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Physics of condensed matter
Understanding low-energy state of nucleus and electron assembly

More is differently different.

Hydrogen Helium Lithium

nucleus electron ©
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Without interaction,
electrons are free waves with Fermi
surface.

Fermi gas



With interaction, Fermi1 surface .....unstable

Quantum spin systems

Mott insulators

Tomonaga-Luttinger liquid ‘

Density waves
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superconductors

Electron pairing

Singlet, triplet
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Electronic glass
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1. Molecular materials and electronic structures

Keywords;
a variety of lattice structures
concept of molecular orbital
simple band structure
highly compressible system



Inorganic solid Organic (molecular) solid

Simple metals,
oxides,....

n electron systems



Organic molecules giving (super)conductors
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Molecular arrangement degrees of freedom




Molecular arrangement degrees of freedom

superconductivity Electronic crystals
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Organic conductors

complex in real space, but simple band structure

atom molecule
(a)
chocs S5 S35, p
A
LUMO
tight-binding
€ | Homo \
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Molecular orbital Band formation



Electronic structure

Molecular orbital is a minimum entity for electrons

No need to look into atomic orbitals in a low energy scale



Molecular material; structure is complicated in real space,

but electronic structure is surprisingly simple in k-space
It’s because of the hierarchy; atomic orbital = molecular orbital = electronic band

\

1) The simplest non-degenarate case; hydrogen molecule Key concept

Molecular orbital Linear combination of atomic orbitals

7 e? e’ e?
¢ = Ca¢a T Cb¢b H = V - - +
- 2m Aregyr, Armgl, 4ng,R

(4, +4,) bonding orbital

h S S = [¢,*¢,0¢
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2) The degenarate case: carbon atom

For n=2, four orbitals (2s, 2p X 3) are
¢Imn - RnIYIm (‘9’¢)

Yoo (S, 9)

YlO (‘9’ ¢)




Atomic p-orbital> molecular orbital

First, consider symmetry of coordination and reconstruct orbitals (intra-atomic hybridization)

l

Next, reconstruct orbitals between neighbors (inter-atomic hybridization like hydrogen molecule)

l

Finally, construct the overall molecular orbitals

i) Uniaxial 2-way coordination; sp hybridization spRAES BN E
antibonding orbital
o C 0 X S, Px» Py Py
E\ py1 pz pyl pz
Sy X 2
N spi&E & 1EHE
Bl FimshR L bonding orbital
(RFHNERL) I
H-Cz=C-H Sp, = i(S T p ) intra-atomic  Inter-atomic
N ) X hybridization  hybridization

Acetylene (Chemical bond)



Atomic p-orbital> molecular orbital

Imagine alien atoms are approaching carbon -> intra-atomic hybridization

l

When the alien atoms get close to carbon - inter-atomic hybridization like hydrogen molecule)

l

Finally, construct the overall molecular orbitals

i) Uniaxial 2-way coordination; sp hybridization sp antibonding orbital

] C ] S, Pxs By P,

> X =\

Py, P Py, P;
Sy X 2
sp bonding orbital
H-C=C-H Sp, = i(Si P ) intra-atomic inter-!omic
) ! 2 " hybridization  hybridization
Acetylene

(Chemical bond)




intra-atomic fnter-atomic\ _hybridization
L =P =hot AN
Tetrahedral 4-way coordination; sp® hybridization %E%?%miﬁéﬁj?; J%E;FTEI]:S A
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Tetrahedral 4-way coordination
molecular orbital; the case of CH, (sp3)

CHy (sp3)

intra-atomic inter-atomic
hybridization  hybridization

1 1 Molecular orbitgal

Thee——
3 Po By P sp3 antibonding orbital

spd x4 _ _
sp? bonding orbital

= =
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Molecular orbital in molecular conductors
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Band-structure calculations I; = electronic system  «-(ET),X
well described by tight-binding model of MO

.
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bonding
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FIG. 2. Caleulated
KABEDT-TTE);CuNCS), . The two erbits @ and § are marked DOS at Eg are exclusively derived from the C and § atoms
The dashed lines in the path of electron in the magnetic in the ET molecules, and their arbital components are almost

hreakdown.
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FIG. 3 d density of states of
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Notion of molecular orbital

