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Outline

* Massless Dirac fermions in 2D materials: from graphene to
a-(BEDT-TTF),l5

* Tilted Dirac cones — theoretical description
* Pseudo-relativity in a-(BEDT-TTF),l3 In @ magnetic fields
= Effects on magneto-optics

* Weyl fermions in 3D materials



It all started with graphene

* one-atom thick layer of
graphite, isolated in 2004
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e electronic conductor

* flexible membrane of
exceptional mechanical

stability
* Nobel Prize in Physics, 2010

Chuan Li, physique mésoscopique, LPS, Orsay

Interest for fundamental research:
“*Quantum mechanics meets relativity in condensed

matter”
(electrons behave as 2D massless Dirac fermions)




Band structure of graphene

Dirac Hamiltonian (two valleys ¢ = + ~ fermion doubling)
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a-(BEDT-TTF)sl3: another 2D Dirac material
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under pressure: low-energy tilted Dirac cones



a-(BEDT-TTF)»l3: electronic band structure

schematic view on upper two bands Brillouin zone
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a-(BEDT-TTF)»l3: electronic band structure

energy bands under pressure Brillouin zone
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Theoretical description of tilted 2D Dirac cones

Most general 2D Hamiltonian (2x2 matrix) with linear dispersion
(generalised Weyl Hamiltonian):

3
H = Zhvﬂ-qa“ (6" =1, o' =0

Energy dispersion (h =1, A = £):

ex(@) = Wo - 4+ Ay /wlg? + wlg:

wo. “tilt velocity”

Graphene: wy =0, w, = w, = vp



How to obtain tilted Dirac cones?

* |[n graphene: o denotes A — B sublattice isospin
* Term proportional to 1: nnn hopping (A < A, B <+ B)

= |n continuum limit:

9
Hdiag — Ztnnn’q’2a2 1

l.e. not linear in q , but quadratic

* Reason: Dirac points [e(qp) = 0] coincide with K, K’ (points
of high crystallographic symmetry)

= Drag Dirac points away from K, K’ !



Graphene under strain (1)

Distortion:

a— a =a-+ da

ot
t—t =t+ —da

da
atn’rm
Oa

Dirac points move from K, K’ to:

2 t/
qf = 0, qfa = §ﬁ arccos <—§>

¢: valley index



Graphene under strain (ll)

Estimation of tilt:

o
o
T T T T

Energy [eV]

2
-
>
|

0 < wy < 1:
“tilt parameter”

= Effect linear in da/a !
MOG, J.-N. Fuchs, F. Piechon, G. Montambaux, PRB 78, 045415 (2008)



Criterion for maximal tilt

open Fermi surface
(ellipse) (hyperbolas)

MOG, J.-N. Fuchs, G. Montambaux, F. Piéchon, PRB (2008)
see also G. Volovik and M. Zubkov, NPB (2014)



Criterion for maximal tilt

A New Type of Weyl Semimetals

Alexey A. Soluyanov', Dominik Gresch!, Zhijun Wang®, QuanSheng
Wu!l, Matthias Troyer!, Xi Dai?, and B. Andrei Bernevig®
! Institute for Theoretical Physics, ETH Ziirich, 8093 Zirich, Switzerland
? Institute of Physics, Chinese Academy of Sciences, Beijin 100190, China and
? Department of Physics, Princeton University, New Jersey 085)4, USA

arXiv:1507.01603 (Dated: July 8, 2015) Nature (2015)

definition of surface for/@gical

characterisation

closed Fermi surface open Fermi surface
(ellipse) (hyperbolas)

MOG, J.-N. Fuchs, G. Montambaux, F. Piéchon, PRB (2008)
see also G. Volovik and M. Zubkov, NPB (2014)



Tilted cones in a strong magnetic field

How is the Landau level spectrum affected by the tilt?

