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Motivation

*What are the effects of long-range (unscreened)
Coulomb interactions on Dirac (semi)metals?

*What are the effects of magnetic field in the presence of Coulomb
interactions?

*What are the effects of long-range-correlated disorder?
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Massless Dirac fermions in graphene

*Nodal quasiparticle excitations P.R. Wallace, *47

G. W. Semenoft, ’84;
E. Fradkin, ’86

*Dirac (bi-) spinors: \|l = (V%A ¥ e V¥ °RA > V °RB)
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Massive Dirac fermions in graphene

*Nodal quasiparticle excitations
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*Dirac (bi-) spinors: \|l = (V%A ¥ e V¥ °RA > V °RB)
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* Massive Dirac Hamiltonian: H= y (i viiyd +A) y
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Different Dirac fermion masses

*4-spinor wave functions:

{7

. 1+ A-m .
= E : L Jg)k.‘il1,B1,.‘ilg,BngT

'lIJ ILF'_,I = I:'Eufl"l_'_-'.n,ctl::p:h

‘T T g

pom o3t

T2

52 Yomg

(=p))



Different Dirac fermion masses

*4-spinor wave functions: U(p) = (Yenalp) 5™ 55" b0 m,a(—P))

.El:l'l = l\. .2

eDirac mass terms (p-h):
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Different Dirac fermion masses

*4-spinor wave functions: V() = (Yomal®) B3 Vo mp(—P) o @ 0a BT @ 5a

. 147y 1—'-"3
v=(— +4 > = oa)iA, By Aa, BEJ

eDirac mass terms (p-h):

A

dfos @1 @ sor = A} Bra + B ARa + hoc.

i,Tcra- ) T8 @ soy = z H.lT Aia — ET o Bia )
i=L,R E
wlaos @19 @ sg1h = z Sgn”q’r ET ' Bi)
i=L.R
-ar-'.'Tﬂ'g # Ta ) SpU = i.‘iL&BH& . éHL&HHQ + h.c.
P&T
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Massive Dirac fermions: Higgs-Yukawa model

* d-wave superconductors (u=0)

Emergent fermion mass = second superconducting pairing:

d = d +is (id) S. Sachdev et al *99; DVK and J. Paaske, ‘00

Aq~ (cos Kk, - cos ky)

¢ ~(cos k, + cos ky)

E(k) = (g 2 + A2 4+A2isfia) /2 ~

21 2 21 2 A2 1/2
N (Vx kx + Vy ky +A is/id)
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*Dichalcogenides (2D f-CDW ? A.Castro-Neto’02);
*He3-A (3D), topological insulators...



Massive Dirac fermions: Higgs-Yukawa model

* d-wave superconductors (u=0)

Emergent fermion mass = second superconducting pairing:

d = d +is (id) S. Sachdev et al *99; DVK and J. Paaske, ‘00

Aq~ (cos Kk, - cos ky)

¢ ~(cos k, + cos ky)

E(k) = (g 2 + A2 4+A2isfia) /2 ~

21 2 21 2 A2 1/2
N (Vx kx + Vy ky +A is/id)

Critical coupling: g>g
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e Chiral rotation symmetry for massless fermions
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e Chiral rotation symmetry for massless fermions
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» CSB order parameter, U(2N)—U(N)XU(N)

A~ ZNf=1 < E Y= CSB phase transition
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A=0, N> N, (for arbitrary g)




Massive Dirac fermions: Lorentz-invariant QED 3
* CSB in QED;3  T.Appelquist et al, ‘88
L=iYN_, v v@+A)y,+F2g F=0xA

e Chiral rotation symmetry for massless fermions

yioR= (11y5)2 yiR > exp (iys0) y {8
» CSB order parameter, U(2N)—U(N)XU(N)

A~ ZNf=1 < E Y= CSB phase transition
A#0, N<N, T

A=0, N> N, (for arbitrary g)

Critical number of species: N<Nc¢
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Coulomb interacting Dirac fermions

*Non-Lorentz-invariant Hamiltonian of graphene (no disorder):

H=ivp Y [ ¥}[6.V.+ (-1)76,V,] ¥,

a=12"T

e /r/,.f‘l"far*')@a(r’) ¥

o, 3=1,2 v — 17|
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Coulomb interacting Dirac fermions

*Non-Lorentz-invariant Hamiltonian of graphene (no disorder):

