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Class 1) &t

L@
efF ™ hevple

Class | = f8&7F &Lt € Small FS
0ll) Dirac materials,
Graphene, Weyl SM, Surface of Tl .. ..
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il

Class ll) =2 MXIE 748l 22 =

Periodic Table (omitting LA and AC Series)

Hydrogen

Lithium

36
§ Kr
[Ar] 3010 4s2 4p4. [A1] 3d10 452 4p6

nonmetal noble gas'  alkali metal [l alkaline earth metal ["] metalloid [7] halogen [ metal h transition metal

152
10

N 20 °F £iNe

[He) 252 268 [He] 252204 He) 2522 [He) 252 206
15 18

P : g Ar

[Ne] 352 3p3 [Ne] 352 3p6

Phosphorus

54

Xenon

Xe

.. .......... [K1] 4d10 552 5p6
86
[Xe] 4114 5010 6s2 6p6
118
¢ Og
S
(o]
[Rn).5¢14.6d10.752.7p6

18.10.10@SNU.colloquium 6

Radon




Class Il) =2l MALE 24E SES: flat band
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Of &4k (i) Mottiinsulator

ol &ehe| EEX|d (Mott 1935)

(a) (D)
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Phenomena of strong Interaction (ii)

—_——

Violation of Wiedemann-Franz law
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Tc=30K

Photoelectron Intensity (arb. units)
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1. (quasi-) Particle Lost !

{ &-function=Particle
| resonance=quasi-particle

| Split>Mott insulator .

: ] — 5("‘} — Ek)) Interaction : E>E-il/2
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2. Abnormally Rapid Thermalization
- Hydro-dynamic description

. 600 F
Time—»>

) 500

3 2 2 - ..'\ I o 2 4 1 L~ 400

P9 F W 10 3 g o

. P i 100

N Energy Sto pRing Hydrodynamic ’

Initial state Hard Collisions Evolution adro ZEO L 0 TR JR— 110 100 1

0 200 400 600

Plankian Dissipation: absence of —kEF;F
Quantum Entanglement > QCP B

T = "L'h =
otolC|of: ot
Qi510| H|ZAM 4+ UXI=XE QUzo| WA 0 x 1 . k,T

Ty
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Difficulty in-calculation=in standard formalism.

Im[— : ] = 5((,0 — Ek), Interaction : E>E-il/2
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02r

0.0t
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Hubbard Model: Zh=kf Of=LF1210] 2X|ZLCt.? No!

-t To move or not to move, that is the problem!
"
kS, NEE NP N
OO O/
P P P P
o O
F Y F Y F—%
o O
U
; ; N
H=— Z (Ci,a"j,a T Cj,acf,a) +U Z NNy,
{i,gh0 i=1

Coupling = U/t (IR =22 a2t E =F)

2XI2l0| A2 80E 0| A E2| K| LRULY.
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1. Efiﬂ?-l ARt AL =T E

2. YpttEo| X : (AIRURHASELE g) > HEE
g:U/t (ort/U), A=1+ag>+bgd+cgh+ -
g>=1 27
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=XN|2| o|O}: eh 20| H&SHA| A=Cf

—

AP0 M= UV scale 22~ IR scale 7| 0| M2ISHX| &=L},
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=Contents

e Part l: &A| X|7| Question

 Part Il: ol Z2| O}O|C|0] Idea to the solutions

e Partlll; A O|=2| Z1t

-Transport in Dirac metal,
-Spectral density of V,0,
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o HA| AAIY LXIAEI0| T > YXIUAEO| FQ

QcCP
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SAPAE e B

1. macroscopic ZH=2| YUX7 A&
-> H= 37|29 oKX 2=0[ 4
> SRRLAEZH | Yt
T=0 (A|ZHHEAQ] T7[=1/T Doo )

2. UAHNNIML| EhAk:
)AAE=2A|H| EXME GO A|HH
=22 =0 or = (0f: =-7|H[2] &HH)
i) AAH|L0| Q= ARl &9 (w=k?)

QCP 2%: dynamical exponent z,6:  w=k? [s]=D-6
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QUXIUA A Scale invariance2t EHAIC

A7 &7

> LHEEE H|elet AR Z7F £ A, vast simplification
—>Information Loss
- Universality = data scaling2?| £%2| 0|f

\

QcCP
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ATto| QAN

Quantum'Critical point

So is the QCP
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AR LA G eSOl mE T e

