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Two-dimensional gas of massless Dirac fermions in

graphene
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& A. A. Firsov?

Quantum electrodynamics (resulting from the merger of quantum
mechanics and relativity theory) has provided a clear understand-
ing of phenomena ranging from particle physics to cosmology and
from astrophyslcs to quantum chemistry'~. The ideas underlying

also infl the theory of condensed
matter*?, but quantum relativistic effects are usually minute in
the known experimental systems that can be described accurately

of graphene Qu

behaviour shows that substantial concentrations of electrons
(holes) are induced by positive (negative) gate voltages. Away from
the transition region V= 0, Hall coefficient Ry; = 1/ne varies as
1/V, where n is the concentration of electrons or holes and e is the
electron charge. The lmear dependence 1/Ry o< V yields n = aV,
with @ =73 % 10"ecm V™), in agreement with the theoretical
estimate n/V ~ 7.2 X 10‘° cm 2v ! for the surface charge density

mics in (2+1) dimensions The pseudo-Cl



Particle physics in table top experiments?

» Graphene (2+1)D: Klein paradox

» Dirac materials (3+1)D: Chiral magnetic effect
Jome = %HSB, us~ E-B

— 'k K ~2Z 2
Jome = OcueE”, Ocye ~ B

» The magnetoresistence in
ZrTes when a magnetic field is
applied parallel to an electric ‘
field is in accordance with AR

the predictions that take into ¢! Nature Phys. 12,550 (2016).
account the CME.

p(mQcm)
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Graphene Physics

a; = g (37\/§)732: g (37_\/§)
by = 5 (1,V3) b2 = 51 (1,—V/3)

8=2(1.v3),8=£(1,-v3) 8 = a(-1,0)

_ [ 2 2 _ [ 2 2
Ki= (2,52 ) ke = (3,2

» A single layer of carbon atoms arranged in a honeycomb lattice
structure.

» Represented in terms of two triangular sublattices.
» Hexagonal reciprocal lattice.
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» Tight-binding approach: nearest neighboors.
» Hopping only between sublattices.

where

» The energy is:

3 3
E(ky, ky) = it\/3+2003 (\/ﬁkya) +4cos ({kya) cos <2kxa>.

Zero energy around the K points.
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> Linear dispersion relation:
H = \Tf hVF'Y‘ k.

» Dirac points: valence and con-
duction band touch generating
no gap.

0
&k

(k)=
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Expanding around de K and K’ points:

- 0 o(qgx +iqy)
H,or 3at . ] X y , He = H*/
@~ 2 o) o = H,
Hx = —ihv6V,  H' =H].
Considering the 4-component spinor:

Hc 0 . .
H—( 0 H ), Hk = Hy, H=—ihvty®aGV.

The interaction with an electromagnetic field is done through the Peierls sub-
stitution:

ancbmc — af,oexp < o / Adr) bm.s-

In term of a Lagrangian:

L =Y+ Vs(t [’YO ho; — i) + ihvey' DerIﬁVf'YzD,V] Wo(t,r).
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QED in 2+1 dimensions describes graphene

» Low energy excitations in graphene are massless quasiparticles
with linear dispersion relation.

» The eigenfunctions of the low energy quasiparticle excitations obey
the Dirac equation. It presents a spinor structure as a conse-
quence of the underlying lattice.

» The interactions of the quasiparticles with external electromag-
netic fields is introduced using the minimal coupling prescription
of quantum field theory.
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QED in (2+1)D

» QED3 fermion sector (h=c=1):
L =[10(ido + i) = i(Yy Dx +Y2Dy) — M.
» M are the Dirac masses or interactions that can result in a gap in
the energy bands - deformations, substrates, doping, etc.
» [ is a generalized chemical potential including spin interaction

(Zeeman term), us = u— 2%
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QED in (2+1)D

v

QED3 gauge sector:

Loep, = Y[d— A+ moysys]y
1 0

— ZFqu’N — Zs”VpA,,avAp.

Haldane mass can be dynamically generated by the CS term.

Parity-odd mass term in the fermion propagator radiatively induces

a parity-odd contribution into the vacuum polarization tensor at

one-loop level.

Coleman-Hill theorem shows that there are no contribution from

two- and higher-loops.

v

v

v
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Reduced QED

[Gorbar, Guysinin, Miranski, PRD 64, 105028 (2001).]
» The gauge sector is not constrained to the plane.
» Coulomb rather than logarithmic interaction.
» Reduced QED: general (3+1) theory dimensionally reduced to a
non-local effective (2+1) theory.

S= / de< F2,+ Asd? — ;2§ (BaAa)2>

» D =4 — Integrating over the gauge field and the third spatial di-
mension.

» Keeping J® = 0.

» Adding the fermion fields in (2+1)D.

S= /d‘°’ [ 425+m)\|f+ F,N\ﬁF“VqL—aa A“\/LE)VA" .
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The chiral magnetic effect

‘Imbalance of chirality‘ + ‘strong magnetic field ‘

4

Vo Electrical current in the direction of the field

i/

eB~ 109G

» Effective description in terms of a chiral chemical potential:

Fukushima, Kharzeev and Warringa, PRD 85, 045104 (2008).