H=ivp Y [ ¥}[6.V.+ (-1)76,V,] ¥,

a=12"T

e /r/,.f‘l"far*')@a(r’) ¥

o, 3=1,2 v — 17|

*Dirac fermion propagator:
Giep) = e — ps & (vayp — p + B + E[p}]_l
w=p+ocB+ Ep)

E(p) = +/v*(p)p* + A%(p)
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Excitonic pairing between Dirac fermions: gap equation
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'L + i't:',l"”q"+ EI._F'_II

* Dirac fermion self-energy: =% f %ﬁp ~ e~ W)
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*Velocity renormalization (diagonal term):  1..Aleiner et al, 07

v(p) __9 _ kl},? — ! _ D.T.Son, ‘07
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Excitonic pairing between Dirac fermions: gap equation

l'.-l.-"l‘i’ﬁ'”q-'-l- EI._F'_II
w? — E¥p) + 0

* Dirac fermion self-energy: =% f %ﬁp e —w)
0

*Velocity renormalization (diagonal term):  1..Aleiner et al, 07
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*Gap equation (off-diagonal term): Alp) = g o~ q 2E(e) W 3T




Excitonic pairing between Dirac fermions: gap equation

w+ vy §+ B(p)
w? — E*p) +40

* Dirac fermion self-energy: =% [ %;f.;p T
.

*Velocity renormalization (diagonal term):  1..Aleiner et al, 07
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Excitonic pairing between Dirac fermions: gap equation
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w? — E*p) +40
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Excitonic pairing between Dirac fermions: gap equation

l'.-l.-"l‘i’ﬁ'”q-'-l- EI._F'_II
w? — E*p) +40

* Dirac fermion self-energy: =% f %ﬁp e —w)
0

*Velocity renormalization (diagonal term):  1..Aleiner et al, 07
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Excitonic pairing: undoped case

p h>( -finite in-plane field
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h >I< -biased bi-layer
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P h>( -finite in-plane field
NOT . .
h >I< -biased bi-layer

«Critical coupling: §= J —1/2. n=0 DVK 01
UPHRE. 9= N g /8v2 /2, n=0




Excitonic pairing: undoped case

h>( -finite in-plane field

p
% NOT >[< -biased bi-layer

.. SR q N _
Critical coupling: g TN 3v2 1/2, n=0

DVK,’01

Cf. Atomic collapse 1n the single-particle problem of a charged
impurity in graphene



Excitonic pairing: undoped case

p h>( -finite in-plane field
NOT . X
h >I< -biased bi-layer

it S q _ _
Critical coupling: g TN 3v2 1/2, n=0
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Excitonic pairing: undoped case

Y
NOT
h

h>( -finite in-plane field

>I< -biased bi-layer
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Critical coupling: = =1/2, n=0

*Maximum gap:
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Excitonic pairing: undoped case

p h>( -finite in-plane field
NOT : :
h >I< -biased bi-layer
«Critical coupling: &= : =1/2, n=0
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Excitonic pairing: undoped case

P h>( -finite in-plane field
NOT . .
h >I< -biased bi-layer

«Critical coupling: = - =1/2, n=0
pig. 9= 7 +7Ng/8/2 > 1l
1 ;
o = E[l +an + (3mé 2 4+, 0

| —

< . 2m — 4'1;
*Maximum gap- A= vl expl—— L 1]:0
T R

A ~vA@g-g)"m ,n>0

Nejp ot | | | @ |

*Numerical solution of the gap eq.: ..|
G.Liu et al, Phys. Rev. B 79, 205429 (2009)
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Excitonic pairing: undoped case

p h>( -finite in-plane field
NOT : :
h >I< -biased bi-layer
«Critical coupling: = : =172, n=0

 14+7Ng/8/2

1 .
g. = E[l + g + |;3fr-f-:}jg-' i s 1]>O

: . 2 — 44
*Maximum gap- A= vl expl—— L 1]:0
VvE 8

A ~vA(@g-g)"m , n>0

Lifting of the sublattice (A/B) degeneracy:

CDW A~p,ps  Q=(¥3/2,1/2,(1))n
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* QED;: Gap equation: N_=3.2
MC simulations: N < 1.5 (>1.0 ?)
J.Kogut et al, 0808.2720
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Excitonic insulator transition in undoped graphene

* QED;: Gap equation: N_=3.2
MC simulations: N < 1.5 (>1.0 ?)