He =& (Wo - g1+ weqs0" + wyqyo?) To = \/(wow)2 + (@Y

@ Peierls substitution: q — q + e¢A(r)

* semiclassics: ¢ ~ v2n/lg, (Ig = 1/+v/eB: magnetic length)
= energy spectrum (as for graphene):

U* ?o.s
@\n:)\—F\/Qn 5°°
lB Ia>l;0.4
'§ > effective tilt parameter
5 02 04 06 08 10
. : . ~9\3/4
o effect of the tilt: renormalisation v = | /w,w, (1 — wF) /

MOG, J.-N. Fuchs, F. Piechon, G. Montambaux, PRB 78, 045415 (2008)



Intermezzo: electrons in crossed B and FE fields (1)

2D electrons in a perpendicular magnetic B =V x A and
Inplane electric £ fields

Hy(hq) — Ho(p + eA(r)) — eEy

* (non-relativistic) Schrodinger

fermions
— Galilel transformation to comoving E _
frame of reference vp @E Q.
o
* Landau levels B =

1
N =
o

B 1 D
€nk = he— (n + 5) — h?]Dk
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Intermezzo: electrons in crossed B and FE fields (1)

2D electrons in a perpendicular magnetic B =V x A and
Inplane electric £ fields

Hy(hq) — Ho(p + eA(r)) — eEy

* relativistic electrons (graphene)

— Lorentz transformation to frame of EE -
reference vp [Lukose et al., PRL 2007] ® Q.
B =
B — B =By1- (vp/vr)? v
€ — EIO(l/l/BO(\/B/ VD:E/B
— energy In lab frame

. 213/4
€tnk — :EhUF[l (UD/UF) ] V2n — hUDk

1§z



Intermezzo: electrons in crossed B and FE fields (ll)

non-relativistic electrons relativistic electrons (graphene)
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Intermezzo: electrons in crossed B and FE fields (ll)

non-relativistic electrons relativistic electrons (graphene)
>
X
)
-
n=2
n=1 hw (Fconst.)
n=0 0
k=yo/lg

In the presence of an electric field



Pseudo-covariance in  «a-(BEDT-TTF)»l3

* (Weyl) Hamiltonian

h(wzqz + twyqy) 0

0 Wz qe — 1wy qy
Ho(q) = ( e ) ) — Ho(q) + hwog, 1

* tilt term in a magnetic

hwoq, 1 — wo(pe + eA,(r))1 = wo(p, — eBy)1

= same (relativistic) model as before with vp = wy = E/B
[MOG, Fuchs, Montambaux, Piéchon, EPL 2009]

* maximal tilt (vp = vr) related to maximal velocity for Lorentz
boost



Covariance and wave functions

* Lorentz boost in z-direction (with wy = F.¢/B):
o't = Ala” (vpt', 2") = (vpt + Bx)/\/1 — 52

 transformation of wave function (tanh ¢ = g = vp /vp):

V' (vpt', 2’ y) = S(MNY(vpt, x, y) with S(A) = o002 /2

* ...needed in matrix element of light-matter coupling
o wlval

v . velocity operator



Light-matter coupling

* Peierls substitution q — q + 7 [A(r) + Aaq(t)]
e V x A(r) = B (magnetic field), A,.q(¢) (radiation field)

— In Hamiltonian (linear expansion in radiation field)
H(Q) — Hp +ev- Arad(t)

* Hp — Landau levels, velocity operator v =V H/h

dipolar selection rules (in comoving frame):

An — N(n+1) for right —handed light O

An — N(n —1) for left — handed light ©




Magnetooptical selection rules

* selection rules in comoving frame vp (field £ = 0)
An — N(n+1)

= new transitions in lab frame (£ # 0)
matrix elements absorption coefficient

- 02— 06—
04 — 08
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n



Magnetooptical selection rules

* selection rules in comoving frame vp (field £ = 0)
An — N(n=+1)

= new transitions in lab frame (£ # 0)

matrix elements

03

025

absorption coefficient




Magnetooptical selection rules

* selection rules in comoving frame vp (field £ = 0)
An — N(n=+1)

= new transitions in lab frame (£ # 0)

matrlx elements absorption coefficient
20 e 0.35
15 | 0.3
184 0.25
Y
=) 0.2
= 0.15
_5 .
10 | Q4
15 B 0.05
|

ig B oo o oo BRI o
-20-15-10 -5 0 5 10 15 20
AN

selection rules (absorbed frequencies) depend on frame
of reference [sari, MOG, Téke, PRB 2015]




