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OUTLINE

. Weyl semimetals.
Definition. Bandstructure, types

2. Berry phase physics.
From band structure to Berry connection. Nielsen Ninomiya theorem.
QAHE & Fermi arcs.

3. Transport properties in Weyl semimetals.

Semiclassical approach (why and when). Chiral anomaly. The monopole
paradigm and Anomaly related transport. Beyond the monopole paradigm.

4. Conclussions



. Weyl semimetals.

Conduction and valence bands
touch each other at a discrete set
/\ of points in the BZ
\/ N/ EF
H = svo - (k — sb)

Wigner Von Neumann theorem
(avoided crossing)

o a1 + ao bl—ibg
H_<b1—|—ib2 al—a2>

Herrig, PR 52, 365 (1937)



. Weyl semimetals.

Wigner Von Neumann theorem
/\ (avoided crossing)
\/ N/

EF

H:<a1—|—a2 bl—ib2>

b1 + b2 a1 — as

EL =a £ a%—kb%—l—b%
Herrig, PR 52, 365 (1937)

an extra parameter is needed to
In2d: k € R? tune: important role of
symmetries



. Weyl semimetals.

Wigner Von Neumann theorem

\ /\ / (avoided crossing)
V¢ X EF

Band crossing are not symmetry-
enforced but accidental

H = O'lbl -+ O'ng -+ 0303

H = Uz’jgikj

Herrig, PR 52, 365 (1937)

In 3d: ke R’ X = Sign(det(vz'j))

chirality



. Weyl semimetals.

NN/ H = svo - (k — sb)




Weyl semimetals.

Herrig, PR 52, 365 (1937)



. Weyl semimetals.

N/

H = fo(k)oo + > _oifi(k)
\ /\ / @'
N

Weyl points at different energies

fO Even function

f 0O Odd function

Bradlyn et al, Science 353 (2016)

Tilted Weyl semimetals

Soluyanov et al, Nature 527, 495 (2015)



. Weyl semimetals.

fol > Ifs H = fo(k)oo + ) _oifi(k)

1

Weyl points at different energies

fO Even function

Type |l Weyl semimetals

Soluyanov et al, Nature 527, 495 (2015)

Tilted Weyl semimetals



. Weyl semimetals.
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Weyl semimetals.

H = fO UO+Zszz

Tune one f to zero

Severe constraints from symmetries

Nodal line semimetals




2. Berry phase physics.

\ / H = svo - (k — sb)
N

X = sign(det(v;;)) = s

1 k

5 2 -3 monopole form

() =

A(K) = i (u| Oz <~—@——

Q(k) = 9 x A(k)

Nielsen, Ninomiya, NucPhysB 185, 20 (1981)



2. Berry phase physics.

at least a source and
drain of “force” lines

But, again, everything
must be periodic

Nielsen, Ninomiya, NucPhysB 185, 20 (1981)



2. Berry phase physics.

But, again, everything
must be periodic

N

Nielsen-Ninomiya theorem:

In a lattice, band crossings with
opposite chirality always come
In pairs

Nielsen, Ninomiya, NucPhysB 185, 20 (1981)



2. Berry phase physics.

Fermi arcs: H(k) = o1vky 4 02vks + o3m(ks)

\ - / m(ks) = mo — B2

Weyl nodes @ by = (0,£+/mg /)




2. Berry phase physics.

Fermi arcs: Hk)=0c -k, +o3m(k)

\ / m =mq — Bk} — BlkL|?

- m>0 0??52/2—30%7
m<0 - m <0 n
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2. Berry phase physics.

Fermi arcs: Hk)=0c -k, +o3m(k)

\ / m =mq — Bk} — BlkL|?

- m>0 0??52/2—30%7
m<0 - m <0 n

2
€ anomalous quantum
J — —2b X E ]

9 Hall effect



2. Berry phase physics.

Fermi arcs: H(k)=0- -k, +osm(k)
\ / m = mg — Bk3 — [k
e >4
dks
- m >0 0?5:/—2 0%5
m<0 - m <0 d
62 Ground state Hall-like
responses are non-
W=dJ FE= 2—7T2b XE-FE =0 dissipative and thus allowed

in equilibrium (1)



2. Berry phase physics.

Fermi arcs: e?
J — —2b X B
2
3D 1 ° 2D
012 = 5= dk3073
T —bs
m <0 - m <0

We have as many 1D chiral states
as values of kg contributing to

3D
019



2. Berry phase physics.

Fermil arcs:

k(A

08T T 0.8

m <0  m<0 | |

kil(A-I)
k(A1)

ZK Liu et al. Nat. Mat. 16, 27 (2016)