D= AL XIFE=0| A =2 2 k. Wilson : RG

> H|LHX] AH|KO| SiLIC| X2 S
—>2t2+o| EHHO| Quantuam Entanglement

O 2l AZEE[0] otxtR =2 37t &
—>Holography=RG

Tl - ®l,
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Exact holographi

= ALO|Q| A7 H=2ts| =&lE|= A2l &Xf : ). Maldacena

N=4 Supersymmetric gauge theory = Gravity in AdS5 x S5

HAISE: Ed. Witten, Gubser+Klebanov+Polyakov
SE02lI]|=A Ao HHE

> A9l SHO//H-atom & £=E! (1998)
-> Ao MAlSE B E ACHAo| =&

AM™ FE|A 0o MES Set MA -S| &7
Large N? SUSY?
LS
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e Partl: &X| A|7|

* Part II: OFO|C[O]

 Partlll: Aj O|=22| A1}

-Anomalous Transport in Dirac metal,

-Mott transition, Spectral density of V,0,
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Typei: Dirac Materials

1. Graphene and anomalous transport

2. Topological insulator and magnetotransport
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Q: ZAZHAP? Yes: Tiny FS = small screening = Type Il ¥AI=Z
2
e 1 1

2 R
Jeff = hcevrp €

Charge from Dirty Substrate = FS not small.

Key: BN substrate = 10 years of delay
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Observation of the Dirac fluid and the
breakdown of the Wiedemann-Franz
law in graphene

Jesse Crossno,”? Jing K. Shi,' Ke Wang,' Xiaomeng Liu,' Achim Harzheim,'
Andrew Lucas,' Subir Sachdev,”? Philip Kim,"?* Takashi Taniguchi,* Kenji Watanabe,*

Thomas A. Ohki,” Kin Chung Fong”*

20t C ,'\l 10 -
I °—> :.' ~ 8 1
16 |H C o E -
o> te 6 / _
Science 12l 1% 3y e

4 March 2016 FAC PR AR //
- gl +V o_} -V e || __," ]
I '.'\‘. % 60 80 100

4 i T (K)
0 otseeses —— =
6 -4 -2 0 2 4 6
n(10°cm™)
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22 24T HAto| B

ldea : neutral current 2 Enhance the heat conductivity

5= [ atey=a| R L {007 + 01(0)0x)" + Ba(@)On2)] — Vi0) - 202 - W)

G2
4 4

o = 0o(1+(Q/Qo)?),

K
1+ (1+92)(Q/Qo)?
e? _ Arkp ST o hog 5
0= K= G0 sk

4 basic parameters.

at 75K, g = 0.338/kQ, & = 7.TW/K , Qg = €320/ (km)’,
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Q7 Q:iQ; B K

=2+ s, 0= o2, K=
TSt e C0 T e BT TS Q2 sk,

with & = 4rsT/k?, s = 4wr? and Z; is the coupling of
——Ezg al-—l—E 0ij = Z+41Q°/sk*,  (11)
i 2]

where Q = Y. Q; and Z = . Z;, showing the additivity

D[1/k] = ZD 1/k;],  Dlo] = ZD[‘”]’

K

Tty anQ2/skezy Yk = 1R+ Q7 /Z;s7T,

where D|[f], D[f] denote the density dependent and in
dependent part of f , respectively.
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Hydrodynamics vs quantum Helography in data fitting

2 I V] I I I 10 I
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week ending

PRL 118, 036601 (2017) PHYSICAL REVIEW LETTERS 20 JANUARY 2017

S

Holography of the Dirac Fluid in Graphene with Two Currents

Yunseok Seo,1 Geunho Song,1 Philip Kim,z’3 Subir Sachdev,z’4 and Sang-Jin Sin'
1Department of Physics, Hanyang University, Seoul 133-791, Korea
i 2Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA

T, g

C

®

Phys.Rev.Lett. 118 (2017) no.3, 036601
Editors' Suggestion
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Dirac material is a class (1405.5774): 0il=: all of them have anomalous transports.

Material Pseudospin Energy scale (eV) References

Graphene, Silicene, Germanene Sublattice 1-3 eV [5, 6, 17, 19, 36, 37]

Artificial Graphenes Sublattice 107%-0.1 eV [28, 29, 38-40]

Hexagonal layered heterostructures Emergent 0.01-0.1 eV [41-47]

Hofstadter butterfly systems Energent 0.01 eV [46]
Graphene-hBN heterostructures in high magnetic fields

Band inversion interfaces Spin-orbit ang. mom. 0.3 eV [48-50]
SnTe/PbTe, CdTe/HgTe, PbTe

2D Topological Insulators Spin-orbit ang. mom. < 0.1eV 7, 8, 22, 24, 51, 52]
HgTe/CdTe, InAs/GaSb, Bi bilayer, ...

