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Dirac theory in graphene

Tight binding band picture
Chiral fermions

Energy dispersion over the whole BZ

[‘ r h Castro Neto et al, Rev. Mod. Phys. (2009)

Hipa = —t(¥p1+¥B2 + ¥B3)

Hyg = —t(Yar +vax +Ya3) 4/
H( VA ) _ 0 ok ( YA ) Yy
VB (k) 0 vB
o) = —t (eiE.Sl 4ok ei/?&)

S. A. Jafari Kondo effect graphene



Dirac theory in graphene

Tight binding band picture
Chiral fermions

Massless Dirac cones in graphene and graphite

S.Y. Zhou, et al, Nature Phys. (2006)
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Intensity (arb. i)
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Anderson impurity in metals

Anderson model

Local moment formation

P. Coleman, arxiv:0206003 (2002)

H = Hyost + Hiocal + thb

Hhost = ZSE CI%JCEU
ko

Hiocal = Z €dNdo + Ungyng,
ag

High = > Vedicz, + h.c.
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E(d?) — E(d') >0 > eg + U/2 > —U/2
E(d®) — E(d}) >0 = eg + U/2 > U/2

@ Atomic limit local moments: |e4 + U/2| < U/2
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Anderson impurity in metals Local moment formation

Turning on the hybridization: Hartree mean field

Splitting and broadening of the impurity level:

NON-MAGNETIC
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P. W. Anderson, Phys. Rev. (1961)
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Kondo Effect
Kondo effect in graphene
Perturbation theory

Anderson model in graphene
grap Slave rotor method

Hybridization function in graphene

K. Sengupta, G. Baskarna, PRB, 2008

C3 symmetry and spinorial nature of Dirac wave function —

o s-wave V(k) =V
Top-site ad-atom
o p-wave V/(k) = (ki + ik,)V
Vacancy, Subsitutional ad-atom, Hollow-site ad-atom

o wA |w? — D% .
P (w) = — puvey D? 4w (T)+Iﬂ'w\w\0(Df|w\)

2 2
s — D
¥ (w) = VZDil (luwizl) — VZMQ(D — |wl)
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Local moments in p-wave channel

M. Mashkoori, SAJ, arxiv:1401.1637

Occupation of Vacancy and Top-site Impurity

Vacancy =

Topsie

n,n,

-1 0.5 0 0.5 1
Y = (u—gg)/U

Local moments in s-wave and p-wave channels.
@ More stable local moments in p-channel.

@ Local moments in negative Y in p-channel
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Kondo Effect

Kondo effect in graphene
. Perturbation theory
Anderson model in graphene

Slave rotor method

Phase diagram for Top-site impurity

Non-Magnetic
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Kondo Effect
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First step beyond Hartree

M. Mashkoori, SAJ, arxiv:1401.1637
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p-channel offers robust local moments agains quantum fluctuations
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Kondo Effect
Kondo effect in graphene
Perturbation theory

Anderson model in graphene
grap Slave rotor method

Fluctuations of local moments: Kondo screening

@ Variational approach:

@ One impurity is not macroscopic
— Strong fluctuations of the W) = > a(k) (dic, +df g, ) IFSHn

3
moments

Schrodinger eq.

. N . 3
tk < ke T E a(k) = (Eps + cq — ©)K) a(k) - - ;a(&‘)
@ For observation time t > tx or o > !
. 4LQE7EF5+£;7E,:,
T < Tk the average magnetic k
moment is zero Binding energy scale:
@ "Screening of moments” <« e
AE = —epe 3KPO ~ kgTy

Singlet state between d-electron

g d conduction electrons
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Kondo Effect
Kondo effect in graphene
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Anderson model in graphene
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ong vs. Weak Coupling

#
g
=
o
z
E
2
Z
z
3

@ Ty separates hight temperature " magnetic
moment” regime from low-temperature
" Fermi liquid” regime.

kT (e, T
@ In low-temperature (strong coupling regime) + EA"‘ A =0l =0
he only ener leis T, - .
the only energy scale is Tk 0 0 30 40 30 o 0.25(1.0)

@ Universal dependence of transport and Temperature (K)

0.5(2.1)
thermal quantities on (log) T/ Tk

L0@1)

1O - - Arp <o, 1.0 50(20.7)
1 g w'!\
T)~ —F(T/T, = k) .
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== —a(T/T) g Y
T T0 = "N
% Kondo resonance at low T < Ty
A. C. Hewson, " The Kondo problem ...” (1997) 00" 0wl ool o1 1o 10 Fermi liquid — low-energy QP

Tk

P. Coleman, arxiv:0206003 (2002)
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Anomalous Kondo behavior in graphene

Anderson model in graphene

Tunable Kondo effect in graphene with defects

Jian-Hao Chen, Liang Li, William G. Cullen, Ellen D. Williams & Michael . Fuhrer
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Anderson model in graphene

