
*  Dual fermion approach: beyond DMFT
*  Role of incoherent part on superconductivities
2. Strong-coupling formula for x(q)
«  Physically, easy to understand; Numerically, easy to compute

*  Evaluation of Intersite interactions J; in DMFT
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f-electron materials U
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Magnetism (multipole ordering) Superconductivity
CeBg Tayama et al 1997 CeCu,Si, Steglich 1979, Yuan et al. 2003
2 0 2 4 6 8
5 L Li L L L L] L f! A 2-5 T T T T T T ] T T T T
_Cﬁ,Lal_ng x=1 x=0.7 ‘ CeCU2(8i1_xGex)2 |
| H//1100] o 20 |
s |
= B ]
63. AFQ g 1.5-
' o
a E 10 ]
I . - i
0.5 |
s ]
T—' AFO '
L4 N 0.0
1 2 3 4

0

T [K]

4p=p-p,,(x) (GPa)

A lot of Ce, Pr, Nd, ..., U compounds CePd,Si,, CeColns, URuU,Si,, UGe;, UCoGe, ...



[tinerant/Localized in d-electron systems U
it
Fermi gas/liquid = Itinerant Mott insulator = Localized
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[tinerant/Localized in f-electron systems

Fermi surface

Similar to LaBg
Onuki et a. 1989
Harima, Kasuya 1989, 1996

Ce3* : 4f1 La3+*: 4f0

M No 4f contribution

B => localized : _ L
(a) LaRu,Si, (b) CeRu,Si,
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CeRu,Si,

4f electrons
participate in FS
=>» itinerant

Different from LaRu,Si,
Yamagami, Hasegawa 1992
H. Aoki et al. 1993
Matsumoto et al. 2010



[tinerant/Localized in f-electron systems U
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Magnetic susceptibilit
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[tinerant/Localized in f-electron systems

U

CeRh,Si,

ipineran®

high pressure

DFT (GGA)
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Heavy fermions = itinerant + localized natures U
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T Aw Heavy-fermion state:

eg. m* = 100mg
(z ~mgo/m* = 0.01)

—299% of spectrum are incoherent

particle ——

Incoherent part ¢ itinerant
=» Localized moment 2- f electrons

2 - p, d
Coherent part wave
| =>Heavy fermions =
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Dynamical Mean-Field Theory (DMFT) il

Plenary talk by Dieter Vollhardt RINNEN
Local approximation

M(w, k) =~ ZPMEL ()

Solution of the impurity Anderson model
Metzner, Vollhardt 1989 by continuous-time QMC (CT-QMC)
Georges, Kotliar 1992
Georges et al. 1996
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08 —U=0
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p(w) T A,
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U/ Ay=9.50 |

()

hybridization with “bath” o/ A

. JO in summer school textbook 2016
Local correlations

exactly taken into account
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Heavy Fermion Superconductivity

PHYSICAL REVIEW B 90, 235132 (2014)

Superconductivity, antiferromagnetism, and phase separation in the two-dimensional
Hubbard model: A dual-fermion approach

Junya Otsuki,' Hartmut Hafermann,? and Alexander I. Lichtenstein’

week ending

PRL 115, 036404 (2015) PHYSICAL REVIEW LETTERS 17 JULY 2015

Competing d-Wave and p-Wave Spin-Singlet Superconductivities
in the Two-Dimensional Kondo Lattice

Junya Otsuki
Department of Physics, Tohoku University, Sendai 980-8578, Japan
(Received 21 April 2015; published 15 July 2015)




AFM phase diagram in DMFT
Kondo lattice solved with DMFT + CT-QMC(CT-J) JO, Kusunose, Kuramoto, JPSJ) 2008
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Superconductivity?
—~>beyond DMFT
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Motivations U

Localized
(incoherent)

Itinerant
(coherent) l\

4
Magnetism 1\ @

(long-range order) Superconductivity

Both localized and itinerant nature should be taken into account

cf. Phenomenology: ‘duality model’ (Kuramoto, Miyake, 1990)
14



Motivations U

Localized
(incoherent)

Itinerant
(coherent) l\

Kondo resonance

Magnetism
(long-range order)

Symmetry breaking
induced by Kondo effect

Kondo singlet-CEF singlet order in PrFe,P,,
Hoshino, JO, Kuramoto, 2011 15



Motivations U
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Localized

(incoherent)

—

incoherent part

=localized moment

\

Itinerant
(coherent) l\

’

Superconductivity

heavy-fermion SC
exotic pairing state
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Differences between d- and f-electron SCs ? U

llllllllll

+U = AFM => g ¥ d-SC

+J)J = AFM o> ?
(Kondo) (RKKY)
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Expansion around DMFT

Rubtsov, Katsnelson, Lichtenstei®

UNIVERSITY

(1) Dynamical mean-field theory (DMFT) (2) Auxiliary fermion (dual fermion) lattice
“quasiparticles” “residual interactions”
—_—
égk = GBIIXIFT — Guw
Jws Yww’ v f}/w,w’;y
A\
~ spatial correlations
A,
N2 R,
A
|:> >
A
Heavy fermions = Dynamical
Mott insulator pairing interactions
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Superconductivity

spin singlet

even-freq. odd-freq.

spin triplet

even-freq. odd-freq.

