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Perfect Graphene

Band structure Density of states

sp? Carbon Ultra-relativistic 1V = 7x1010 cm-2
Chiral quasiparticles

Ingredients:
1. 2D

2. Honeycomb structure e
3. Identical atoms
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Perfect Graphene

Band structure Density of states
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Perfect Graphene

Magnetism: Spin of localized electrons
in partially filled inner d or f shell .

Carbon

« No d, f electrons
«  But partially filled p shell

Graphite, graphene, ..., Carbon allotropes
? Non-Magnetic ?
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Magnetism and Perfect Graphene
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Two Theorems on the Hubbard Model

...repulsive Hubbard model + bipartite lattice + half-filled band:
spin of ground state with N,, N, populated sites:

S= 1/2(N,- Np)

Pristine graphene (graphite) N,=Ng - S=0

J’J Jj,‘j)‘j))}jlj)j}-

Perfect graphene
Non-Magnetic!

Vacancies + N,>Ng > magnetic moment
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Imperfect Graphene - Vacancy Magnetic Moment

Yazyev & Helm (2007),
Popovi'c, Nanda, Satpathy (2012)

remove
Carbon atom

Broken
AB
symmetry

'Jahn—
Teller

o Dangling bond  localized state +— 1pug
p, — quasi-localized state on other sublattice - ~0.5-0.7pg

Zero mode peak at ~Dirac Point \ndrei




Interaction of
ultra-relativistic electron
with Point charge ?

Interaction of
ultra-relativistic electron
with magnetic moment?

Ch
XS
K el‘ge

Charge ~ +1|e|

Yazyev & Helm (2007) Y Liu et al (2015)
Padmanabhan & Nanda (2016) Andrei




Kondo Screening of Impurity Moments in Metals

T>Ty 3P

Unscreened Screened

J antiferromagnetic
coupling to electron bath

T, ocexp(=1/pJd)
p density of statesat E

p(Ep)>0,J>0 T, >0

< Normal metals p(Eg) ~ finite; J #0 > T,>0

< Insulators p(E)=0 No Kondo screening

What happens in a pseudogap system?
E.Y. Andrei




Kondo Screening in pseudo-gap systems

> Pseudo- gap systems Jol{=)E-I=Ml screening suppressed.

+ “ r=1 (graphene, high T, superconductors)

u~0 (undoped)
*Kondo screening only for J>Jc
*J.finite only for p-h asymmetry

screened

critical
lu/>>0 doped
» Normal Kondo screening
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Resistance minimum Magnetization saturation

T
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*Low T saturation of y
*Logarithmic corrections to Curie

scale with T/T,

*R(T) minimum at T~ T
*Logarithmic scaling with T/T

Measures: Measures:
scattering off Kondo cloud Unscreened moment

Kondo Screening Experimental Signatures

DOS — Kondo Peak

Kondo Pea
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«Kondo Peak at E.
*Low T linewidth T

kBTKN F/Z

DOS enhancement at E
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Is there Kondo screening?
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Dual origin of defect magnetism in grapj
and its reversible switching by molec

R.R Mair', I-L Tsai', M. Sepioni!, Q. LehtinenZ, J. Keinonen?, A.V Krasheninnikov
M.1 Katsne\sunS, AK Geim!' & LV Grigclrie‘u‘a1
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di/dVv (a.u.)

-200 -100 0 100

Sample bias (mV)

m Local doping

m Local Fermi velocity
m  Quasiparticle lifetime

m Coupling to substrate

G. Li, E.Y. A - Nature Physics, (2007)
G. Li, A. Luican, E. Y. A, Phys. Rev. Lett (2009)
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Probing Vacancies with STM/STS

Single atom vacancy = triangular structure.