» Graphene: Gap equation:

Actual values:

J.Kogut et al, 0808.2720
g.= 1.13  DVK,0807.0676
Nec=17.2 for g->Infty
g =2.16 (free standing)

=0.8 (Si0,)
N=2
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Excitonic insulator transition in undoped graphene

* QED;: Gap equation: N_=3.2
MC simulations: N < 1.5 (>1.0 ?)

J.Kogut et al, 0808.2720
e Graphene: Gap equation: g.= 1.13  DVK.,0807.0676

Nc=7.2 for g->Infty
Actual values: g= 2.16 (free standing)
=0.8 (Si0,)
N=2
Later MC simulations: gc =1.1 for N=2 E.Drutetal, 0807.0834

Nc=4.8 for g->Infty
T.Hands et al, 0808.2714
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___________________

E.Drut and T.Lahde, 0905.1320
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Excitonic insulator transition in undoped graphene

* QED;: Gap equation: N_=3.2
MC simulations: N < 1.5 (>1.0 ?)

J.Kogut et al, 0808.2720
e Graphene: Gap equation: g.= 1.13  DVK.,0807.0676

Ne=7.2 for g->Infty
Actual values: g=2.16 (freestanding)
=0.8 (Si0,)
N=2
Later MC simulations: gc =1.1 for N=2 E.Drutetal, 0807.0834
Nc=4.8 for g->Infty

T.Hands et al, 0808.2714

*Free-standing graphene: A ~ 5-10 meV



Excitonic insulator transition in undoped graphene

* QED;: Gap equation: N_ = 3.2
MC simulations: N, < 1.5 (>1.0 ?)

J.Kogut et al, 0808.2720
e Graphene: Gap equation: g.= 1.13  DVK.,0807.0676

Ne=7.2 for g->Infty
Actual values: g=2.16 (freestanding)
=0.8 (Si0,)
N=2
Later MC simulations: gc = 1.1 for N=2 E.Drutetal, 0807.0834
Nc=4.8 for g->Infty

T.Hands et al, 0808.2714

*HOPG: EI is further stabilized by inter-layer Coulomb repulsion

& Upper Liyer (4)
@ Lower layer (B)



Quantum-critical behavior in undoped graphene?

Coulomb coupling:

g = e*/evy
T
Quantum critical
A =()
Disordered
| - A=0
Free gc-l Sio g-l g

standing

T=0 quantum critical point at g=g_



Dirac fermion mass in epitaxial graphene? (ARPES)

fd b odar An . ARA2 Af
oo b A

Strong substrate-related effects:
Large gap/mass ~130meV

_ RO (g

o L t ! ;:I:II!':I..'

i:.-uz-- L
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4.0 E‘ | -

S &3 02 IIII:." [V
H.rllu §
— 0 i

A. Lanzara et al ‘07



di/dV (a.u.)

Dirac fermion mass in suspended graphene? (STM)

ED

= i

0 "

= B

=2 |

T .

I 1

: ' '

|——300mv, 200 ¥, g T=44K 0
gl —200mV, 53pA 25 50

E 600 -400 200 0 200 400 600 sample bias (mv)

sample bias (mV)

E. Andrei et al ‘08
No substrate:

Small gap/mass~10meV
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Moderately strong Coulomb interactions: photoemission

* Electron spectral function:

undoped, quantum-critical regime, g<gc

T'(e,p) o< 8(p3,)

o< 0(p,,)(

7

mazx|e, vpp|

p2 . :EZ_V2p2

« NOT just “~E”

mazx|e,vpp] > T

mazx|e,vpp] < T

Binding Energy (eV)

Intensity (arb. unit)

Binding Energy (eV)

Binding Energy (eV)

A. Lanzara et al, ‘05

(uun -aie) Ausualul



Moderately strong Coulomb interactions: photoemission

* Electron spectral function:
undoped, quantum-critical regime, g<gc

3
P’ :
['(e,p) Q(Eji)magg[:ypp] Ing, mazx|e,vpp| > T g
2
p=T
D(n2 K 1/2 <T _
x 0(py.) (ma?:[f:", vEp) - BEGHrD E
pz ) =E2—V2p2 ;

Binding Energy (eV) Binding Energy (eV)