3. Transport properties in Weyl semimetals.

A Weyl semimetal is a topologically
/\ nontrivial metallic system
\V4 AV CF
ple) ~ ¢

Two main phenomenological effects related to gapless
(massless) chiral fermions

CHIRAL ANOMALY
CHIRAL MAGNETIC EFFECT



3. Disgression: Quantum anomaly

Failure of a symmetry at the classical level to remain a symmetry
when quantum effects are considered

susceptibility

Hy,U| =0 |
f —
symmetry /'O XOV\ N
observable driving force

“current”

breaks the symmetry

Hy— H=Hy+mH; Ozx[m]V

x\m — 0] # xo

“anomalous”

[H,U] :m[Hl,U] #O



3. Transport properties: Chiral kinetic theory

f(kvr)+kka(kvr)+rvrf(kar) :]c[f]

forces diffusion scattering

dN = f(t,r, k)drdk

’\5& Wr:re k)
|

r(\k

In essence, “geometrical optics”
[ > g is applicable



3. Transport properties: Chiral kinetic theory

fk,r)+k-Vif(kr)+5-Vef(k,1)=L[f]

forces diffusion scattering

LIf] / (dk'YWigo (F (K, 7) — f (K, 7))

Elastic (impurity) scattering



3. Transport properties: Chiral kinetic theory

semiclassical dynamics:

_ o o Sundaram, Niu, PR 53, 7010 (1996)
Time dependent variational principle
M Marder “Condensed Matter Physics”

L= W‘ ihdy — H W>

) = Z ‘W‘eichC_X(rc)_X/(kc) )
k
k.= (| —ihO, — eA ) = x(rc) = / A(r') - dr'

0= (lr —7rc|v) = X'(ke) = i(k — ke) - A(ke)



3. Transport properties: Chiral kinetic theory

semiclassical dynamics:

_ o o Sundaram, Niu, PR 53, 7010 (1996)
1. Time dependent variational principle
M Marder “Condensed Matter Physics”

L= W‘ ihdy — H W>

9) =D [Werkerexramte) )
k
L=—er-A(r)+ bk -7+ bk - Ak) — (k) — em(k) - B

oL d oL
0q  di 9 g = (r, k)



3. Transport properties: Chiral kinetic theory

semiclassical dynamics:

_ o o Sundaram, Niu, PR 53, 7010 (1996)
1. Time dependent variational principle
M Marder “Condensed Matter Physics”

L= W‘ ihdy — H W>

) = 3 Wleihere X0 0
k

L=—er-A(r)+hk -7+ ik - A(k) —°(k) — em(k) - B

k=ecFE +er x B f:karI%XQk



3. Transport properties: Chiral kinetic theory

Equations of motion:

, D=1+ B

k=cFE +er x B

r=v, +k x@ Berry phase T 0k Ok

Dr =v +eFE X Qg —I—e(ﬂk -’Uk)B

Dk = ¢E + evy, X B + ¢*(E - B)Q,



3. Transport properties: Chiral anomaly

Gy = / Ak f.

/dkfs+/dkkakfs :/dk/dk/Wkk’(f;’ — fs)



3. Transport properties: Chiral anomaly

by = / k.
/ dkf, = / dk f.On - ke + / dk' f, / AW — / dk f. / k' Wi

k:€E+€UkXB—|—62(E-B)Qk



3. Transport properties: Chiral anomaly

by = / k.
/ dkf, = / dk f.On - ke + / dk' f, / AW — / dk f. / k' Wi

akk:€2(EB)akﬂk

(913 . ﬂk = Sé(k) For (linear) Weyl fermions



3. Transport properties: Chiral anomaly

Gy = / ik f.

2
po =55 (B B)L(0) — 5 ([ dief — [ ks,

ST

814 - ﬂk = S5(k) For (linear) Weyl fermions

1
— dekk’ Intervalley lifetime

2T



3. Transport properties: Chiral anomaly

Gy = / ik f.

e? 1
.s = s— (k- B S 0 s — Ms’
o= 555 (E - B)[o(0) = 5 —~(ps — pu)
814 - ﬂk = S5(k) For (linear) Weyl fermions

1
— dekk’ Intervalley lifetime

2T



3. Transport properties: Chiral anomaly

e? 1
.S — S E * B S O s s/
po = 55 (B B)S(0) = 5 (s — )
p=pr+p_ =0 by gauge invariance

(£:(0) = —f-(0))

L . e 1
p5 = pi — p- =205 (E - B)f1(0) - T—S(P+ — p-)



3. Transport properties: Chiral anomaly

e? 1
.S — S E * B S O s s/
po = 55 (B B)S(0) = 5 (s — )
p=pr+p_ =0 by gauge invariance

(£:(0) = —f-(0))

e 1
P5 = 1 3(E B)f+(0) — —ps
70 Ts
Chiral charge is NOT conserved intervalley scattering
(if we impose gauge invariance) also modifies the non conservation

of chiral charge



3. Transport properties: Chiral magnetic effect

Ts =V +eE X Qs +e(Q-v,)B

J, = e/dkfsw's = ezB/dka(ﬂS V)

U

For (linear) Weyl fermions QS Ve =— S——=
2k?