3D Topological Insulators Spin-orbit ang. mom. < 0.3eV 7, 8, 23, 52-55]
Bi;_,Sb,, BisSes, strained HgTe, Heusler alloys, ...

Topological crystalline insulators orbital <0.3eV [56-59]
SnTe, Pby_,Sn,Se

d-wave cuprate superconductors Nambu pseudospin < 0.05eV (60, 61]

“He Nambu pseudospin 0.3 peV 2, 3]

3D Weyl and Dirac semimetals Energy bands Unclear [32-34]

CdgASQ, NagBi

Table 1. Table of Dirac materials indicated by material family, pseudospin realization in the Dirac Hamiltonian,
and the energy scale for which the Dirac spectrum is present without any other states.

EHl: Surface of Topological Insulator (LHE=E=X| EH=CX|)
Similar, but differ by strong spin-orbit interaction

18.10.10@SNU.colloquium
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Surface phenomena of T+ WAL 2> WL transition

1. Bi,Te; with Cr doping: Bao et.al, SREP02391

04
0.2
0.0

-0.2

—1.9
—_—25K
—_—3.1K

-0.4

-0.6

L 1 1 1 1 1 1 1 ._|3'7 KI 1 1 1 [ 1 1 1 1 1 1 1
04 -02 00 02 04 04 02 00 02 04 04 -02 00 02 04 04 -02 00 02 04
B(T) B(T) B (T B(T
2..Bi,Se; with Mn doping : Zhang et.al, prB86,205127(2012)
@ 9[BiMn=236 ® [Biln=125 © %'BiMn=103 @ **Bimn-83
' 05K
00 1.0K
_ 0.0 . ' 30K 0.0 P
< < 40K £ £
NE NB 0.0r N\ql NE)/
X -0.5 ¥ X X
g £ 02 - 50K 8 o4 g
NE 6.0K
1.0F 04 .g’x‘- .
-0.6 0 T5(K) 10 10K 0.2
40 0. . . 40 05 00 05 10
HoH (T)
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Surface states of Tl

[1703.07361, prB, rapid comm M4 &£25,5IS]

Theory fits
not only for Cr doped Bi,Te, but also Mn doped Bi,Se,

~ Cro1BijgTes _ Mng gBi1.goS€3

(F +G?)(F — H?)

Ozx F2 1 H2G2

F=r2(a®*+ )+ (1+6>H? - qbH
g=q—0H. 18.10.10@SNU.colloquium 39



Strong Correlation Effects on Surfaces of Topological Insulators via Holography

Yunseok Seo, Geunho Song and Sang-Jin Sin
Department of Physics, Hanyang Unwversity, Seoul 04763, Korea.

Published in Phys.Rev. B96 (2017) no.4, 041104 (rapid communications)

045 (B7 T7 nimp)

+SJS

Small Fermi Surfaces and Strong Correlation Effects in Dirac Materials with Holography
Y. Seo, G. Song, C. Park +SIJS
Published in JHEP 1710 (2017) 204

Klij (Ba T7 nimp)
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Now, Type I
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Type land Il Unifiearin Holography .

Type I: z=1, Dirac cone
Typell: z>1 ... o0 (more) Flat band
In leading order, there are only quantitative difference.

—dt? dfr
dsD+2—fr ( TQde)

Geometry (z,0)

Dual?

QCP(z,0) - N

Exp. data Make a unique rule

Transport coefficients
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0
23
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2

Paramagnetic

insulator

Fermi liquid

UW =12

Ordered

phase

Uw

G Kotliar and D Vollhardt, Physics Today 57, 53 (2004).

ENERGY



2.

3.

Hubbard model in d>1 = Not solvable

finding its gravity dual is V. difficult. = title
Can we replace the Hubbard Model by a holographic-model?

Try a Holographic Fermion Model
with free fermion like behavior and gap generation.

18.10.10@SNU.colloquium

44



1
Dyr = Oy + ZwabMFab —1qAp.

Sba = E Az hipp = — /d3x\/ﬁ(1§_¢+ + o),

h = —gg"", 14 are the spin-up and down

Calculating the spectral function is already standard.

