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Sp magnetism in general: why it Is interesting?

Defect-induced magnetism in graphene: Lieb
theorem, midgap states, and all that

Zigzag edges, grain boundaries, carbon foam, defected
fullerenes...

Noncollinear magnetism in C,H and C,F

Electron-electron interactions in graphene from first principles

Effective Hubbard model for carbon materials
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Local magnetic moments do
exist above T, (Curie-Welss
law, spectroscopy, neutrons...)

d electrons are itinerant (FS,
chemical bonding, transport...)
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Iron, majority spin FS

4f electrons are normally pure localized but not 3d




Motivation: “semi -reproducible” magnetism
In carbon systems , CaBg, etc.: defect-related

heoretically: any essential difference with
Fe, Co, NI itinerant-electron magnetism?
Yes!!l Possible way to high Curie temps.




Standard itinerant-electron ferromagnets:

- Strong suppression of Stoner parameter by
correlation renormalizations (Kanamori)
- T Is determined by spin waves rather than

Stoner excitations

If Fe would be Stoner magnet it would have
To 4000 K (in reality 1043 K)

sp - electron itinerant electron FMs are Stoner
magnets and thus can have much higher T -
than usual dilute magnetic semiconductors




. BN (EFR) 1s the density of one-electron states
legg N (Ep) > 1

¢ 1S an on-site mteraction parameter

Equation for the Curie temperature:

kpT. = Winp/ [-l tanh™' ( Wimp / [eff”il'l'lp)]

g Stoner parameter  1leV
kg1 < Ieffﬂimp & Room -temperature FM:
> 0.01




T-matrix: Iz 1/ [1+ const I/W ]

Usually (Fe, Co, Ni...) Stoner criterion
satisfies at the border | N(Ez) 1.2.

Impurity bands: T -matrix renormalization
can be unusually small due to spectral
weight transfer effects




Hamiltonian
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Equation for T -matrix
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= (2n + 1)mkgT are the Matsubara frequencies




Spectral representation :

On-site (Hubbard) interaction)

(13|T(E)|24) = (13 |v| 24) +Z 13 |v]| 57) (57| P(E)| 68) (68 |T (E)|24)
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Fig. 12.1. A sketch of the electronic structures for various types of itinerant-
electron ferromagnet: (a) the conventional case; (b) and (c) defect-induced
half-metallic ferromagnetism in semiconductors and in graphene, respectively.
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Shallow imputities:
Zimp =f dx p(x). Limp <« 1
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Fig. 12.3. The temperature evolution of ferromagnetic states in the Stoner
model (left panel), in the Heisenberg model (middle panel) and in real
itinerant-electron ferromagnets (right panel).

T>T, T<IT,

where

cos 6/2 sinf/2exp (—ip)
U0, ¢) =

—sin6/2exp (ip) cos 6/2




OH = ZT'TLJ [t-ijnff?— (Uj—UJ — 1) Cj} — o H +0oH

o1 H = sin” g%:TTLJ (t (k+q) —t (k)) Clirf‘k}

0o H = %Sill QZ Iry [f-ﬁjﬂiﬂjj} (eXp (1qR,;) — exp (iqu))

Perturbation theory upto 2 with local self-
energy (the only approximation)
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RPA value of the stiffness constant:

R? 1
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Estimation for simplest model, NN hopping
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normal itinerant- electron magnets:
easier to rotate spins than to change

their length
Sp-magnets. Stoner magnets (after

/0 years of existence of the Stoner
model a region of applicability was
found)




Lieb theorem: Hubbard model for bipartite lattice
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Mid-gap states lead to (local) spin polarization
FM exchange Iin the same sublattice, AFM
between A and B
Hydrogen and other sp?® defects act very similar
to vacancies

(a)H adatom
(b) Vacancy

e—¢eg (eV) e—¢eg (eV)




Dual origin of defect magnetism in graphene
and its reversible switching by molecular doping

R.R Nair1, [-L Tsai1, M. Sepionﬂ, 0. Lehtinenz, J. Keinonenz, AV Krasheninnikov2'3, A.H Castro Neto4,

M.l Katsnelson® AK Geim! & 1.V Grigc:arieva1
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Vacancies: two types
of LMM: (midgap
states) and (dangling
bonds); admolecules:
only

No signs of magnetic
order!!!



A very controversial iIssue (experimentally)

© 0.34

@ 0.1 ~0.05
© 0.05 ~ 0.01 ¢

® <0.01

Bivacancy (2) Is
nonmagnetic and
Fig. 4. (Color online) Distribution of magnetic moments in
pup on Cgp sphere with single vacancy in rhombohedral phase. more faVOu rable

(2 eV per atom

Single vacancy is magnetic
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Half-metallic graphene nanoribbons

Young-Woo Son"?, Marvin L. Cohen"* & Steven G. Louie"*
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Spin polarization arises

h Electric field = 0O

Zlgzag edges: midgap
states In nonmagnetic
case (true in a generic

case as well)
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1D systems: no magnetic ordering at finite

Exchange interactions and finite-T magnetism

Energies of transverse (a) and longitudinal (b)
configurations, DFT-SIESTA calculations
a)




A very high spin

stn‘fness constant D = 2100 meV A
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FIG. 3. Correlation lengths of magnetization vector compo-
nents orthogonal (£.) and parallel (£, &,) to the graphene plane
as a function of temperature 7 for weakly anisotropic (d/a =

10~%) and isotropic (d/a = 0) Heisenberg models.
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Double-hydrogenated zigzag edges in nanoribbons: still
ferromagnetic!
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The model: just cut off double-
hydrogenated carbon atoms
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Spin-polarized bands in carbon-terminated nanoribbons



57 defect iIs honmagnetic
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| Magnetic
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And more...

