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A few example of evidence of the AdS/CMT

|. Graphene
. Topological stability of Fermi-liquid
lll. Random Kondo problem™




Character of strong coupling:

i. Loss of Quasi particle=> make hard
ii. Non-causal correlation=> make easy

Time—>»

Heavy ion collision H * ﬁ

- Energy Stopping Hydrodynamic vy el
Initial state Hard Collisions Evolution Hadron Freezeout

No time to equilibrate with causal contacts.

==>

l. n/s = shear vis./(entropy d.) = ~ universal,

ﬂkB
cf:n/s ~ 1/g%,in g¢p* theory.

Il. Plankian Dissipation. p ~ T




l. Graphene

« Relativistic fermion in the Graphene.

« Why strong coupling in graphene?

e 11

Small FS—> less screening Strong coupling. 8off = >
C Vg €

clean Graphene=Strong Coulomb



Wiedermann-Franz Law violation

Observation of the Dirac fluid and the
breakdown of the Wiedemann-Franz
law in graphene
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Transport anomaly in pure graphene
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Surface of Topological Insulators
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ll. Topological Stability of FL

. Inmetal,V,, ~ Ep, 850 ~ V, o/ Ex > 1 : strong
interaction not weak at all.

« Why such strongly interacting system behave like
a free electron system?

« Here we want to understand it as a topological
stability just as the edge mode of TI.



Jackiw-Rebbi and Topology

« Jackiw-Rebbi: in the presence of bosonic
soliton,
there is a Fermionic zero mode localized at

the boundary K
"D, — ¢y =0

e Tl : fermion zero mode localized at the
boundary.

e sign change of m is equivalent to impose () Jackiw-Rebbi mode
a boundary condition m(0)=0 and

Mirror
AdS

(b) JR mode in AdS
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A holographic model

S = Se + qu -+ de;,

3
| =™

|

|

N

Se = /dd+1:c\/—g (D, ®7 — m3®?), O = Moz + M;2?
So = [ d*1y=gw it (1D, — (m + 92) ¥,

Sty = 1 Jonr v/ =hib,

d—?2

1 1
gs2 = 1) g2 A2 + = S da?
” 22 +z2f(z) © +Z2; v

f(r) =1—(2/zg)? ! for AdSs41 and zp7 |
temperature by zg = (d — 1)/4xnT.
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The Jackiw-Rebbi solution in AdS

()
)FZ] ¢ = 0, with Ku = (—w,k,, ky),
<

. O = Myz + Mz*.

. [FZOZ — K I" + M + Mz] ¢ = 0, cf:inflat space (y*D, ¥+ m)y = 0,

bos(z,2) = 2F™ exp(Fg / 42 o(2')) X014
0

where o = ®/z for z > 0.
= My sign(z) + M; z.
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Fermion zero mode Localized at the boundary

Because AdS bdy=our real space,
we suggest this edge mode as the Fermi liquid.

Real

space
AdS4 = .

k
_MO M (c)g® < 0, Gapless
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Character of Spectrum

2 —m — ) —
(I'*D, —m —gP)yy =0
D, = 0y + 3wuapl® Exact solution, though not simple is available.

1. Metal-Insulator Transition by the sign change of the coupling.
2. Fermion zero mode in the presence of the scalar order.

3. Pole type Green fct —> o-function spectrum: characteristic!

v Singularity types:
(a,b): branch cut
' . (c) : simple Pole

1 |

k k — = + io(x)
(a)g® > 0, Gap (b)g® = 0, QCP c)g® < 0, Gapless x — 10 X

This is impossible in the flat spacetime.
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Spectrum and Phases
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Main theme of talk : Random Kondo physics

R G Resistance/Resistance(T=0 Celsius) x 10000
(from W.J. de Haas and G.J. van den Berg,
Physica vol. 3, page 440, Y936)
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Saturation of pin T — ()

RG: imp-itinerant e coupling goes strong in IR: complete screening

AH

H = Z €C' ko Chor +(;7W(0)5'w<0) S ; d>

ko

& e

/ Jdo
D) =
g( ) 1 = 2g0 111<D0/D/)

T = Doe_1/290 _ Doe_l/po‘]

2. Mult1 Kondo : 7?7 : coupling strong, impurity random,

Perhaps, Holography !
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in a disordered semiconductor.