(IO cu

BEDT-TTF (ET)

HOMO d orbital
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Molecular conductors

Seemingly complicated structure in real space
but
Simple electronic structure in k space
( MO i1s a minimum electronic entity)

In many cases,
no orbital degeneracy
negligible spin-orbit interaction

Highly compressible

. B

Model systems to look into correlation effect
In simple electronic systems
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Correlation-induced insulating phases everywhere in organics

Quasi 1D 1/4-filled Quasi 2D 1/2-filled Quasi 2D Ys-filled Quasi 2D Ys-filled
(TMTSF),X k-(ET),X B-(meso, DMeET),PF a-(ET),X

Sociology
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3. Mott transition

N. Mott (1949)




Mott transition

Competition between Kinetic energy and Coulomb

molecule

0@

&
bandwidth

Coulomb interaction
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metal Insulator
Wave-like particle-like



Mott transition

Competition between Kinetic energy and Coulomb energy

(W : bandwidth ) (U : Coulomb repulsion)
Temperature
Mott insulator Metal
U>>W « » U<<W
(localized electrons) U~W (itinerant electrons)
particlelike wavelike
Strongly Weakly

Interacting Interacting

3/18



Hubbard model
4D
O0—O0—"—C0O—0——0
U

Hubbard Hamiltonian
H H’ 1particle/site

H = Z (tc;' c JG+h.C.)+UZ‘ni,Tﬂi,¢

(i,]))o

off-diagonal diagonal

Wannier Bloch

|kRJ
C Cka

1

diagonal off-diagonal

U
a +
H = z |,‘C"ka,aCk,O' i N chl TCk2 iCkg TCk4 ¢5k1+k2 ks+ky
k,o ky Kz .K3,Ky

H H



In the weak correlation regime, W~2zt >> U

Hubbard Hamiltonian Calculate life time of Bloch electron

U

. +

H = z |,gkck,ack,a = N chl TCkZ \LCk3 TCk4 ~L5k1+k2 ks+K,
Ky Ky kg Ky

Hy H’ (perturbation)  Scattering term

1 2
Scattering rate k) > ”<k ky |[H'[ky .k > 5(e, +&, —&; —& ), L £.)L-T,)

k2 kl kZ
27z 1
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1 2 R
ocT
Do 2 h
, — <<kgT
1 c At low-Temperatures
2D oc T? log —= o
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J
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In the strong correration regime, W~2zt << U

Hubbard Hamiltonian

H= > (tc,c,,+hc)+U> n,n

(i.))o

H’ (perturbation) H,
—
Heisenberg Hamiltonian H = %Jsisj J=4t2/U
—

Antiferromagnetic insulator




Mott transition occurs at W~U,
but depends on dimension and lattice geometry

1-D Hubbard models are always Mott insulators.

2D Y2-filled Hubbard model on anisotropic triangular lattice

PIRG Cluster-DMFT

U Imada et al. JPSJ (2003) Tremblay etal. PRL (2006)

t’

Mott transition line
Square lattice Triangular lattice



Layered molecular conductors, (BEDT-TTF),X
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A variety of in-plane structures
@;{f
NS

\/
IO

S




K-(ET),X family are on the verge of Mott transition

In-plane structure

. 4 v dimer model \Q ) .
% @ Q ) Triangular lattice
O O O ) Half-filled band

Kino & Fukuyama .

E N
)QQ)\ t : inter-dimer transfer integral
U : on-site Coulomb
X' Gorund state U/t ¢tlt

wmam&" ,

Cu,(CN), Mott insulator 8.2 1.06
f Cu[N(CN),]CI Mott insulator 7.5 0.75

Cu[N(CN),]Br Metal (SC) 7.2 0.68

Cu(NCS), Metal (SC) 6.8 0.84

9 Cu(CN)[N(CN),] Metal (SC) 6.8 0.68
Ag(CN), H,0  Metal (SC) 6.6 0.60

EameC o RRer el | Metal (SC) 6.5 0.58




Resistivity of «-(BEDT-TTF),X
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SIT by fine pressure tuning or isotope substitution