M. M. Ugeda, et al PRL 104, 096804 (2010).

E.Y. Andrei



STS: DOS

di/dV(a.u.)

u=50ueV
n=2x10"cm™

Y Jiang et al

Nature Communications 2018 E.Y. Andrei




Kondo Temperature

FWHM (meV)

T, =68 + 2K
a=6.0%0.3

V(V) Temperature (K)

Fit to T dependence

F — (akBT)z + (ZkBTK)Z

k § I‘/Z O. Ujsaghy, et al. Solid State Commun. 117, 167(2001)
B ‘K A.S. Zyazin, et al. Synthetic Metals 161, 591 (2010)
M. Ternes, et.al. J. Phys.: Condens. Matter 21, 053001, (2009)
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Gate Dependence

Zefo mode peak

Increasing

Nature Communications 2018 Pinned to EF E.Y. Andrei



Reentrant Kondo Screening

Kondo “ON” Kondo “OFF” Kondo “ON”

+

Increasing p

No < Magnetic
omente e moment

Y Jiang et al
Nature Communications 2018
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Model for Kondo screening of vacancy moment

» Anderson impurity model
» Numerical renormalization group calculations

Impurity

bare o-orbital energy 4 =-1.6eV
On site Coulomb Uy =2eV

Exchange coupling U4, =0.1eV
Hund coupling J,, ~—0.35eV
Critical coupling I, =1.15eV

_ Ugq n=0
Uerr () = {Udd +min( Uy, au) u>0

E.Y. Andrei



Kondo Screening Phase Diagram

Numerical Renormalization Group

‘ Subcritical ! Supercritical

Frozen
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Y Jiang et al
Nature Communications 2018

D. May et al P.W Lo, GY Guo, D. May , F. Anders
Phys. Rev. B 97, 155419 (2018) Anderson impurity model

E.Y. Andrei



What determines J?

o Dangling bond + localized state 1ug

Teller

» o state (in plane) — orthogonal to = conduction electrons +—J=0
> p, state — Ferromagnetic coupling + J=0

J=0—~ NO KONDO SCREENING !

Hentschel, M. & Guinea, FPhys Rev B 76, 115407 (200)7
Haase, P., Fuchs, S., Pruschke, T., Ochoa, H. & Guinea, F (2011) _
Cazalilla, M. A. I., A.; Guinea, F.; Castro Neto, A. H (2012) E.Y. Andrei




Can J be Finite in Graphene?

Local Moment Formation and Kondo Effect in Defective Graphene

|

M. A. Cazalilla 2 A. Incei® F. Guinea,? and A. H. Castro Neto?

» Out of plane distortion of dangling bond
— Finite AF coupling with conduction electrons —» Kondo screening

Finite Kondo coupling

B. R. K. Nanda, M. Sherafati, Z. S. Popovi, and S. Satpathy,
New Journal of Physics 14, 083004 (2012).

Corrugated Substrate ??
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Substrate corrugation and Kondo screening

Substrate G/G/SiO, G/G/hBN
Corrugation inm 0.2nm
Maximum Ty No Kondo No Kondo

% of screened

. none none
vacancies

G on SiO2
GG on SiO2
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J depends on Local corrugation
— Mechanically controlled magnetism
J. Mao et al
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Global Measurements and Conflicting results
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Spin-half paramagnetism in graphene induced by

Tunable Kondo effect in graphene with defects point defects

R. R. Nair', M. Sepioni’, I-Ling Tsai', O. Lehtinen?, J. Keinonen?, A. V. Krasheninnikov?3, T. Thomson',
A.K. Geim' and I. V. Grigorieva'™

Jian-Hao Chen'?%, Liang LiZ, William G. Cullen'?, Ellen D. Williams'? and Michael S. Fuhrer'?*

* R(T) —Kondo screening * (T) = No Kondo screening
> Tx20-70K « Moments unscreened at low T

@ Vacancies

& spf impurities

Measures: Measures:
Scattering off Kondo cloud Magnetic moments
» Sensitive to screened Moments only. » Sensitive to unscreened Moments only.

> Global measurements probe complementary properties



Magnetic Tuning of Kondo Screening
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Single atom vacancy
Magnetic Moment
Charge
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Efficient way to embed
localized moment and
charge in graphene

Theory: (NRG)
D. May, F. Anders
P.W Lo, GY Guo

Substrates: (hBN)
T. Taniguch, K. Watanabe

Guohong Li

Summary

Kondo screening
Quantum critical transition
Control of local moment
Electric field
Local curvature

=47

Electrically and
mechanically controlled
magnetism

Jinhal Mao

Yuhang Jiang
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