Tilted Cones in 3D Materials — Weyl
Semimetals

In collaboration with :
S. Tchoumakov and M. Civelli

ar Xi v: 1605. 00994



Theory of Weyl fermions with a tilt

2 x 2 matrix Hamiltonian with linear dispersion in 3D

H=h(wo-ql +w,q.0" +w,q,0"+w.q.07)

Energy dispersion (h =1, A = %):

2 2 2
(wox) +<@> +<w0’z> <1  type—1WSM
W,y w, W,

2 2 2
<w0x> +<M) +(w02) ~1  type—II WSM
wx wy wz




Role of the magnetic field and Landau quantisation
tilt parameter (vector)
t — Woye Woz Woz
N w, w, T w,
Inplane tilt parameter
t x B (wa wgy)
t, = — )
B Wy~ Wy

= Landau level guantisation if
B-field “close” to tilt axis

sinal <1/l ~



Landau guantisation

same recipe as for 2D:

Lorentz boost to a frame of reference, where t; vanishes

1D Landau bands

EA,n(kz> — szkz + A V 1 — ﬁ2\/w§k§ + 2

WyWyr/ 1 — ﬁQn

5
where 5 = |t |
3-dimensional | o

Weyl semimetals t |=8<1 | [t |=8>1

t] < 1 type-1 WSM type-I WSM
magnetic regime| electric regime

t] > 1 type-11 WSM | type-11 WSM
magnetic regime| electric regime




Landau bands in the magnetic regime

type-1 WSM
E
?
WSM type confered to |
1D bands
;’:’ n=0
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Optical conductivity of a WSM In the magnetic regime

o
Re ou(w) = 5—3 D vy 1f(e) = flegn)] 6w — wjyn)
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again: violation of dipolar selection rules



Electric regime In a type-l WSM ?

e s add a true electric field to

the effective one: 3 TN %
g 1\ ~ / +,2 \\ < /
ExB * \1/ 7
Wqo — Wg = Wqo — f 32 o L \/ 0 \/\
: 2 -2 /]
= new tilt parameter AN /
N w2x w2 wQZ £ =+ E=-
wg(E):\/w—%—Fw—?%—w—%
Landau level spectrum depends on valley index ¢ :
& (F) = )\ Wy Wy (21 o Ek
GA,n;k( ) — lB [1 o ”wg( ) } 2n + E

MOG, J.-N. Fuchs, G. Montambaux, F. Piéchon, EPL 85, 57005 (2009)



Conclusions

* massless fermions in 2D and 3D tilted cones

- quasi-2D organic material a-(BEDT-TTF)sl5

- 3D Weyl semimetals (Cds;As,, MoTe,y, WTe,, ...)
* intimite relation with Lorentz boosts

- 2D: magnetic regime = type-|l (massless) Dirac semimetal
electric regime = type-ll (massless) Dirac semimetal

3-dimensional
Weyl semimetals

t] <1 type-1 WSM type-1 WSM
magnetic regime| electric regime ?

t) > 1 type-Il WSM | type-11 WSM
magnetic regime| electric regime

ti =<1 | [tLl=8>1

* sighatures expected in magneto-optical meaurements
(violation of dipolar selection rules, n — n £ 1)



	Outline
	It all started with graphene
	Band structure of graphene
	BEDT : another 2D Dirac material
	BEDT : electronic band structure
	BEDT : electronic band structure

	Theoretical description of tilted 2D Dirac cones
	How to obtain tilted Dirac cones?
	Graphene under strain (I)
	Graphene under strain (II)
	Criterion for maximal tilt
	Criterion for maximal tilt

	Tilted cones in a strong magnetic field
	Intermezzo: electrons in crossed $B$ and $E$ fields (I)
	Intermezzo: electrons in crossed $B$ and $E$ fields (I)

	Intermezzo: electrons in crossed $B$ and $E$ fields (II)
	Intermezzo: electrons in crossed $B$ and $E$ fields (II)

	Pseudo-covariance in BEDT 
	Covariance and wave functions
	Light-matter coupling
	Magnetooptical selection rules
	Magnetooptical selection rules
	Magnetooptical selection rules

	~
	Theory of Weyl fermions with a tilt
	Role of the magnetic field and Landau quantisation
	Landau quantisation
	Landau bands in the magnetic regime
	Optical conductivity of a WSM in the magnetic regime
	Electric regime in a type-I WSM ?
	Conclusions