GB with 5-5-9-7 defect

Spin
density
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24,000 configurations; about 1% have magnetic
moments

Distribution of the energy
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Diamond

Graphite The region of
/ / magnetic samples

Number of samples
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Edges with armchair nanotube

symmetric asymmetric

Figure 1. (a)-(h) Structure and spin density for symmetric (left) and asymmetric
(right) AC nanotube terminated edges. (a), (b) Atomic structure; (c), (d) side, (e),
() three-dimensional (3D) and (g), (h) top view of schematic spin representation.
The box with a dashed line in (g), (h) indicates half of the unit cell in
the density functional theory (DFT) calculation. For the symmetric case, the
contribution to the magnetic moment from atoms belonging to the A- and B-
sublattices are m = 0.958up and mp = —0.217 g (per half unit cell), and for
the asymmetric case ma = 1.048up and mp = —0.300up. The maximum of the
magnetic moment is located on the atom indicated by the arrow with the value
Mpax = 0.3791p in both the symmetric and asymmetric cases. (i), (j) 3D and top
view of AC nanoribbons terminated by ZZ nanotubes. The box with a dashed
line in (j) indicates half of the unit cell in the DFT calculation.

= magnetic; sp?-sp3 bonds



Exchange interactions and frustrated magnetism in single-side hydrogenated

PHYSICAL REVIEW B 88, 081405(R) (2013)

and fluorinated graphene

A. N. Rudenko."" F. J. Keil.! M. I. Katsnelson.? and A. I. Lichtenstein?

Two-side fluorinated or hydrogenated graphene

(a) C:H (
C i

a’{l=145A
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o=117°

Structure,
orbitals,
nonmagnetic

bands

IS nonmagnetic. Single-side: claim for FM
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FIG. 2. (Color online) Band structure and density of states (DOS)
for C;H and C;F obtained from non-spin-polarized calculations.
Contributions from the impurity orbitals (s for H and sp for F) are
shown by color.



Mapping on classical Heisenberg model

]

Well-localized
magnetic moments

(a) C,H (b) C,F

o X, A A 0/4 A
Quantum spin liquid?! XN ¥ i b d i
FIG. 5. (Color online) Spin structures corresponding to a classical *‘W/g b AO j
ground state for (a) CoH (incommensurate spin spiral) and (b) C;F
(120° Néel state). > #,\ /*H -
PPRG: i A
*\_@# g "‘ﬁ o, \\@J-k *\HU o g \_0/‘#&&@__.

Quantum effects:




Generalized Hubbard model for -bands only
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All electrons except contribute to
screening of the Coulomb
Interactions (constrained RPA)
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k, (1/A)

Static cRPA dielectric
function of graphene in
momentum space

cRPA dielectric constant ¢
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Coulomb interaction U; and hopping parameters t as function of lattice
constant a.

The equilibrium lattice constant is a, = 2.47A.




Lattice QMC simulations; Hubbard-Stratonovich transformation:

18 by 18 sites,
20 time slices,
T=05eV

(should be
Improved
In future!)

(’ﬁ'ﬂ::n ﬂ-{xby,n,na’ ny?n-f —l_'f]l}z‘.’,t'.:n ﬂ'{I,y,?t,?l‘r wy,n" )

det (M [¢zn]) |? Neutrality point: =0

- Slernl =§ X 0anVieu,
No sign problem (e-h symmetry)! rznl = 3 Pae,nV ey Pyn

Yy,

Tre_-dH s /D%?I,nﬁ‘-_s[%:”]




The effect of screening by
-bonds Is essential. At our
distances a factor 1.4

V;z . I

Voa

Non-compact gauge field =
Screened potentials e
Coulomb -

(1) Introduce the mass term m
(2) Chiral condensate n, difference in occupation number
between A and B sublattices

(3) Introduce external dielectric constant (due to substrate)




We are on

semimetal side

(screening by

bonds is crucial)

but not too far from

the transition point
0.7

Exciton fluctuations
may be important

FIG. 2: The dependence of the chiral condensate (11) on €
and on m (in the inset) for the 18 x 18 lattice with N = 20
and § = 0.1eV~!. For € = 1.0 we show the results obtained
on the 24 x 24 lattice with N; = 40, § = 0.05eV 1.




Long-range Coulomb interection is crucially important for graphene
but not everywhere, e.g., for magnetism effective Hubbard model
should be OK. How to build it?

We have:

qufm Cie +U Z”!Tn!l—'_ ZIU“W”J”
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The idea: Feynman-Peirels-Bogoliubov variational principle

The calculations are done by lattice QMC




Effective Hubbard model fayrgramretike

For translationally invariant system:

Number of particle conservation

A naive estimation:

turns out to be amazingly good



Effective Hubbard model fayrgramreé

Calculations for benzene,
graphene and silicene

Decrease of effective U
roughly by a factor of 2



Conclusions

sp electron magnetic semiconductors can be
better than conventional — if one finds FM...

local magnetic moments is not a problem but FM
IS; even when one has strong exchange it is not
necessarily FM

very unclear situation for magnetism at the
edges (beyond the talk)

for theoretical studies one can use Hubbard
model with first-principles Hubbbard parameter;
Intersite Coulomb interaction decrease it roughly
by a factor of 2
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