SS. Lee, H. Liu, Igbal, T. Faulkner, J. Mcgreevy, Vegh,
Cubrovic, K. Schalm, J. Zaanen, ......
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Phase Diagram-

S = [ ey G @~ m = pEY + S

» Known to Gap generating

A=d/2-m . o Phillips et.al
/ - m=1/2 is Free fermionic. P
App=(d-1)/2
Free fermion

m m
Y EGGLEEEEEEEEEEEEEEE R 0.5p----===----- N
04 Gapless oal L ,"/B NP\'\..\_ hM
0.3 0.3
0.2 Pseudogap Gapped 0.2f gM PG G
0.1 0.1
0-0, 2 4 6 8 0P 0-0, 2 4 6 8 0P

(a) Phase diagram (b) Substructure in gapless phase

“Transition” is smooth everywhere.
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6 phases+withssymmetrized spectral function

— SM/hM phase : ¥SEE]=
e topological matter

T8 T0. T8@SNU cofloquium 47



Hubbard Model: fromefree fermion to strongly repulsive int.

-t To move or not to move, that is the problem!
"
kS, NEE NP N
OO O/
P P P P
o O
F Y F Y F—%
o O
U
; ; N
H=-t Z (CioCio + CjoCic) +U Z NNy,
{1,700 i=1

U=0 -2 U=infinity
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Comparision with DMFT results

|
%

AN _ l \ _
Single-site DMFT result Holography with embedding
A. Georges, et.al Rev. Mod. Phys_ m

68 (Jan, 1996) 13—125.

Depending on the path,
evolution is different.
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Data for Transition Metal Oxide

O?%: anion

V3t V,0,, d?
V4. VO,, d'

Periodic Table (omitting LA and AC Series)

nonmetal noble gas' alkali metal [l alkaline earth metal "] metalloid "] halogen [l metal h transition metal

6 7 8
3 H
He2s2202 (el 22203 ”

15

Hydrogen

Helium
u o
(1]

Lithium
Oxygen
(@)

[Ne) 3st [Ne] 352 3p3

2 54
| c
s Te 5 Xe
Kr) 881 r] 4010 [Kr] 410 552 5p6
£ Rn
[Xe] 6s1 [Xe] 4114 5d10 652 6p6
118
[Rn] 7s1 [Rn].5114.610.752.7p6
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DMFT vs Experiment // Holography vs Exp

| — ISrVdS,LDIA+DI{/IFT(IQMC5 1L I _I SrV(I)3,LDIA+D1\I/[FT((IQMC)I |

- - CaVO,LDA+DMFT(QMC) —_ CaVO,,LDA+DMFT(QMC) ;

| svoseyameeay ||| SO e | € DMFT school (2011) Dieter Vollhardt
o CaVO,(Sekiyamaetal.) ©¢ vy Ca,ySr VO, (Inoueetal.)

Intensity(arbitraryunits)

]
3 2 0 0 I 2 3 4 Holography
Energy(eV) Energy(eV
**
? e
,” l\'\.\Q
/ vy “".
< 0 “Q. v
Py ey
4 COVIVY &
<: \"’3‘3” % .
e e
,"’
w 0 1 R 2 3 4
(a)PES data vs theory (b)XAS data vs theory
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* Mottgapintype 1 (z>1), spin Liquid
 asymmetry, magnetism, backreaction.
* instability, d-wave condensation.

e other gap generation mechanism

S = / V=g () —m —ig,B,T* — iganf)Fw — g M, T" ) 1 — /v —gith (goMo + igs MsI°) 1p,

Bt:p[l—(

M tr /Ytr

M tx /th

M ty ,yty

erley’l".’l}

M,y

Myyy*Y

o 0 1 2 3

M, O O O

s 0 O O O

« 0 1 2 3

Bt’yt : o o o

BA"| @ O O O

By o | o] o o
Table 1: g, # 0, @: Gapless, O: Gapped

« 0 1 2 3

B o (o | o

By | @ | o | o | ©

BYvw | o | o | o | o
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Why rapid Thermalization?

/

Thermalization <2 T —

lllll

Black hole formation /M T~
(A E

/A
R

FIG. 3 Any shape of shell falls to form a black hole in one

Z

dynamical time. This special dynamics in AdS is the
mechanism for easy thermalization for strong coupling
[171.

[17] Eunseok Oh, Sang-Jin Sin, “Non-spherical collapse in AdS and Early Thermalization in RHIC” Phys.

Lett. B 726 (2013) 456-460, arXiv:1302.1277 [hep-th];

Sang-Jin Sin, The physical mechanism of AdS instability and Holographic Thermalization, arXiv:

1310.7179.
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Near Future<Subiect — ...