« NOT just “~E”
A. Lanzara et al, ‘05

*Formally related problem:
normal quasiparticles in d-wave cuprates

J. Paaske and DVK, °00;
A.Chubukov and A.Tsvelik, ’05

(uun -aie) Ausualul



Moderately strong Coulomb interactions: tunneling



Moderately strong Coulomb interactions: tunneling

* Tunneling DOS:
v(e) = —lImT?‘/ GE(0, De SOt gy g
T - "X

Adﬁ,d W t ¢ o ) s )
S (t) :fo 1o 2 dmU (w,q) coth . 0 dtlfo dye=(Eit2) (gialete) —x ()

w

dlidV [nA/N]

T.Matsui et al, ‘05



Moderately strong Coulomb interactions: tunneling

e Tunneling DOS:

dlidV [nAV]
12 £
— oy

v(e) = —%ImTr/ GE(0, De SOt gy

— D

td t t iw(t1—ta) [ ta(r(ti)—r(t2))
— . _ —Wil] —iz tq(rity )—riiz
S(t) —fo T Eﬂ ImU (w,q) coth o7 J, dtlfo dtse {e )

* Tunneling conductance:

dlidV [nAN]

O |

G(V) & — / G (0,4)GF (0,1) ¢tdt
av J,

T.Matsui et al, ‘05

G(V,T) ~max[V, T] I'@&V) o]




Excitonic pairing: finite doping

*Electron density dependence: first order transition

-0.005¢
-0.01; A ]

0O 0.2 0.4 0.6 0.8 1 1.2 1.4
N

ANk 78
S=0, 1

singlet or
p triplet

*Degeneracy between
singlet and triplet pairing 1s lifted




Excitonic (weak?) ferromagnetism




Excitonic (weak?) ferromagnetism

Example: hexaborides (BCS)

A. McDonald et al, ’00

— 0.2

— N
A u N
T u 0.1
AT A\L > 0.0 .
l % k 0.1 02
/74 N *n

N = paramagnetic (semi)metal;
EI = excitonic insulator;
COL/NC = (non-)collinear ferromagnet



Weak ferromagnetism in HOPG

*Small, yet robust, magnetic moment:

M ~ 0.03-0.05 pg/carrier, Tc~500K

M

Y .Kopelevich et al ‘00

H || basal planas

MAGNETIZATION, M (mG)

AT

L
-2000

[ " i 1 i il
-1000 0 1000 2000
APPLIED MAGNETIC FIELD, H (Oe)

‘Magnetization at H = 2 kOs (smu/g)

— M

P.Esquinazi et al ‘02

3x10°

2x10™ -

T T LI |
4 & 8 10 12 14 16 18
Fe Concentration (ug/g)

20N

imp



Weak ferromagnetism in HOPG

*Small, yet robust, magnetic moment:

M ~ 0.03-0.05 pg/carrier, Tc~500K

M Y .Kopelevich et al ‘00 . M P.Esquinazi et al ‘02

& i . I = | "l

3 gEEEEEE AN 5 ]

= H || basal planas 5_ T
Q T
€ st S
= i o
- e S n
S o =
o ¥ ]

% a} 1 £ [
2 2

-5 _—
2000 -1000 0 1000 m::n —
B 20 1.

APPLIED MAGNETIC FIELD, H (Oe) mp

Fe Concentration (ugfg)

* Possible mechanisms:
-Single-particle (magnetic impurities; structural defects, edges, H-bonds)
-Many-body (Coulomb interactions) ?



Dirac fermion-phonon coupling: Cooper pairing



Dirac fermion-phonon coupling: Cooper pairing

. _ Prg e N TR FRY .y
Elastic energy: ¥ =3l@d" +(@h)7 - =*(@h) Da(uyg) = — @
—c2{(Bu; + Byu; + O:hd;h)7 w? — 1 (q) +i0




Dirac fermion-phonon coupling: Cooper pairing

. Poin n e s e
*Elastic energy: ¥ = 5l@D" +(@h)* - x*(@h) Da(w,q) =
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Dirac fermion-phonon coupling: Cooper pairing
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Dirac fermion-phonon coupling: Cooper pairing
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Dirac fermion-phonon coupling: Cooper pairing
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Dirac fermion-phonon coupling: Cooper pairing
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e Maximum gap: A ~ 30 meV (no Coulomb repulsion!)
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Dirac fermion-phonon coupling: Cooper pairing
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Dirac fermion-phonon coupling: Cooper pairing
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Dirac fermion-phonon coupling: Cooper pairing
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Excitonic and Cooper instabilities in real-life graphene
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*Electron-hole puddles: n,~ 10''cm-