05

05

YAMA
U/t=8, n=0.9, T/t=0lversity

Impurity solver:

CT-HYB (Werner et al. 2006)
Improved vertex calculation
(Hafermann et al. 2012)

How to solve
Ki Qb:t — /\:I: ¢:|:
-use the power method
anew — ’PK—(bOld
orbital projection
-multiply a phase factor, then

Im¢(iw, k) =0

-plot even- and odd-freq. parts
¢(iw: k) == qf’(_iwa k)

Pauli principle is fulfilled

(spin X parity X time-reversal)
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Pairing instability

U

Hubbard model (square lattice)
JO, Hafermann, Lichtenstein, PRB 2014

(c) Hubbard, U=8, n=0.86
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Kondo lattice (square lattice)™ ™
JO, PRL 2015

(b) KLM, J = 1.0, n=0.84
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Competing d-wave and p-wave SC
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Superconductivity in 2D Kondo lattice U
2D Kondo lattice  ,_=0.84 npg JO. PRL 2835w
0.15 . 1.84 =

Localized
(small Fermi surface)
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Differences between d- and f-electron SC ? n
d=2 -
+U => AFM => g » d-SC
-

+] o> AFM > K N o
(Kondo) (RKKY)

K >
K\/_

- Formation of large Fermi surface
- Dynamical gp interactions

Odd-frequency SCs:
CeCu,Si,, CeRhlIn, Fuseya, Kohno, Miyake, 2003
Thermodynamic stability, Solenov 2009, Kusunose et al., 2011
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x(9) in DMFT

PHYSICAL REVIEW B 99, 165134 (2019)

Strong-coupling formula for momentum-dependent susceptibilities in dynamical mean-field theory

4

Junya Otsuki,'” Kazuyoshi Yoshimi,? Hiroshi Shinaoka,® and Yusuke Nomura®
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DFT+DMFT calculation flow U

DFT

energy band structure

(ARPES spectra)

magnetism, multipole order
(Neutron scattering spectra)

unconventional superconductivity

} single-particle excitations

24



Momentum -dependent Susce}otibl'/ities in DMFT n

Susceptibility matrix NN
ﬁ : f
' Oma,m’a" t) = CimoCim'o’
x(q,182)]12,34 = d7_<012(Qa 7)O43(—q))e" " _( )= Cim
1 = (m,o)

X12,34(q,182) TZXlz 34 (1w, iw’; q,iQ)

Bethe-Salpeter equations

-

1w 1w ;
.

+

X F X Jarrell 1992
Georges et al 1996

w +1 W 4+ i) local vertex

/N Y

[ X o (iw, iw'; iQ)]12 34 O(NZ, N2)

calculated in the effective impurity model (very heavy!) -



Decoupling U
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Xioc(iw, iw") = ®(iw)P(iw") Q=0
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Similar approximation was addressed by...
- dual-boson approach: Stepanov et al. 2016

- diagrama analysis: F. Krien, arXiv:1901.02832 -
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Mathematical justification of the decoupling
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Singular Value Decomposition (SVD)

Xioc(tw, iw") = Z siu; (tw)v! (iw") ~ squg(iw)vg (iw")
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Strong-Coupling-Limit (SCL) formula U

llllllllll

Xa " = (Xige = 1a) ™' Tg = T (i) A g (iw)eb(ic)

w, k
. 1. 1. ——
Aq(iw) = Xo,lloc(w’) — Xo,é(@w) —_—
w,k +q

(ii) Local information

in general qb(zw) X <I>(iw) Xloc(iw,iw’) ~ q)(iw)(I)(iw’)

h | pliw) oc 5 (— :
: ic limi W) X — -
In the atomic limit 2 \iw ~+ i w+p—U
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Nuwmerical verification of the SCL formula U
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Inverse susceptibility

2

CTQMC + BSE —#—p
CTQMC + SCLI

S BSE
T o scL
0.5
U/W = 0.5
0 ______________________________________

0 02 04 06 08 1

'Hubbard-I + BSE —&—
Hubbard-I + SCL1 —o—

UNIVERSITY

Phase diagram

0‘8 ! T T T
.12,y  CTQMC+BSE —=—

CTQMC + SCL —v— |

v Hubbard-T + BSE —&— |

0.6 \
‘ Hubbard-1 + SCL ——

urw

Validity has been confirmed also
in a two-orbital model
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Effective intersite interactions n
I,~T Z ¢ (iw) Mg (iw) P (iw)

~
X I M X M’
strong-coupling limit
. 4t*
square-lattice Hubbard model Iy = ———(cosky + cosky)

U
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Effective intersite interactions in the atomic limit U
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Hubbard model Periodic Anderson model

Ag(iw) =~ —2t2fyq A ) .
ctions
Modern derivation by means of Green fun

§!

in the atomic limit in the atomic limit

Kondo coupling

4t°+ 2

kinetic exchange interaction RKKY interaction

“Modern” derivation of effective intersite interactions .



Summary n
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Microscopic derivation of heavy-fermion superconductivity
Aw Aw
} = =
Leng-range
Local correlations correlations

- Dual fermion approach: Spatial correlations beyond DMFT
- Itinerant-Localized crossovers can lead to an exotic pairing state

Strong-coupling formula on x(q) within DMFT

This new formula has advantages... SCL ( -1 _ )_1
- physically, easy to understand Xq = WXioc q
- Effective intersite interactions

I, ~T YA (3 :
- numerically, easy to compute q zw:('b(zw) q(“’-’)ﬁb(w})
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