* Mott gap in class 2 (z>1),

* Moire Pattern and Flat Band

* spin Liquid, Fractionization

e CDW, instability, other gap generation mechanism
 d-wave condensation.

 Strange metal

* Pairing

* magnetism, backreaction.
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For conductivity : need <JJ>: (J,A) 2 extend A into AdS
FA2 in the bulk

For spectrum: need <xx> : ({,x) 2 extend Y into AdS
J(D-m)y +bulk interaction.

What interaction?
py F.I' . > Gap (Phillips et.al)

comment: Gravity already accounted
e-e long range repulsion in the absence of the lattice.

So p describe the onsite repulsion.
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- Spectra | function

Sp = /d4aj\/—gi?7b (FMDM — m — 1p FMNFMN) w + de,
Dy = Oy + iwabMI‘“b — 1qA .
+1 _ +1 _ _
Sua = [ Vi = 5 [ davVRbs + i),

h = —gg"", ©4 are the spin-up and down

2 2 2
2 T S(r) o L 2 I L2

ds® = P dt +7“2f(r)dr +L2dx
. Qz M . To

f(T)—1+T—4—T—37 A—M(1—7),

Q =rop, M =ro(rg + p*).
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- Green Function

i = (—gd) Ty, 64 = (yi )

Introducing the &4 by

£ = zZ—; and £ = —i;—;, (11)

the equations of motion Eqgs.(8) can be recast into two
independent equations for &4:
u(r) = [ Z= (0 + gA).

T ¢ — —omfGanbs + [u(r) + pv/Gas AL(r) T K]

g?"?"
Hu(r) — py/gaa Ay (r) £ KIET.

and the Green functions for m < 1/2 can be written as

Gi(w, k) = lim r*™&x(r,w, k). (12)

T—00
18.10.10@SNU.colloquium 60



Surface states.of T [1703.07361, A,&

04 02 00 02 04
B(T)

°
°
T T

'
S
~

>
' L9
s o
RS
T T T

|
|

!
s
o

04 02 08802 2@ SNU.colloquium
B (T




-~ Speectral data-ARPES.______

* |t comes from fundamental fermion’s two point function .

e Mott transition is first candidate to understand

 DMFT is successful to an extend so we can compare
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-1.0 -0.5 0.0 0.5 1.0

(a) Fermi liquid like (FL)

2.5F

2.0
~ 15}
< 10}

0.5¢

0.0k . . ]
-4 -2 0 2 4

(d) bad metal (BM)

10
0.8} sl
§0.6 -
< 04} < 0
0.2r ot l
002 -1 0 1 2 S 1 2 3
w
(b) bad metal prime (BM’) (c) half-metal (hM)
: : 14F
1.5} ] 12f
10f
~ 1.0} 3 8
; < 6t
0.51 4t ]
ZM.
0.0k . . J ok . . —
-4 -2 0 2 4 -2 0 2 4 6
w w
(e) pseudogap (PG) (f) gapped (G)
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(a) Fermi liquid like (FL) (b) bad metal prime (BM’) (c) half-metal (hM)

25 “
15 12|
20| 10
=15 = 1 3 8
3 30 é :
<10 <
05| 4
05| 2
00! 0.0
-4 -2 0 2 4 -4 -2 0 2 4 -2 0
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Problem: Spectral function gives too much asymmetry.
This is the evidence of Pauli principle is working partially.

Reason: Hole degree of freedom is not encoded.
(Positive and Negative energy spectrum have the same charge)

Spectral function of hole = Spectral function of particle (q=-q)
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How to-add hole-spectrum?

S = [ e/ GO B~ m = pEY + S

> p—>pSign[q]

Minimal interaction contains gA,

1. We change Lagrangian =2 L[q] +L[-q]

2. Consequence:

equivalent to Spectral function is Symmetrized.
due to the relation

G[w, k, q] =-G*[-w,-k,-q]

A[WI qu]+A[W1 k;'CI]=A[W; qu]+A[_W;-qu]
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Consequecesof adding hole spectrum
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D-brane

Open string
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Matter Geometry
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2. HIA 223 : (Multiscale Entanglement Renormalization Ansatz)
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Raamsdonk : classical (F¥) &7t2| M= 1 S7teto]| FelEl SHEe| A=HE| 2

Zsirt. 27t HgloR - TE HAp|ot 2Lt
Entanglement first law - Linearized gravity equation.

Complete Einstein equation from the generalized First Law of Entanglement
ES. Oh, IY. Park +sjs

arXiv:1709.05752 [hep-th] | PDF
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