2

ve ke
Jsze/dkfsa'zssz—/ dk f
4772 0



3. Transport properties: Chiral magnetic effect

JS:e/

:U]C

(linear Weyl fermions)

T

. e’
dk’,fsms — SBp/dcffS(g)

Full distribution function

62

I) _
S0 = B4772

EF

Equilibrium current!!

(another) Bloch theorem:
no currents in equilibrium
(Ground state)



3. Transport properties: Negative magnetoresistance

Out of equilibrium properties: apply an electric field

Dix =vi +eE x Q& e(Q-v)B Prgc'\ﬂfsor

: Chiral
D,k = eE + evy, x B £ ¢e*(E - B)SQ, anomaly

precursor

Dsk O fs = Ic|fs, for] Boltzmann equation

fstO(gk)_l_fls flsNO(E)



3. Transport properties: Negative magnetoresistance

Out of equilibrium properties: apply an electric field

Dyx ~ e(ﬂs ' ’Uk)B Dsk * VU ~ 62E ' B(Qs ' vk)
CME precursor Chiral anomaly precursor
J, ~ e / (dk) D fi

O
Dk - vy 850 - (v X B) - Ok f1s = Z/ dk' Wi, fls f1s)




3. Transport properties: Negative magnetoresistance

Out of equilibrium properties: apply an electric field

D,& ~ e(2 - vi,)B D,k - vy, ~ €2E - B(Q, - vy,)

CME precursor Chiral anomaly precursor

/
l;:sli’(f{s’ - flS)

Isotropy F//B



3. Transport properties: Negative magnetoresistance

Out of equilibrium properties: apply an electric field

Dyx ~ e(ﬂs ' ’Uk)B Dsk * VU ~ 62E ' B(Qs ' vk)
CME precursor Chiral anomaly precursor
J, ~ e / (dk) D fi

8
(B vy + B B(Q, - vy)) -3 [ Wi - f



3. Transport properties: Negative magnetoresistance

Out of equilibrium properties: apply an electric field

JSNG/(dk>DZUf18 Dsx ~ e(2s - v,)B

fl NT%@E vl{;"‘( )

dfo
Oe

J, ~"e3B(B - E)/(dk) (Q, - vg)



3. Transport properties: Negative magnetoresistance

Out of equilibrium properties: apply an electric field

Jg ~ 6/(dkz)D8w'f18 Dsx ~ e(Q2s - v)B

o~ 7FB? /(dk) (- vE)" 0(ep — eg)

1T'=0




3. Transport properties: Negative magnetoresistance

Out of equilibrium properties: apply an electric field
o ~ 7% B? /(dk) (€2 - ka)z d(ep — k)

U
Ek = vk QS : — o
Vi 82]{72

3
3*?}
O'NGT—Z

EF

B2



3. Transport properties: Negative magnetoresistance

p (MQ cm)

J Xiong et al. Science 23, 413 (2015)

g
o

i
o
L

ZTLT65

e
o

p(mLcm)
o -~ =
By g B o X o i
>>>§>>
8 8
> P
p (mL2 cm)

Q Li et al. Nat. Phys. 12, 9 B 3 0 3 & 9.
550 (2016) B (T)




3. Transport properties: Negative magnetoresistance

3 L l L l L '
TaP S2:1lBlic

s
=
-10-8 -6-4-20 2 4 6 810
B(T
D TaAs
—185K '
X Huang et al. PRX 5, 03023 (2015) F— 20K — 10K Yoo
~ 100K — S0K
B b B o
i s M 0 4 8 12
@@ B (T
r ]
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Arnold et al. Nat. Comm. 7, 11615 (2016)
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3. Transport properties: Negative magnetoresistance

Arnold et al. Nat. Comm. 7, 11615 (2016)

3 1 ' 1 l L) I
TaP S2:11Bllc

—1.85K

fam: 20K = 10K
=100 K — 50K
— 300K, —200 K

o 4 8 12
41
B (T) E“e




3. Transport properties: Negative magnetoresistance

Arnold et al. Nat. Comm. 7, 11615 (2016)

3 1 ' 1 l L) I
TaP S2:11Bllc

MR*

—1.85K

fam: 20K = 10K
= 100K — 50K
— 300K, —200 K

0 4 8 12
B(T)




