Anomalous transport in graphene and Weyl semimetals
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Theoretical Trick

e linear spin-orbit coupling

b — v(pe, p,) leads to splitting e Dirac dispersion by m — oo
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Lindhard polarization vanishes !

‘Chiral anomaly I

right handed left handed
Right-handed: Left-handed:

¢ - o

e parallel electric and magnetic field changes chirality
® Fermi momentum of right-h. Fermions increases in electric field py = eEt

e density is product of longitudinal phase-space density, dfl\iR = 2]:{7@

d®Np _ eB

and density of Landau levels in traverse direction, = 2=
dxdy 2mh

d*(Np—N :
e rate of chirality dn5 = (dﬁigx L — 22]?5;51 = o 2h2E B

o term EB is con5|dered as the origin of non-conservation of chiral charge

Chiral symmetry

e left /right-handed projection realized (1 F 75)/2 with 75 = iy 23

e chiral or axial transformation U'(z) = ¢/(*)%W(x) leads to axial current
Js = \P7“75\If
e classical action S"' =9 + foz A% J5, from Dirac equation

V, JE = 2imUy" ¥ — 0, for m —0

e quantum result (9, J¢) = 2im(¥°¥) — 16;22h205“”0‘5FWF&5 form — 0
due to divergences up to fourth adiabatic order (renormalization), anoma-

lous triangle graphs Bardeen, Adler, Parker...

‘Chiral kinetic theoryl

two-bands kinetic equation fi +10, f++ k Oy fe=1:.
with trajectories of mean-field particles

r=v+kxQ,, k=¢E+r x¢B

with Berry curvature term €2 = 0y X i(£|0k| L)

Haldane, Son, Stephanov, Yin, Yamamoto, Manuel, Torres-Rincon, Spi-
vak...

disentangled

eE+v x eB+e’Q.E-B
1—|—€B°Q:|:

. v+eEXx QL +eBv- QL K
r = —
1—|—6B'Q:|: 7

Consequence nontrivial currents and non-conserving chiral anomaly

€

0 dk 2 dk
N4+ + or /(27‘(‘h>3 [’Uk:I:(GXQj:> + 6B<Vk . Qj:)] f:|: = ZE -B \/(27‘(‘77,)39:& . (f_|_ — f_)

e 7 claim to be chiral anomal of field theory like Bell-Adler-Jackiw ?
e 77 quantum effect violates conservation laws??

e 777 Lorentz invariance broken, gravitation anomaly, CPT violation???

|Vio|ation of conservation laws? Critics |

Consequence nontrivial currents and non-conserving chiral anomaly

O net Vligtio) = kBB =V o,

since V(OV x A) =V - (V x A) we have
B-E=—(VxA) - (A+Vd)=—(VxA) - A—-V(OV x A) for any
gauge

standard relation (V x A)- A = —V-(Ax A)+A - (VxA) =
~V-(AXxA)—A-(VxA)follows (VxA)-A=-1V-(AxA)

and the anomalous (quantum) current [5]
: 1.
Janom:k(éAXA—(DVXA>

e Expectation: chiral kinetic theory from conserving kinetic theory

K. Morawetz!+2

! Miinster University of Applied Sciences, Stegerwaldstrasse 39, 48565 Steinfurt, Germany
* International Institute of Physics (IIP), Av. Odilon Gomes de Lima 1722, 59078-400 Natal, Brazil

Intrinsic spin-orbit Extrinsic spin-orbit

~§.I ~g-E

intrinsic:  c-band (s) coupled to v-

bands (v) GaAs/AlGaAs

2D — system A(k) B(k)

K . ) Rashba Brk Brkq
bulk-inv. asyMm.  structure inversion  Dresselhaus[001] Bk, Bpk,

l1I-V semicond. Dresselhaus[110] Bky — Bk,
( ) asym. (maCFOSC. Rashba — Dresselhaus  Brky, — Bpk:  Brks — Bpky
Dresselhaus confining) Rashba  cubicRashbatiole) — i56(k: k1) GGk + k)
k y k T cubic Dresselhaus 15} Dkzky Bokyk;
—RyO + Kz0 — k‘x(jy —+ k‘y()'x Wurtzite type (a+ BEHk,  (a+ BE*)k,
single — layer graphene vk, —vk,
k2 +k2 k2 g2

I | 1 bilayer graphene T Tt

' v 3D — system A(k) B(k)
, bulk Dresselhaus k. (k; — k2) k&, (k7 — k2)
B

Cooperpairs A 0
BIA extrinsic
B =XV (k) ks — a:ky  @:ke — gk
General form neutrons in nuclei

H* = Ak)o, — B(k)o,+C(k)o, =b - B=iWo(n, +2) qky—qk. k. — @:ke qke — quky

| Interactions and meanfields |

Vo(p' —
1. Spin-orbit coupling o - b(p) Ve . o -()\(/?(p' _p)p)
magn. impurities, intrinsic+ extrinsic KL M ,
-(pxp)V(p' —p)

2. Leads to impurity meanfields Ziomp =nVo+s-V, X =gsVj+nV

Extrinsic spin-orbit coupling meanfield more involved
S = gV [m(S; x a); —s- (p x )], B = iV [m(j x q) —n(p x q)]

dens. n—Zf curr. J—Z f, polar. S—Zg, curr. .S} Z%[ Ji

p
3. Effective (meanfleld) Hamiltonian

H =15 +%(kqt)+ed(q,t) + o S(k,q,t)
with X2 = EMF(k, q, t) + b(k, t) + uB

e Search kinetic theory (non-Abelian) [ g—‘;G< = f(k,q,t) +o0-gk,q,t)

|Kinetic equation with spin-orbit coupling and electric and magnetic fieldsl

(O + FOp+vo)f +A-g=0
(O +Fop+vo)g + A f=2(Xxg)

coupling of spinor terms A; = 0,20, — 0p2:0p + (0p2; X eB)0,
with velocity v = %—H?kzo and eff. Lorentz force F = (eE—0,>y+ev xB)

