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Perfect Graphene

Band structure Density of states

Ingredients:
1. 2D

2. Honeycomb structure e
3. Identical atoms
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Magnetlsm and Perfect Graphene
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Two Theorems on the Hubbard Model

..repulsive Hubbard with bipartite lattice and half-filled band:
» spin of ground state with N,, N, populated sites:
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AngAng Ay g Py, (RT ferromagnetism in C60)
I }3} ‘ « D. P. Esquinazi, et al Phys. Rev. B (2002).
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Vacancies in graphene -+ N,>Ng - magnetic moment > 1u;

A.H. Castro Neto et al. Solid State Commun. (2009).
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O. Yazyeyv, et al Rep. Prog. (2010).

M. Vojta et.al, EPL, 90 (2010) 27006
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Imperfect Graphene - Vacancy

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

Broken
AB
symmetry

Jahn—-
Teller

o Dangling bond - localized state +— 1ug

p, = quasi-localized state on other sublattice — ~0.5-0.7p5

Zero mode peak at ~Dirac Point



Imperfect Graphene - Vacancy

Magnetic moment ~ 1.7ug

Yazyev & Helm (2007)

Interaction of ultra-relativistic electrons with Local magnetic moment?
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Kondo Screening of Impurity Moments in Metals
T>TK Impurity spin in metal T<TK

Unscreened Screened

J antiferromagnetic
coupling to electron bath

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

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

< Insulators p(Er)=0 No Kondo screening

What happens in a pseudogap system?
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Kondo Screening in pseudo-gap systems

» Pseudo- gap systems p(E) =Ml screening suppressed.

—|—‘:~ r=1 (graphene, high T. superconductors)

u~0 (undoped)
*Kondo screening only for J>Jc
*J. finite only for asymmetric DOS
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» Normal Kondo screening
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= =& Kondo Screening Experimental Signatures
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Tunable Kondo effect in graphene with defects

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

Measures: Measures:

_ DOS enhancement at E¢
scattering off Kondo cloud Unscreened moment
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Creating Vacancies

Sputtering with
100eV Het* ions

He* @
\

N

Single atom vacancy = triangular structure.

M. M. Ugeda, et al PRL 104, 196804 (2010). E.Y. Andrei



STS: DOS Peak at E

di/dV(a.u.)

u=50ueV
n=2x10"cm™
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Increasing u

Kondo peak

Pinned to E¢

Gate Dependence
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Increasing p

Reentrant Kondo Screening
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Electrically tunable magnetic moment
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Kondo Screening Phase Diagram

I Numerical Renormalization Group

P.W Lo, GY Guo, F. Anders
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What is the value of J?

o Dangling bond + localized state lug
* P, quasi-localized state on other sublattice

I

» 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. 1., A.; Guinea, F.; Castro Neto, A. H (2012) E.Y. Andrei




What determines J

Local Moment Formation and Kondo Effect in Defective Graphene

1

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

Need Corrugated Substrate

J strongly depends on Local curvature

- not all moments screened
> Need local measurement to observe Kondo screening
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Substrate corrugation and Kondo screening
G/G/SiO, G/hBN G/G/hBN

Distance (nm)

J depends on Local corrugation
I~ not all moments screened
I~ Global measurements can mislead




Summary

Vacancy moment and Kondo screening
Screening depends on local corrugation > not all moments screened
o Magnetization: only sensitive to unscreened moments
o Transport and STM: only sensitive to screened moments
Global measurements of randomly distributed moments are misleading!
Electrostatic control of vacancy moment

Theory: (Kondo) Substrates: (hBN)
 D. May, F. Anders « T. Taniguchi
« GY Guo, PW Lo « K. Watanabe