would destroy the excitonic gap A ~5 meV



Excitonic and Cooper instabilities in real-life graphene

*Electron-hole puddles: n,~ 10''cm-

would destroy the excitonic gap A ~ 10 meV

'RippleSZ Beff ~ ST

would destroy the Cooper gap A ~30 meV



I1. Coulomb interacting Dirac fermions in magnetic field



Coulomb interacting Dirac fermions in magnetic field

Relativistic analog of FQHE: magnetic catalysis

. [ dwdk Ak 4+ p) DVK, cond-mat/0106261
Ap) =1

(2m)3 (e+w +10)%2 — A2(k +p) V.Gorbar et al, cond-mat/0202422
ge_((k+p)2+p2)f/3

k| +VBgNk2eK*/2B(B — ,2/2)1 9)
1

-Coulomb interaction:

screening 1s even weaker than at B=0 @ =0
-No threshold for g -1
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Coulomb interacting Dirac fermions in magnetic field

Relativistic analog of FQHE: magnetic catalysis

. [ dwdk Ak 4+ p) DVK, cond-mat/0106261
Alp) =1

(2m)3 (e+w +10)%2 — A2(k +p) V.Gorbar et al, cond-mat/0202422
ge_((k+p)2+p2)f/3

k| + v/ BgNk2e-¥/2B(B — 2/2)-1 2
1
-Coulomb interaction: 0
screening 1s even weaker than at B=0 ®
-No threshold for g -1
Field-induced gap at the N=0 LL: -2

A ~fv) B2 f(0)=f(1)=0

A magnetic field-induced fermion mass can provide a means of

spatially confining the Dirac fermions (cf. electrostatic potential —
Klein’s tunneling).



Moderately strong fields: (Half)Integer Quantum Hall Effect

*Dirac fermions’ Landau levels:

Ey= +(2v;2NB + A?)1”

*“Anomalous” IQHE:

6,,(T)=4(e2/h)(N+1/2)

B<B,~10T: A=0

A

n=3

n=2

n=

o n=
f——————a 3 ¥ -
DOS — 'ﬂ'xy'1
j.,"st': h

E— | E N ¢
e A.Geim et al ‘05

| P. Kim, et al ‘05

- Energy




Stronger fields: magnetic field-induced mass

‘New plateaus: B >~10T

6,,(T)=+(e/h)(0, 1, 4)

Y.Zhang et al,*06

*Spin and valley splitting
at LLL (N=0)

*Valley degeneracy remains intact / \
for N+#0

*NO plateaus observed at +3, +5,..




Field dependence of spectral gaps
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Magnetic catalysis scenario: data fitting

Y TR V. Gusynin et al, ‘06

Experiment

Ty (@)
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b=0.04, T=30 mK
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Magnetic catalysis scenario: data fitting

2T A I —Z . ‘
| VN Zd V. Gusynin et al, ‘06
Experiment 'é ﬁo
! qb'{J rli ]
2 11 g g
RO -
7 |
b :u
-1 r= -—-4+E
T, :,r'
l: ! :\I,I'
2 fapde i
S ‘
Theory

b=0.04, T=30 mK

‘ ‘ =18 K p=6K

-20 -10 0 10 20 30
Vg VI

A~50K
Alternative mechanisms: B=30T
*Many-body: QH Ferromagnetism

K.Nomura, A.McDonald, ’06; J.Alicea, M.P.E. Fisher, ‘06;
M.Goerbig et at, ‘06, K.Yang et al, ‘06.

*Single-particle: Peierls distortion
J. Fuchs and P. Lederer, ‘06



Field-induced MIT in HOPG and graphene?
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Standard (Jain’s) fractions: o, =" =(1) 2mm I

spin and valley polarized
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*Composite Dirac fermions: new fractions o, = (%) p—
spin and/or valley singlets )

DVK, 06 Xy m+1



FQHE in graphene

Standard (Jain’s) fractions: o, =@V =(%)

spin and valley polarized

: : : : 2m
*Composite Dirac fermions: new fractions o, =(¥) p—
spin and/or valley singlets )

¢ o, = (&

*Also found numerically:

V.Apalkov and T.Chakraborty, ’06; C.Toke et al, ‘06
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Disordered Dirac fermions

Negative interference 2 WAL

Intrinsic Berry phase =
=-A




Disordered Dirac fermions

Negative interference = WAL-> Positive MR

Intrinsic Berry phase =
=-A

No inter-valley scattering:

WAL
T. Ando and H. Suzuura, 02

Aoy, (H) <0



Disordered Dirac fermions

Negative interference = WAL-> Positive MR

Intrinsic Berry phase =
- A
Intra- and inter-valley scattering:

crossover between WL and WAL
DVK, PRL 97, 036802,°06 (0602398)
E. McCann et al, PRL 97, 146805,°06 (0604015)




Disordered Dirac fermions

Negative interference = WAL-> Positive MR

Intrinsic Berry phase =
AT: =
Intra- and inter-valley scattering:

crossover between WL and WAL
DVK, PRL 97, 036802,°06 (0602398)
E. McCann et al, PRL 97, 146805,°06 (0604015)

X.Wu et al, ‘07 V.Tikhonenko et al ‘07



Disordered Dirac fermions

Negative interference = WAL-> Positive MR

A

/ Intrinsic Berry phase nt
\ AT: - A

/ Special disorder models:
-commensurate substrate
potential (Umklapp permitted),
-chiral disorder,...

\J\.,/ Acy, (H) =0

:
04 a M graphene

g DVK,’06,

2 e e P.Ostrovsky et al, ‘07

Morozov et al ‘06




Disordered Dirac fermions

Negative interference = WAL-> Positive MR

Intrinsic Berry phase =«
=-A

Theory: momentum-independent,
yet predominantly intra-valley, scattering



Disordered Dirac fermions

Negative interference = WAL-> Positive MR

Intrinsic Berry phase =«
=-A

Theory: momentum-independent,
yet predominantly intra-valley, scattering

No such scattering mechanism in undoped graphene?
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Experimentally relevant disorder

(Non)universal minimal conductivity:

A.Gemm et al, ’06 b
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Experimentally relevant disorder

 (Non)universal minimal conductivity: .z o

:
A.Gemm et al, "06 e
0 4,000 8,000 12,000
H(cm2iVs)
* Linear T-dependence: j
- 0.2} A"
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Experimentally relevant disorder

e )
annealing

(Non)universal minimal conductivity: .= %
3 o« °
“;_é L O ec—;o
A.Gemm et al, "06 e
0 4,0ﬁ(:cm2{;\,,0:;} 12,000
e Linear T-dependence: j
- 02) i
(g

€ Lo
G.Lietal, ‘08 o

0.0 —
0 100 200 300
T(K) ,

=

» Linear (?) density dependence:
—> long-range-correlated disorder?

a e Th]
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Long-range-correlated disorder

<VoV —q>=T,/q"
<AA-¢>=T,/q"
“T-reversal”: even (V) vs odd (A)

* Scalar vs vector disorder: intra-valley

H=oH x



Long-range-correlated disorder

<VoV —q>=T,/q"
<AA-¢>=T,/q"
“T-reversal”: even (V) vs odd (A)

* Scalar vs vector disorder: intra-valley

NOT <VV>=const
H=oH x <AA>=const

n =0



Long-range-correlated disorder
<VqV —q>= FS /C|277
<AA_¢>=T,/q"

« Experiment: linear conductivity of graphene (6~n) =2 n=I

e Scalar vs vector disorder:
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<VoV —q>=T,/q"
<AA-¢>=T,/q"

« Experiment: linear conductivity of graphene (6~n) =2 n=I
« RP:

-Coulomb 1mpurities: n=1

A.McDonald and K. Nomura,’06; S. Das Sarma et al, ‘06

-Cf. short-range potential disorder: n=0

e Scalar vs vector disorder:



Long-range-correlated disorder
<VqV —q>= FS /C|277
<AA-¢>=T,/q"

« Experiment: linear conductivity of graphene (6~n) =2 n=I
« RP:

-Coulomb 1mpurities: n=1

A.McDonald and K. Nomura,’06; S. Das Sarma et al, ‘06

-Cf. short-range potential disorder: n=0

* RMF:

-Disclinations (topological defects): n=1 .

F. Guinea et al,’93 S

-Cf. Dislocations (pentagon/heptagon pairs): n=0

e Scalar vs vector disorder:




Long-range-correlated disorder
<VoV —q>=T,/q"
<AA-¢>=T,/q"

« Experiment: linear conductivity of graphene (6~n) =2 n=I
« RP:

-Coulomb 1mpurities: n=1

A .McDonald and K. Nomura,’06; S. Das Sarma et al, ‘06
-Cf. short-range potential disorder: n=0

* RMF:

-Disclinations (topological defects): n=1

F. Guinea et al,’93 S

-Cf. Dislocations (pentagon/heptagon pairs): n=0

e Scalar vs vector disorder:

* Ripples (asymptotic regime): n=0.2
M.Katsnelson et al, ’07; N.Abedpour et al, ‘07
Non-linear conductivity at n=>0 ?