K-(deuterated ET),Cu[N(CN),]Br
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K-(ET),X family are on the verge of Mott transition
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2 electrons/dimer with on-site Coulomb energy > Hubbard model of a hydrogen molecule

H= —tZ(Clang +¢,,C, ) +U (NN, +n,0,))

U +U? +16t% U —+JU? +16t%
X ; M0 +fo. M)+ === 2= () -[L )

antibonding ——— t T.0)-[0.19)

------------------- Of-mmmm e D) L) 1)+ 47)

| * U —vU? +16t? N i " )
y - y 0 0
bonding _1__'[ 2 141 U ++U’ +16t’ F(TLo)+[o. 1)

1-particle ground state 2-particle ground state

U -+U?+16t° U -+U? +16t°

2

From band-structure calculations, U ~ 2t ~ 0.5 eV and bandwidth W ~ 0.4 eV
N comparable =

—2(-t)=2t+ — ~ 2t



Mott physics in 2D organics

Charge

Mott transition

riticality

Spin liquid/order
on A lattices
Spin

Jt
&@»
> )
6& ,/‘ U/W (Mottness)

0°Q®

Preformed pairs
Charge/Spin

Superconductivity

Temperature




Interacting spins - Order or not ?

1900 1950 2000
| 1936 1949, 1973 |
I I
Heisenberg [ Y I
JS§;*S; NS proved Anderson
Antiparrallel proposed by neutron proposed
interaction

Anderson



Triangle—based lattices

Kagome lattice

Triangular lattice

J)

J

Hyper Kagome lattice




Anderson’ idea of spin liquids:
Resonating Valence Bond (RVB) state

In analogy with benzene

SR



Solution
120° Neel order

......... the end ?

No spin liquid material in 20™ century



Q2D organics x-(ET),X; spin-1/2 on triangular lattice

Kino & Fukuyama

tt
dimer model 7» *
t/t=04~1.1
X Ground State t’/t
Cu,(CN), Mott insulator 1.06 0.80

Cu[N(CN),]CI Mott insulator 0.75 0.44

Huckel & tight binding —j 1

Quantum spin liquid ? —
Ab initio; Kandpal et al. PRL (2009)

Anderson (1973) Nakamura et al. JPSJ (2009)




Magnetism



Nuclear Magnetic Resonance

Hyperfine coupling * ] W = ¥, (Ho +AH)
[\ H=0 —,
’, = wy tAw
u ecton _y, HHY T
T - 0,=10-1000 MHz
H, nuclear Spin @
13C I_" :

8 sl 8 H “o a)0+Aa)
T
I_W g 8 5 \H S
H ET H Local fields

Knight shift, K=Aw/o,

B SN )
- L
2

electron density of HOMO
Y. Imamura, et al., JCP111(1999)5986



Mott insulators x-(ET),X

Spin ordering or not ?

Magnetic susceptibil

Ity

0.0007 [

0.0006

0.0005

(emu/mol)

0.0004

0.0003 §

0.0002

Susceptibility

0.0001

Triangular lattice
Heisenberg model J = 250 K
(pade[7,7]) Elstner et al.

t/t =1.06

PRL 91 (2003) 107001

PRL 71(1993)1629]

0.0000 —————1—

0 50

100 150

T (K)
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300

Also see Zheng et al. PRB 71 (2005) 134422

X '/t
Cu,(CN);  1.06 (0.8)
CUu[N(CN),]CI 0.75 (0.44)

'H NMR spectrum

/\/\ 32 mK

56 mK
j\/\\ 164 mK
{\ /} 508 mK
{\ A 901 mK
r\ /! 14K
[\ q 2.8K
!‘ f! 9.7K

36.1

0132 944 045 046
Frequency (MHZz)
k-(ET),Cu,(CN),

t’/t =1.06

No ordering {mmm)

94.7 156.6 156.7 156.8 156.9 157.0

Frequency (MHz)




Spin anomaly around 5-6K In x(ET),Cu,(CN),

Shimizu et al., PRB 70 (2006) 060510

NMR relaxation rate

100 ————
i outer .
3C NMR | Inhomogeneous ~T? g
relaxation rate o relaxation | f
—_ i "A inner
—
= 1T, 'M
F:- 1t ‘ i

23456 78 9I1C , ' T K
Temperature (K) 001 01 1 10 100300

Temperature (K)
Gapless




expected in
Heisenberg model ?

