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Band structure

Perfect Graphene
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Perfect Graphene

Carbon 
• No d, f electrons 
• But partially filled p shell 

Magnetism: Spin of localized electrons 

in partially filled inner d or f shell .

Graphite, graphene, …, Carbon allotropes  

? Non-Magnetic ?
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Magnetism and Perfect Graphene 

...repulsive Hubbard model + bipartite lattice + half-filled band:

spin of ground state with NA, NB populated sites: 

S= 1/2(NA- NB)

Perfect graphene 

Non-Magnetic!

Vacancies z NA>NB a magnetic moment

A.H. Castro Neto et al. Solid State Commun. (2009).

T. Wehling,. Phys. Lett. (2009)

O. Yazyev, et al Rep. Prog. (2010). 

M. Vojta et.al, EPL, 90 (2010) 27006

T. O. Wehling, Phys. Rev. B 81, 115427(2010)

J. O. Sofo, et al Phys. Rev. B 85, 115405 (2012)

Pristine graphene (graphite) NA=NB z S=0
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Imperfect Graphene – Vacancy Magnetic Moment

E

DOS

Dirac

bands

s Dangling bond a localized state  a 1mB

pz a quasi-localized state on other sublattice a ~0.5-0.7mB

Zero mode peak at ~Dirac Point

Yazyev & Helm (2007),

Popovi’c, Nanda,  Satpathy (2012)
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Vacancy Properties

Y Liu et al (2015)

Padmanabhan & Nanda (2016)
Yazyev & Helm (2007)

Interaction of 

ultra-relativistic electron

with Point charge ?

Charge ~  +1|e|

Interaction of 

ultra-relativistic electron

with magnetic moment?

~  1.7mB
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Kondo Screening of Impurity Moments in Metals

T>TK T<TK

J antiferromagnetic 

coupling to electron bath

ScreenedUnscreened

FE at states ofdensity  r

r )/1exp( JTK 

r(EF) > 0, J>0 a TK > 0 

 Normal metals                       a TK > 0 

 Insulators No Kondo screening

0;~)( JfiniteEFr

0)( FEr

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

screened
unscreened

 Pseudo- gap systems  screening suppressed.

 r = 1    (graphene, high Tc superconductors)

m~0 (undoped) 

•Kondo screening only for J>Jc

•Jc finite only for p-h asymmetry

• D. Withoff and E. Fradkin, Phys. Rev. Lett. 64, 1835(1990)

• K. Chen and C. Jayaprakash, J. Phys L491 (1995)

• K. Ingersent, Phys. Rev. B54, 11936 (1996)

• C. Cassanello and E. Fradkin , (1996)

• R. Bulla, T. Pruschke, and A. C. Hewson, (1998)

• Polkovnikov A., Phys. Rev. B, 65 (2002) 064503

• Vojta M. and Fritz L., Phys. Rev. B, 70 (2004) 094502.

• Vojta, Fritz, Bulla  EPL (2010) 

• PW Lo, GY Guo, F. Anders, arXiv:1402.0040

rEE )(r

|m|>>0 doped

 Normal Kondo screening
Magnetic moment

screened

screened

Electrical tuning of  magnetic moment

critical
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Kondo Screening Experimental Signatures
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Resistance minimum Magnetization saturation DOS – Kondo Peak

•R(T) minimum at T~ TK

•Logarithmic scaling with T/TK

•Low T saturation of c

•Logarithmic corrections to Curie

scale with T/TK

•Kondo Peak at EF

•Low T linewidth G

Measures:

scattering off Kondo cloud
Measures:

Unscreened moment
DOS enhancement at EF

kBTK~  Γ 2

R(T)

T

anomalous

Phonons

T
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Is there Kondo screening? 

• R(T)  aKondo screening

 TK 20-70K

Single layer graphene

He ion irradiation + Transport
Graphite laminates

proton irradiation  + Squid magnetometry

• c(T) aNo Kondo screening

• Moments unscreened at low T

• No full screening with doping
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STM

topography B=0 spectroscopy B>0 spectroscopy
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Probing Vacancies with STM/STS

1nm

Pristine

20nm20nm

Irradiated

STM Topography

Single atom vacancy g triangular structure.

Sputtering with 

100eV He+ ions

M. M. Ugeda, et al PRL 104, 096804 (2010).
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STS: DOS
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Kondo Temperature

EF
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O. Újsághy, et al. Solid State Commun. 117, 167(2001)

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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Reentrant Kondo Screening
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Model for Kondo screening of vacancy moment 

 Anderson impurity model

 Numerical renormalization group calculations 

• bare σ-orbital energy

• On site Coulomb

• Exchange coupling

• Hund coupling

• Critical coupling 

𝑈𝑒𝑓𝑓 𝜇 =  
𝑈𝑑𝑑 𝜇 ≤ 0

 𝑈𝑑𝑑 +mi n(𝑈𝑑𝜋 , 𝛼𝜇 𝜇 > 0
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Kondo Screening Phase Diagram
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P.W Lo, GY Guo, D. May , F. Anders

Anderson impurity model 

Numerical Renormalization Group

J/Jc

J=0.8

Y Jiang  et al  

Nature Communications 2018

D. May et al  

Phys. Rev. B 97, 155419 (2018)
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What determines J?

 pz state – Ferromagnetic coupling   a J=0

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)

 s state (in plane)  – orthogonal to  conduction electrons aJ=0

J=0 a NO KONDO SCREENING !!

• s Dangling bond a localized state  a 1mB

• pz a quasi-localized state on other sublattice a ~0.5-0.7mB
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Can J be Finite in Graphene? 

 Out of plane distortion of dangling bond 

a Finite AF coupling  with conduction electrons a Kondo screening

q qsin~J

Corrugated Substrate ??

Finite Kondo coupling

B. R. K. Nanda, M. Sherafati, Z. S. Popovi, and S. Satpathy,

New Journal of Physics 14, 083004 (2012).
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G/SiO2
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Substrate corrugation and Kondo screening
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Global Measurements and Conflicting results

• R(T)  aKondo screening

 TK 20-70K
• c(T) aNo Kondo screening

• Moments unscreened at low T

Measures:

Scattering off Kondo cloud

 Sensitive to screened Moments only. 

Measures:

Magnetic moments

 Sensitive to unscreened Moments only. 



Need Local measurement
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Summary

Guohong Li Yuhang JiangJinhai Mao

Theory: (NRG)

D. May, F. Anders

P.W Lo, GY Guo

Substrates: (hBN)

T. Taniguch, K. Watanabe

 Single atom vacancy

 Magnetic Moment 

 Charge

 Kondo screening

 Quantum critical transition

 Control of local moment

 Electric field

 Local curvature

Electrically and 

mechanically controlled 

magnetism

Efficient  way to embed 

localized moment and 

charge in graphene

Y Jiang  et al  Nature Communications 2018

J. Mao et al arXiv:1711.06942 (2017)

D. May et al  Phys. Rev. B 97, 155419 (2018)