Modified perturbation theory

Kondo Effect

Kondo effect in graphene
Perturbation theory
Slave rotor method

M. Potthoff, et al, Phys. Rev. B. (1997)
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FIG. 4. (Color online) Local spectral weight for the typical values
of V' = 082, = 1.7T4,24 = —0.53, Er = 0.2, The black and
red lines correspond to Dirac cone and the whole tight-binding band
structure for the graphene host. Energies are in units of the hopping
amplitude ¢. Inset shows the details of the Kondo resonance.
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Anderson model in graphene

MPT at Er =0

Kondo Effect

Kondo effect in graphene
Perturbation theory
Slave rotor method

Symmetric case: Eg=0, V=0.5, g4=-U/2

NN\ D>

-1 -0.5 0 0.5 1 1.
Symmetric case: Ep=0, U=1.0, £=-0.5

i /
5 -1

FIG. 2. (Color online) The Dirac model pseudogap Anderson model
at the symmetric point with Er = 0 and ¢4 = —U/2. In the upper
panel V' = 0.5 is fixed and U is variable, while in the second panel
U = 1.0is fixed and V is variable as indicated in the legend.
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FIG. 3. (Color online) Local spectral weight using the Dirac cone
model for the graphene host. Energies are in units of the hopping
amplitude . At Er = 0 variations in the parameters does not give
rise to Kondo resonance.
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Anderson model in graphene

MPT for Fr — 0

@ For s-wave hybridization, a Vi

SAJ, T. Tohyama, unpublished i
dependent on Ef is needed.

25

A .
5 s Eg=0.01 } i )
< @ Vinin increases by approaching
S e s the Dirac node.
2 ‘ | ‘ B . P
515 EF:O-OZ} @ At Dirac node, infinitely large
“31_5 A - ] - Vmin is needed to get Kondo.
2'% ' L. Fritz, M. Vojta, Rep. Prog. Phys. 2013
515
a 1
IS AN @ How can we understand Kondo
; AR :

resonance in graphene with
finite Vipin?
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Slave rotor method

Slave rotor mean field

Formulation: Self-consistency:
}2 \~/~ = Vi(cosO)g

3 K= vaakaa

e=¢eq+U/2,
= f;em spinor X rotor = (kx + iky )V p-wave
o 1
(Lo =2 [nee — ) - -]

ded

SU(N) — SU(2)

Hiocal = D (e — ) )dldo +

dl

1
Z [FT fo — —:| rotor-spinon constraint

o

E=h+<L=0N=1

Decoupling of rotor and spinor parts
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Kondo effect in graphene
Anderson model in graphene ZEAHRETED EI6y

Slave rotor method

Slave rotor equations in p-wave channel

SAJ, T. Tohyama, arxiv:1308.4173

p-wave spectral function:
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Anderson model in graphene T

Kondo resonance at 1 =0

Spinon spectral density at ¢ = 0,
SAJ, T. Tohyama, arxiv:1308.4173

1 clz| 2.2, @ To have a solution for ¥ (hence for Ty ~ VD):
pf(z) = — ———, c=7n"V"/D
w14 c2z4
4¢% — 3 u? — 4¢?
e — <0=v > 2 < (1)
@ Properly renomralizable at D — oco. 2uv 2 u

@ Standard deviation determines TR = /7 /20D.
K @  The requirement for non-zero Ty at u = 0:

@ Same method in normal metals: T;?e“JLl = mv?D
S. Florens, et al, PRB (2004)

; €
) T}r{nctal/Ti]%))rac o1 = [Vinin| = —6e4D (1 + Ud>
Under comparable conditions, a host of Dirac fermions

gives rise to larger Kondo temperature than metals i
@ For vacancies ¢4 ~ 10 meV — Vi, ~ 0.5 eV

@ Self-consistency at 1 = 0 can be handled analytically:
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Doping away from Dirac point

Slave rotor method

4t - k2 > 23 (zm — 1) /'u sgn(z)dz
4v2y D3 11 2(zm — p) + 6c2z3 J-p z -z

Zm &~ p+ icm,u3 with m = £1, dominant poles

@ The Kondo temperature for small . = fiD:

1w —4c?
2|3 4v2u

T
Ko wv = | e |-
D

electron-hole asymmetry

x4 = sign(p)/2 — 1,

@ for non-zero doping, smallest value of V can lead to Kondo
screening.

Conclusions:

Kondo screeni 2D Dirac host (graphene) with
p-wave hybridization:
@ For non-zero doping, smallest value of V
gives Kondo screening.
@ For p =0, Viyin = —6e4D(1 +e4/U) is
required.
@ Boron and Nitrogen subsitution in graphene
is expected to give reasonably small Vi ;,,
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Anderson model in graphene

Thank you for your attention
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