Why a spin liquid realized instead of

—>near Mott transition
“Hubbard spin liquid”

Paramagnetic
Insulator

Temperature [K]

Field-induced
inhomogeneous state

) 60 80 1000 120 140 160 180 200

Pressure [M-Fl’a]




Spin lig. emerges Hubbard model ?

PIRG; Morita, Mizusaki, Imada (2002), (2006) Tocchio et al. PRB (2013)

120 triangular

Spiral




Why not

expected in Heisenberg model ?

—near the Mott transition

Trianqular lattice Hubbard model

Mott transition

Metal NMI stripe
| | | Ut
0

Metal 1 NMI 120° Neel
| I -Ult
0]

Metal 1 120° Neel
I | >Ult

Morita et al. (2002)
Mizusaki et al. (2006)

Sahebsara et. al. (2008)
Yoshioka et al. (2009)

T. Watanabe et. al. (2008)
Inaba et al. (2008)



Conventional

Interaction N\——— OQOrder . Excitation
(exchange) (AF/F) (magnon)

1\

Absence of

ordering — Exotic excitation

?

Frustration



Thermodynamics



Specific heat by Yamashita and Nakazawa (Osaka Univ.)

At low temperatures C=yT+pT3 At higher temperatures;

Finite y Field-insensitive anomaly
=) Low-lying spin excitations mm) Hidden order or some crossover ?

~
ol

CoT1/ mJ K-2mol

CoT1 / mIK-?mol-t

N
ol

® «-(d;;BEDT-TTF),Cu[N(CN),]Br

— 27[2k 2 /3 D c k-(BEDT-TTF),Cu[N(CN)2]CI
= 5 13)Dlee) St Anomaly at 5-6 K



~1.6

. : . A2y
Wilson ratio M (27,2 13)}

mm) Degenerate Fermionic objects in Mott insulator

Aspin = 3 % 10-* emu/mol v = 13 mJ/K?mol
0.0007 —— T T T ———T———T———
I Triangular lattice
Heisenbergmodel J = 250 K
~—~ 0.0006 [ (pade[7,7]) Elstner et al. .
) PRL 71(1993)1629]
= f —
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2 o | =
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. 0.0002 [ i @)
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D
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w = : PRL 91 (2003) 107001
00000 bt
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Spin liquid in k-(ET),Cu,(CN),; Gapless or gapped

Specific heat = gapless (y = 13-14 mJ/K?mol)

Wilson ratio ~ 1.1 :
—> Degenerate chargeless Fermionic objects - k-(ET),Cu,y(CN);

S. Yamashita et al., , Nature Phys. 4 (2008) 459

S
S
V4
—
S
—

o
O

Thermal conductivity = gapped; 0.46 K

M. Yamashita et a., Nature Phys. 5 (2009) 44




guasi-triangular lattice systems

T
Et,Me,Sb

Et,Me,Sb:
EtMe,Sb @
=88:12
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EtEMe;AS. -

QsL
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[ - |
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Spin liquid in EtMe;Sb[Pd(dmit), ],

Specific heat Thermal conductivity

S. Yamashita et al., Nat. Commun. 2, 275 (2011) M. Yamashita et al, Science 328, 1246 (2010)
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Wilson ratio
Ry,=1.6

Aspin =4-2 €mu/mol y =20 mJ/mol K?2

EtMe,Sb

i
©°
£
=
£
v
Y
o
-
>

Temperature (K)

R. Kato, Bull. Chem. Soc. Jpn. 87, 355 (2014)  S. Yamashita et al., Nat. Commun. 2, 275 (2011)



Charge excitation in antiferromagnet and spin liquid

Charge gap is clearly opened on AF ordering, but remains undeveloped in spin liquid.