Long-range-correlated disorder
<VoV —q>=T,/q"
<AA-¢>=T,/q"

« Experiment: linear conductivity of graphene (6~n) =2 n=I
« RP:

-Coulomb 1mpurities: n=1

A .McDonald and K. Nomura,’06; S. Das Sarma et al, ‘06
-Cf. short-range potential disorder: n=0

* RMF:

-Disclinations (topological defects): n=1

F. Guinea et al,’93 S

-Cf. Dislocations (pentagon/heptagon pairs): n=0

e Scalar vs vector disorder:

* Ripples (asymptotic regime): n=0.2

M.Katsnelson et al, ’07; N.Abedpour et al, ‘07
Non-linear conductivity at n=>0 ?
 Random strain ?




Scalar vs vector disorder with n=1: perturbation theory



Scalar vs vector disorder with n=1: perturbation theory

» Self-consistent Born approximation, doped case:

: . " dq wWelq) S \ ; o . 1—1
TR |=j : ah) rlw.pl = e + 00 — oy

w(g) = g/(1g)*"
RP gets screened at €0 but RMF doesn’t =2
strongly non-Lorentzian qp spectral function in the RMF case



Scalar vs vector disorder with n=1: perturbation theory

» Self-consistent Born approximation, doped case:

" dg wWaslq)

¥ d ) ' y ~ 1—1
Ealep) = : . Griw, pl = (e + 1050 — pu
ale P j (27 QOR{e,p +aq)~1 4+ ZE(e,p +q) BL% By | : Pu rul

wig) = g/(1g)*"
e Fermion lifetimes:

o
F Ts-ﬂ:!__mlllinl Yy = f-i-'.-:!.Trw.;."_ (e.efv) ~ tl_j InL

€ g o /‘

« Failure of perturbation theory (genuine IR divergence due
to a gauge non-invariant nature of G)

v = ImI rr',.;.Eflf-:‘_. gfv) ru



Scalar vs vector disorder with n=1: perturbation theory

» Self-consistent Born approximation, doped case:

A da Wl o ; y a 1—1
R Riw, pl = | A — =
S fI;EWJEL-“RLE,p+qJ‘1+irE[e.p+qJ Cr(w,p) = [(¢+10} Puiu]

e Fermion lifetimes:
|

vy .
'i"."-!-'?'i"ﬂ-[—

€ g 5:9] Yo = ImTrigEl (e.efv) ~ oT*vInL

Yy = ImTrfr.;.E (e, efw) m

 Transport times:  (eg>>1'?)

2 2
. dq _, o LY’ s
= [ ll‘,_,‘;ﬂéufr—ﬂlp +qf jwa{a) =in @ N — 'mm[l ] Te ™ Tep

e Can’t discriminate between RP and RMF: o ~é&:/y~&’F ~n

DVK, 0607174
A.Geim and M.Katsnelson, 0706.2490



Scalar vs vector disorder: characteristic cyclotron rates



Scalar vs vector disorder: characteristic cyclotron rates

« Envelope function of the SAH/dHVA oscillations:

11.;“*]
ﬂEEﬂ
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Scalar vs vector disorder: characteristic cyclotron rates

« Envelope function of the SAH/dHVA oscillations:

= I' T,e
. Drin A (c) —n263 3 (el — ro_ ks
vl e| By = ile|]) Z g mnAlel TnEasale) 8Sile) =— ) mWa= 'T[.E + ﬂgEg]
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« Characteristic cyclotron times (e>>I"1?):

’r:ly{ll — 'ﬂl-'i";ﬂ, __l_'::lym — I:_I:'ﬂ'?.-'ﬂ].-'nc-_:li"ld'

» Scalar vs vector disorder: different energy (=density) dependences



Scalar vs vector disorder: decay of Friedel oscillations



Scalar vs vector disorder: decay of Friedel oscillations

» Wave functions’ correlation function:

< I-m.lﬁ'El;-s. r}}.’mijﬂlls, —r) =
(mile)
1,2

LY < |3 (c)?(0)] > -1 =
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LY < |3 (c)?(0)] > -1 =