Doped Si, the material of our civilization !

About |0 years ago, my exp. colleages discovered a puzzle.

E

Donor level >"“ Er

> g(E) » 9(E) > 9(E)
I I >

N Doping concentration
c ~ 2x1019 for Si:P (/lem?®)

~ 4x10'8 for Si:P
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Observation of the pseudo gap
and its Character

The gap’s shoulder looks like that of SC gap, but no evidence for SC |
The gap disappearin high B, T
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Hint from the previous study

It Has long been Known :
Si:P has magnetic moments, although none of Si or P is magnetic
material. (PW. Anderson, Patrick Lee, Bhatt)

Then, Kondo physics, many impurity one!
At first sight, Presence of gap -> Order -> RKKY domination ?

However,
Localized < > ltineran t
i) below 100mK, : T Dep1IMO)
8Kondo =~ 8RKKY Tu=uemo) /| f/\/;ﬁ
* * * * N : EQCP <
Kond
Magnetism — ¥ screen ing

ii) random impurity would lead to spin glass without gap.

22



Many Kondo physics

single Kondo

Kondo Lattice
heavy fermion/

Kondo insulator
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Strongly-correlated
Kondo lattice

Ny

RKKY
weak coupling

below 100mK,

8Kondo = S8RKKY
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Difficulty of our system as Kondo lattice

If no periodicity—> No momentum !

No band.
The whole picture of Kondo-lattice break down.

0G

random singlet picture —> No gap! B

However, ......
A gap is found in random impurity

G (mS)
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Normalized conductance g

Difficulty of our system as Kondo lattice |l

« Kondo lattice has characteristic asymmetry in G(V)
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Our proposal: dense Random multi-Kondo

Overlapping Kondo cloud => Kondo condensation :

A key: size of Kondo cloud is ~ 1y, large!
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Def. Of Kondo condensation
cf Superconductivity

H = Z el fl fiw + Unigngy + Z 51200,2’00,;0 + Z Vi (eikRifiTana + e_ikRiC;%wa>
10 ko 1.

1,k,0
« Cooper pair=cc : < cc > # 0 — superconductivity

« Kondo pair =fT(:: <ch > #* () — Kondo condensation
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Yamamoto et. al.
“Observation of the Kondo screening cloud”
Nature 2020 27



How to calculate KC in the presence of randomness?
Holography!

Why ads/cft help for randomness + strong coupling?
Why it works? Universality

Key point: Near QCP of a strongly correlated system, ordered and
disordered systems are not much different by the universality.
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Our Holographic Model and its result
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Holographic Kondo Lattice ﬂ

Stot = Sbackground + Sbulk + Sint + Sbdy,

= : |
Soulk = Z/d“x\/—igi@;(f) [%(B _ B) _ m] w(/') ‘ (

YoungKwon Han

2 \ (1) - ahi :
o 4 = T0) (1K) (K) (int)!'") : shifted parabolic band
Snt= > /d x/— g (int) )y { (int)(12:(2) : hybridization

j,k=1
N (s ) i (1) L @ XY (2) il, : standard quantization
Sbay = 2 /d XV =l eyt + o] XY . mixed quantization = flat band
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Conclusion

We introduce Kondo condensation a dense random Kondo system

where Kondo cloud overlaps.
It forms a new state of quantum matter

It can be treated by the holography, a mean field theory for
strongly coupled system.
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Thank you
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Kondo lattice

Kondo coupling: §-5

conduction electron
N hopping

Essence of the Kondo Lattice physics:
Electron trapped and propagate rarely from site to site.

On a larger length scale, a very slow coherent motion
= a quasi-particle with a large effective mass.
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Kondo lattice (mean field theory)

Hyrr = Z (CTkaa kaa)

ko

mean field theory

E(k) Direct gap
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FS in gap-> K insulator,
otherwise
Heavy Fermion w/ larger FS
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