crossover
t’/t=0.75
L ]
; Paramagnetic

Insulator

S ,
critical point

- metal

Il.l... . ':_}.l
msu[ate.r, R,
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Temperature [K]
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inhomogeneous state | S5C

| ! I I I I |
20 40 60 80 100 120 140 160 180 2
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T — o
- fi

Optical conductivity

- (ET)2CuN(CN Kezsmarki et al.
Ellc PRB 74(2006)201101
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Thermodynamic anomaly at 6K In x-(ET),Cu,(CN),

150

, P Thermal expansion coefficient
100 Manna et al., PRL 104 (2010) 016403

Specific heat

S. Yamashita et al., 50
Nature Phys. 4 (2008)

459

Thermal conductivity

M. Yamashita et al.,
Nature Phys. 5 (2009) 44

Ultrasound velocity
Poirier et al.,

13¢c NMR
relaxation rate

\'-. 150 MHz .
)

NMR Relaxation rate
Shimizu et al.,
PRB 70 (2006) 060510
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Temperature (K)
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Can you distinguish SL and SC ?

NMR spectra B/ aaxis
SL SC Thermal conductivity

k-ET,CU,(CN), (ET,d44),Cu[N(CN),Bt

sk K-ETZCUZ(CN)3 L 7 s

n w
= =
o o
= =
= £
g &
-~ >
= =
Z Z
= Z
— =
Z z

K ( W/EKm)

-400-200 0 200 400 600 800 -400-200 0O 200 400 600 800
SHIFT from TMS (ppm SHIFT from TMS (ppm

Y. Matsuda et al.,
J. Phys: Condens. Matter 5 (2006) R705




Pressurize AFI and spin liquid

Yo-filled Hubbard model (Cluster DMFT)
Kyung, Tremblay PRL (2006)

Frustrated /

K—(ET)ZCU%.(CN)3
Less frustrated
k-(ET),CUu[N(CN),]CI \

AF @

Material parameters

gﬁwave SCJ

Kandpal et al.
PRL 103 (2009) 067004




Thermodynamics of Mott transition

Entropy balance known from phase diagram

Clausius Clapeyron dT/dP :(sA-sB)

>0
S,A> Sg . Oa<Sg
T T
A phase B phase
B phase
A phase




k-(ET),Cu[N(CN),]JCI  t’/t ~0.44-0.75
Kagawa et al., Nature 2005, PRL 2004; PRB 2004,

Thermodynamics of Mott transition
b

™ .

P ‘c‘:ri:.r'c.ui'.;ir;:z'm Clausius Clapeyron >0
L dT/dP = AV/AS= )/(sA-sB)

bulky-

perco]atg%‘a SC SA < SB

T | Aphase B phase

x-(ET),Cu,(CN), t/t ~ 0.80-1.06
Kurosaki et a., PRL 2005, Furukawa et al.unpublished

-

Crossover line

| Critical point exists around here

: First-order transition line \ S > S
‘ A B

Paramagnetic
Mott insulator

. (Quantum spin liquid) T
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Fermi liquid

Superconductor
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parameter

Entropy of spin liquid AS=Sq -5 = (dP/dT) AV

metal

o AV=1*10® cm’mol”
A AV=2*10* cm’mol”
v AV =3*10"° cm’mol’
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Mott transition of SL; drastic change in charge transport but not in spin

Phase diagram

v
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Furukawa et al.,

Experimental test of scaling Nat. Phys 11 (2015) 221

R/R.vs T/(c|P-P_|%®)

400 0.4
T/ To

||||||||||||||||||

U -100 p_p (I\/IOPa) 100 Perfect scaling
. for T >1.5T,




QC scaling --- nearly material -independent

Furukawa et al., Nat. Phys 11 (2015) 221

75K
80K
85K
+ Q0K
+ G5 K

- 100K
+ 105K
- N0K
» N5K

K-(ET),Cu,(CN)4 1-(ET),CUu[N(CN),]CI  EtMe,Sh[Pd(dmit),],
SL/SC AFI/SC SL/Metal

zv=0.62+0.02 zv=0.49+0.01 zv=0.68=+0.04



Critical exponents, zv, in metal-insulator transitions

Q2D Mott

1-(ET),Cu[N(CN),]CI Si-MOSFET
k-(ET),CU(CN); | EtMe,Sb[Pd(dmit),], (Kravchenko)