Jz ~ Z g?Bus Independent of temperature and mass
f
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The pseudo-Chiral magnetic effect

Quantum fl—lallg effect: e Pseudo-CME:
magnetic field perpendicular in plane magnetic field.
to the plane.

B s

Ay

» External classical field.

» Does not contribute to quantum corrections.

» Usual Zeeman term: effective way to consider the non-relativistic
approximation for the Dirac equation with a magnetic background.
Equivalent to consider a non-vanishing third component of the
gauge field.
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» Parity breaking “mass”: M = msY3 + myY3Ys.
» Place the graphene on a Boron Nitride substrate - mg:

1

=~ givd ‘;__}
= -

» PCME Lagrangian [AJM, C. Villavicencio, A. Raya, IJMP B30, 1550257 (2015)]:

L= lig +0f + (eAT — ma)Y’ — moly.
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> Inthe chiral basis, we define: Wy = 1(1+v%)yand my = mg £ my:
L="), Gy [id -+l + (AT —my) | .
xX==
» The Green function can be written in terms of the two chiralities:

G xX) = S(14F)G4 (xX) + (1~ )G (x.x).

where:

N 1 /
Gi(r,r)_<r| |7‘|_|_(eA3—mi)YS |f>
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» Using the Schwinger proper time method:
~ b . 2_ 2 2
G(k;i) _ Lwds rs(k°7K|‘|)) &Kl i[ke?+E?] tan(eBs)/eB

{K| [1+¥Y*tan(eBs)] + [keP+EY°] sec?(eBs) },

K| = (ko+u,k1,0),  &=eB(x2+xp)/2+m..
» We calculate the currents at finite temperature:
Ju(x) = —e(Iyy),  dus(x) = —e(W1¥5V)
» Electric current density ji = (yy'y):
i) =iy —y+) =iy —y-)
jrs(y) =iy —y+)+ily —y-)

°BT Bs)11/2 )
e Z/ ds rs 60,7,/.1 ((0" I,u) [tan(; S)] efs((x)fl,u)zfean_
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» Only i = 1 component is non-vanishing.

J3NHL1) 0o

-02

10

mg3/+/ eB

Figure: L,n/eB =8
Figure: L,/ eB=0.2 9 2
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Electric current

AJM, A. Raya and C. Villavicencio, hep/ph:1803.05794.
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TieB
For |eB| < (TT)2 —1:

jm) = e;—ns[np(eBn —u)—npg(eBn+u)],  whereng=(1+ eX/T)*1.

For [eB| > (nT)? — u?:
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Density number

vieB

For |eB| < (rT)? —
v(n) = 672 [IeBﬂ\/ (}Iimuﬂ) + Lip (—elleBl=)/TY 4 1, (_e(\eBTllﬂl)/T)]_

For |eB| > (rT)? — 1

v(n) =, /leB| e 1o,

Ji = |e|sign(B)Ns
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Condensates

» Condensate 63 = (Jya\y)

0.8,
0.6
Q
© 04 /
N ~
02f .~
______ -
0.0 -
0.0 0.5 1.0 15 2.0
TINeB

For |eB| < (rT)? — i

7.8 =—2NT [In(1+ e PIEN=1) 1 jn (14 e~BlleEnlm)]
For |eB| > (nT)? — 1%

or.8(N) = 2220 |26B]"/*T'/2¢" leBIn*

< [t (—e VBT Ly (o (VERBNT) .
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Chiral chemical potential

[AJM, A. Raya and C. Villavicencio, hep/ph:1803.05794.]

v

L=+ + (oA — mo ¥ — PPl Lo e

¢

Expanding around p, = — mg,

L= W [0 —ver-V] v
x==
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Y
\/17v,’_-2

L=, V[P0 — vEY- V + usovs] W

+ _

o = ImeEIme] o VV
2,/1—vi2 ;AN

2| " = ‘- ‘

I —|my| é 9
2/1—vi2’

Expanding around p, =

Description in terms of the chiral chemical potential us.
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Work in progress: RQED

» What kind of interaction gives rise to M = mzY; + myYsYs?

» In QED3 the Haldane mass is directly related to the Chern-Simons
term.

» Known contributions from 1-loop radiactive corrections.

» Coleman-Hill theorem states that there are no higher order contri-
butions.

» First step: does Coleman-Hill theorem work for RQED?

» The answer is YES! Proof based on the Ward identities of the the-
ory (in collaboration with D. Dudal and P. Pais, hep/ph:1801.08853).

» Dyson-Schwinger calculation to relate the CS term to m, in RQED
(in collaboration with D. Dudal, A. Raya and C. Villavicencio, in
preparation).
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Conclusions and final remarks

» Relativistic-like fermions in condensed matter systems provide a
potential link between high energy physics and condensed matter
physics.

» In particular, it is possible to construct an analogy for the chiral
magnetic effect: macroscopical quantum effects.

» CME detected in ZrTes, but detecting it in graphene would be very
interesting for fundamental physics and from a technological point
of view.

» Goal: how to generate the kind of interactions we need to repro-
duce the CME? Do the numbers allow it to be measured?
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