Scalar vs vector disorder: decay of Friedel oscillations

Wave functions’ correlation function:

< I-m.lﬁ'El;-s. r}}.’mijﬂlls, —r) =
(mile)
1,2

2 Der)e e |
) i 177 cosl er e

Characteristic rates of the Friedel oscillations’ spatial decay:
(8>>F1/2)

2/
Fo ol Fi a/3luw
rg [ 2] t. il- 5 ‘-l-llI it

I:I »
el/j3 Gplr) o (—':‘:l J'Ii-"ﬂ -:-:E.LE-E:-'JE_“":C'
r

STM probe could distinguish between RP and RMF, too.



Long- vs short-range correlated RMF: density of states



Long- vs short-range correlated RMF: density of states

e Chiral order parameter:

5 1 8248 — Sp) }
¥

ERC o ._ pBle—S ™9 _1 [ da duig)
T8 = 13 T TglogE 0 T frﬂ["')’ﬂ] e 2 fle i _Effjrrf [m?(e) + ¢°]*



Long- vs short-range correlated RMF: density of states

e Chiral order parameter:

5 1 8248 — Sp) }
¥

ERC o ._ pBle—S ™9 _1 [ da duig)
T8 = 13 T TglogE 0 T frﬂ["')’ﬂ] e 2 fle i _Effjrrf [m?(e) + ¢°]*

e Short-range correlated RMF (n=0): m(e) ~ &'~

\ ' — —_ L ig et al’94
M:HLEJI - EE_.-. | :r=14g for g<2 A.Ludwig et a

:=(8g1"* =1 for g>2



Long-vs short-range correlated RMF: density of states

e Chiral order parameter:

5 1 8248 — Sp) }
¥

ERC o ._ pBle—S ™9 _1 [ da duig)
T8 = 13 T TglogE 0 T frﬂ["')’ﬂ] e 2 fle i _Effjrrf [m?(e) + ¢°]*

e Short-range correlated RMF (n=0): m(e) ~ &'~
vofe) o ==l r=1449 for g<2 A.Ludwig et al’94
z = |Hg :'1"& —1 for g>)
* Long-range correlated RMF (n>0): m(g) ~I'|In el [

v(g)—llm<_ >—am2~ 1
S T A nd P




Long-vs short-range correlated RMF: density of states

e Chiral order parameter:

5 1 8248 — Sp) }
¥

ERC o ._ pBle—S ™9 _1 [ da duig)
T8 = 13 T TglogE 0 T frﬂ["')’ﬂ] e 2 fle i _Effjrrf [m?(e) + ¢°]*

e Short-range correlated RMF (n=0): m(e) ~ &'~
vofe) o ==l r=1449 for g<2 A.Ludwig et al’94
z = |Hg :'1"& —1 for g>)
* Long-range correlated RMF (n>0): m(g) ~I'|In el [

v(g)—llm<_ >—amz :
S T A nd P

Can 1 be measured directly (STM)?




Long-vs short-range correlated RMF: density of states

e Chiral order parameter:

5 1 8248 — Sp) }
¥

ERC o ._ pBle—S ™9 _1 [ da duig)
T8 = 13 T TglogE 0 T frﬂ["')’ﬂ] e 2 fle i _Effjrrf [m?(e) + ¢°]*

e Short-range correlated RMF (n=0): m(e) ~ &'~
vofe) o ==l r=1449 for g<2 A.Ludwig et al’94
z = |Hg :'1"& —1 for g>)
* Long-range correlated RMF (n>0): m(g) ~I'|In el [

v(g)—llm<_ >—amz 1
S T A nd P

Can 1 be measured directly (STM)?
Quenched Schwinger model (n=1): A. Smilga, *92
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Conclusions

*Owing to the linear dispersion and unscreened Coulomb
interactions, 2D Dirac fermions in graphene are prone to excitonic
pairing for sufficiently strong Coulomb couplings;

-evidence: gap eq., MC simulations, experiment??
-relevance: intrinsic spectral gap

*Magnetic field facilitates an emergence of the fermion mass even at
weak Coulomb couplings;

-evidence: gap eq., experiment?

-relevance: tunable gap

*Dirac fermions in graphene exhibit novel disorder effects,
potentially relevant disorder being of long-range-correlated nature;
-evidence: experiment

-relevance: probes for ascertaining the nature of disorder



	
	
	
	