\q / experiement
5-D.

| . |
| ' | >

0 1 2
theory
DMFT Continuous Mott Marginal Quantum Mott
Terletska, Dbrosavljevic, et al Krempa, Kim, senthil, et al Imada, et al

(2011) (2012) (2007)



XX

Mott phase diagrams of quasi-triangular lattices b

Nt
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Similar QC behavior at high T
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Single-site DMFT of Hubbard model
H.Terletska , V.Dobrosavljevic et al.,Phys. Rev. Lett 107, 026401(2011)
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Possible quantum critical behavior
in an intermediate energy range

Heavy fermion system Organic Mott system
A -
! Tk r emmmm22 0 ~B000 K
4 Tekwy | - U

Mott a Fermi
Insulator |\} Liquid
p
I ~20 K

Quantum criticality ( T, < T << t,U)



Why eager for spin liquid ?

Classical Quantum And more
ﬁ/ o superconductivity
electron \\> é electronics
Wigner Xtal Fermi I|qU|d
t )t /ot
spin 2 ' ¥ 7\
T 7 vt

Magnet Quatum spin liquid



Electron correlation
in massless Dirac fermions

Dirac cone reshaping Ferrimagnetism

E (meV)

o I -

0 1
q, (AY) — s b

M. Hirata et al., Nat. Commun. (2016) in press
D. Liu et al., PRL (2016)

K. Miyagawa et al., JPS) (2016)

K. Ishikawa et al., PRB (2016)
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Mean-field calculation
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RG calculation
(continuum model)
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Organic Conductor a-(BEDT-TTF),l,

a A’ (= A)

L b X Inversion center
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conducting layers
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l;- non-magnetic
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Phae diagram
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D. Liu et al., PRL, in press
H. Schwenk et al., Mol. Cryst. Lig. Cryst. 119 (1985)

Charge order is suppressed by pressure and a Dirac semimetal emerges !



1. Dirac Cones Everywhere

@ Vertical cone in Graphene < Atomic Orbs. (A & B sublat.)

General cones exist in various systems: d-wave SC, 3He, Topological Ins., Organic Solids
K. Asano et al., PRB (2011), T. O. Wehling et al., Adv. Phys. (2014)

@ Titled cone in a-(BEDT-TTF),l, .

< Molecular Orbs. (A, A’, B, C sublat.) ko k
EF —> sragsesans
g -0.2
Wy
-0.4
)
\\/ L b X Inversion center
BEDT-TTF L os
S. Katayama et al., Eur. Phys. J. B 67 (2009) o -kp Es e X 0 k (rlu)
M.O. Goerbig et al., PRB 78 (2008) i OY o :"5 05

K. Kajita et al., JPSJ 83 (2014) k, (r.l.u.)



2. Short-ranged or Long-ranged?

Energy
-

Metal

w=0F -~ - —— -~

occpuied

particle— hole
excitations

Dirac material

Insulator

Fermi surface

Coulomb interactionis  Short-ra nged

Crystal momentum

Fermi point

Unscreened =
Long-ranged

Gapped

T. 0. Wehling et al., Adv. Phys. 63, 1-76 (2014)



Unscreened Long-range Coulomb Interaction

SOVIET PHYSICS JETP VOLUME 32, NUMBER 4 APRIL, 1971
POSSIBLE EXISTENCE OF SUBSTANCES INTERMEDIATE BETWEEN METALS AND / LO ng_ ra nge pa rt p rese rved
DIELECTRICS

A A. ABRIROSOY ant 5. D, BENESLAVAIG] v" Logarithmic divergence of v;

L. D. Landau Institute of Theoretical Physics
Submitted April 13, 1970
Zh, Eksp. Teor. Fiz. 59, 1280—1298 (October, 1970)