Stationary solution: p(¢é) = ZPif = ++f +0-e€ f+ =f+o-g

with effective splitting f. = fo(ek + |3))
and selfconsistent meanfield €, (r) = % + Xo(k, 7)
and selfconsistent precession e(k,r) = 3/|X|

‘Transformation to chiral kinetic equation I

2 months calculation [4]:
e+x 0

L. in helicity basis UTHU = ( 0 e— Z) diagonal: p = U*pU = (?: ?:)

2. influence of off-diagonal on diagonal elements, approximately o( D.JF)?
up to quadratic order in derivatives or forces

3. disentangle diagonal elements o(D?, I)

Results into chiral kinetic equation

vE+eE x Q+eB(v-Q) cE + v x eB 4+ Q(e’E x B) B
{at+ 1+eB-Q Ot 1+eB-Q O pfe=0

with Berry curvature by curl of band-diagonal Berry connection

1

2,08, X 02,4208, X 08,4+ 2,05, X 0%,)

evhB-k

and quasiparticle energy €, = vk — vkeB - ) = vk — =5

‘Chiral anomaly from exact kinetic equation I

density balance ny + V(j+ + E X 0y) = 2hQE B with & Chern number
(topological charge), obtain from kinetic equatlon

—iwd(ny —n_) ++qd(j4+ — j—) = R(oo) — R(0) with

R(k) = i /1 (22— 1)g
2772712
—1

interpret f_ as hole or antiparticle gy = 3(f+ — =) = 5(f+ + f+ — 1) with

fi(ey) = [€6+T+M+1]_17 foley) =T 7!

—S=EB for w =0
0 for w=#0ore=uvk ’

e static limit agrees with chiral anomaly

e finite frequency leads to 1/3 or topological charge £ = 1/3

(2/3 by dynamical part from magnetization current [Kharzeev et al. '17])
e anomalous term with 2/3 from Dirac monopole but 1/3 from the Dirac
sea k — o0

we obtain R(0) = ~im ?'h? Rloo) = L2

e compare: in chiral kinetic theory anomaly term comes exclusively from

zero momentum or Dirac monopole
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‘Graphene: anomalous currentsl

Pauli structure Hog = H+0- X with & = 7 (k,r,t)+b(k, r, t)+ upB
particle and pseudospin current densities read

Jo=Y [bvals =2 [fOp,c+8 05, B40 - (Opeg+ [0, 2)] = jil +ji+0-S,
p p
scalar: normal and anomaly current, vector part: pseudospin current S;;
2

. - . . _ p
Dirac particles by the limit e+ = 7~ £ [3] — Loup
e graphene only possess an anomalous particle current
e normal pseudospin current, however, possesses a finite m — oo limit

(unexpected)

‘Anomalous particle conductivities: universal Iimitsl

anomaly particle current J, = (0,5 'ﬁ mtra) B,
with € = 33/[S, g = (fy — f)/2

wto(r,h), p>3,
2
Hall — 92 Z e (Ope X Dpse) = &% 1+o(r;Y), p<,
4|E| ™ — 4%“ + 0<,LL2>) y > Yin

ter __ 0,2 2
4|E|2

order of limits
5. | 4 | 3 | 2 | 1
p—=>0] w—=0 | X—=0 |m—=00|T—=00
p—=0 | 7—=200 | X=0 | m—00| w—=0
T | pu—0 | X—=0 |m—>00]| w—0
p—=0 | ¥—=0 | 700 | m—o0| w—=0
pw—=0 | 7—=00 |m—00| X—=0 | w—=0
p—=>0|7—=200 | w—=0 |m—00| X—=0
pu—0] X2—=0 |m—>00|T7T—00 | w—0
p—>0|m-—oc0| 700 | X—=0 | w—=0
pu—=0|m—-o00| ¥X—=0 | w—=0 |7T—=00
p—=>0] ¥2—=0 | w—=0 |m—00|T—=00

OO OO =IO

e chiral nature of charge carriers leads to minimal finite conductivity even
with vanishing density of scatterers
e field has to create first electron-hole pairs before they can be accelerated

1ntra _ 2 g __ legwyp (n T%n)
= i2e Z OpoOpy Xl = ——5

T

‘Optical conductivityl

Experlmental vaIues (dots) Z. Q. Li et al., Nature PhyS|cs 4, 532 (2008)
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o if Zeeman field larger than chemical potential conductivity exclusively by

intraband transitions and independent of density (universal)
ulev]
0.‘17 0.?2

relaxation time for screened
Coulomb interaction, fitted ef-
fective Zeeman field, only with
relaxation time (dashed)

‘Summary I

e Coupled quantum kinetic equation with SU(2) structure including:

— mean field interaction (scalar+vector), suited for magnetized impuri-
ties, spin-flip, ..

— arbitrary magnetic and electric field strength and spin-orbit interac-
tion (nonlinear)

e Anomalous currents in graphene/Weyl as infinite mass limit of spin-orbit
coupled systems

e Chiral terms appear normally without violation of conservation laws

e Graphene

— influence of magnetic domain puddles and meanfields recast into an
effective Zeeman field on intra-, interband longitudinal and Hall con-

ductivities
— density-independent universal conductivity for large Zeeman fields or

small densities
— experimental optical conductivity well reproduced by intrinsic effective

Zeeman field
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