The question of the possible existence of substances having an electron spectrum without any energy
gap and, at the same time, not possessing a Fermi surface is investigated. First of all the question (84
of the possibility of contact of the conduction band and the valence band at a single point is investiga- J— A
ted within the framework of the one-electron problem. It is shown that the symmetry conditions for v (k) - U ]. + - lI’l( /k) > A/k >> 1
the crystal admit of such a possibility. A complete investigation is carried out for points in recipro- 4
cal lattice space with a little group which is equivalent to a point group, and an example of a more
complicated little group is considered. It is shown that in the neighborhood of the point of contact the
spectrum may be linear as well as quadratie.
The role of the Coulomb interaction is considered for both types of spectra. In the case of a linear .
dispersion law a slowly varying (logarithmic) factor appears in the spectrum. In the case of a quad- A A AbrlkOSOV et a/-/ JETP 32 (1971)
ratic spectrum the effective interaction becomes strong for small momenta, and the concept of the
one-particle spectrum turns out to be inapplicable. The behavior of the Green’s functions is deter-
mined by similarity laws analogous to those obtained in field theory with strong coupling and in the
neighborhood of a phase transition point of the second kind (scaling). Hence follow power laws for
the electronic heat capacity and for the momentum distribution of the electrons.

* Reshaping of vertical axes cones in graphene

D. C. Elias et al., Nat. Phys. 7 (2011)
C. Faugeras et al., PRL 114 (2015)
V. N. Kotov et al., Rev. Mod. Phys. 84 (2012)

A. A. Abrikosov



Molecular site to k-space correspondence

S. Katayama et al., Eur. Phys. J. B 67 (2009)

Gentle slope (Small v;) Steep slope (Large v;)
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A Non-uniform v, Renormalization

7. (10° 1 /kOe)

7. (10° y /kOe)

Linear spectrum RG calculation
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Renormalization Group (RG) Calculation

Initial wy, v: (band-structure value)/3.2  (A=0.8 A%, £=1)

Anisotropic tilted cone Lo

E.(q) =n (Wo q+ (\@f @qyz)

S. Katayama et al., Eur. Phys. J. B 67 (2009)
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Negative Susceptibility on the B Sublattice

0.4

0.2

7! (10° p/kOe)

-0.2

Negative susceptibility on B

%m <0 % A é il
uu%%ﬁ% %1 : . | ‘0
o ffm o

Anomaly observed uniquely on B

2.0 et o
j=A®) (y=60) 00

A j=B(y=120° (@]
15rn i=(C(u/=120°) o A
10 < )

n/'&: om (')
05 o

(o}
0 me ‘ 0o
0 05 1.0 1.5 o
TITFjBX
j=A.C g o A
a
(m]
oo 0
O\
A 1
PN N AY A
L | |
0.2 0.4 0.6
i
T/TFIex

Ferrimagnetic spin
- » Polarization exist on top
: of the v; renormalization



—>m

kD kD
ﬁ ﬁ
qx qx

Hubbard model; Mean-field calculation

Hubbard model (nearest neighbor)

t t 1
H = Z (tm:jﬁ Ao i T+ h.c.) + Z U At Xt Ll Gt
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RPA spin susceptibility (Q = 0)
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4
XépA = Z)(ij, rpa(0,0)
im1

4l U=0.14eV

Spin susceptibility (arb. units)

A. Kobayashi et al., J. Phys. Soc. Jpn. 82 (2013)

- . N
éwij.:'lr(llc) dj’r;a’(k) = E?;lo'(k) di?;lo‘(k)ﬂ
i=1
€ijo (k) = €;(k) + U{(Ny;) 6;;,
1 4
(M) = D o0 diy o0 F(Fy 00 = 1),
\_ Nu.c. J
k n=1
P TR e . £ (EyGe+ @) = £ (E,(80)
2y (@)= —NU,C_Z Z L) E,(k+ Q) —E, (k) — hw— 18’
k nnpr=1
06 —
i + Inter-band
04 - . i
=B
J U=0

Spin susceptibility (arb. units)

o
X

o

T(K)



Hubbard model; Mean-field calculation

A. Kobayashi et al., J. Phys. Soc. Jpn. 82 (2013)

Hubbard model (nearest neighbor) 4 Z 0 () = £ (0 d (0
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Conclusions

Short-range Coulomb, U, V Long-range Coulomb, 1/r

Ferrimagnetism Cone reshaping
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