3. Transport properties: Negative magnetoresistance

GdPtB1

Weyl node Weyl node
x=m=1 § e =41
........ ;..........." SLLLLLCELIT 2L i
7 o N
? 75 ,/ﬂ-\\\ 150K
50K /’ I////.\\\\\‘\\\ 200K
235K A
,’
e | X
< // il
i 77~ 30K
b ~ g B : / 20K 3
. —__ K R ‘ | B_’x Sampie G
M Hirschberger et al. Nat. Mat. 15, 1161 (2016) A EREE N .
3510 5 0 5 10 15



3. Transport properties: Beyond the monopole paradigm

Nielsen-Ninomiya theorem

the Berry curvature is more complex
than the sum of monopoles

Nielsen, Ninomiya, NucPhysB 185, 20 (1981)



3. Transport properties: Beyond the monopole paradigm

Fermi arcs

H(k) =0 -k +osm(k) m = mg — fks — Blk1|

|/

m <0 - om <0




MR*

3. Transport properties: Beyond the

TaP

— T 71
S2:1lIBlle

Al

—1.85K

F= 20K — 10K G
100K — 50K
— 300K, —200K,
0 4 8 12
B (T)

monopole paradigm

In condensed matter physics, it is natural to
find departures from the strict linear behaviour



3. Transport properties: Beyond the monopole paradigm

63

T2

strict linear (and unbounded) spectrum

LH Karsten, J Smit, Nuc. Phys. B 183, 103 (1981)



3. Transport properties: Beyond the monopole paradigm

ps + V- J5 =

H(k) =0k, + oym(k) by = (0.,

m(ks) = mo — B3 m(ks)

LH Karsten, J Smit, Nuc. Phys. B 183, 103 (1981)

3

€
——B - FE A
27_‘_2 O(CL, k) )

4}

they vanish in the long wavelength limit

a— 0
:bg) b3 — %
1 U3 2
+v30ks3 Ok
CBORS T o



3. Transport properties: Beyond the monopole paradigm
k-v'~eE-v'+e2(E-B)Q- v’ f1 e~ 1" ——

D ~ v’ +e(Q-v")B

J— —1é*(B / (dk)af 0 (€2 - v0)p0—

—7633/ dk) afo %) (v° - E)

chiral kinetic theory does not forbid linear-in-B terms



3. Transport properties: Beyond the monopole paradigm

J=—7¢*(B /(dk)%{ﬁ( )0 —

—7e°B / (dk) af“ v)) (v - E)

J=J +J; voz%

() — QO+

XA N

P> > O—<—

KN A m=a



3. Transport properties: Beyond the monopole paradigm

multipole expansion as
In electromagnetism

0~ QF -

Q~QT+ Q" +2b-0.0+ ...

in the near field regime  |k| < b

= b - 0L + ...

in the far field regime |k| > b

) ~

2b - 0.2 + ...



3. Transport properties: Beyond the monopole paradigm

A Cortijo, PRB 94, 241105(R) (2016)



3. Transport properties: Beyond the monopole paradigm

A Cortijo, PRB 94, 241105(R) (2016)



3. Transport properties: Beyond the monopole paradigm

0.0357

0.030¢

0.025¢}

J=—7¢’(B

_1¢3B / (dk) afo

0.020f

0.015¢}

0.010¢}

0.005¢}

/(dk)%@(ﬂ o000

") (v - E)

for the same token, we can
put the Fermi
level above the VH energy

1
2] V23T v 2
p* -\ 2usb|

2
O34 B

— o\ jurb? . 9
_____ (1) e &
— 035 JuT .O
""" 2 (2) .
— poss JuT .
i . . . 2u
0.0 05 1.0 15 20 by

A Cortijo, PRB 94, 241105(R) (2016)



3. Transport properties: Beyond the monopole paradigm

H(k) =sog(C - k) + so -k

Tilted Weyl semimetals Ji ~ Tv(i(E : C)B 4+ %(E : B)C)

VA Zyuzin, PRB 95, 245128 (29017)



4. Conclussions

1. Weyl semimetals constitute a new family of topological materials.

2. The Berry physics manifests itself both at the level of the spectrum (Fermi
arcs) and in transport properties.

3. Dissipative quantities (transport and optical) are modified by the presence
of geometrical quantities, Berry curvature and orbital magnetic moment,
through the chiral anomaly and (the precursor of) the chiral magnetic effect.

4. In the linear model, the Berry curvature takes the form of a monopole in
momentum space, leading to a positive quadratic magnetoconductivity.

5. New physical phenomena appear when we consider corrections to the
Berry monopole.

THANK YOU FOR LISTENING!



V. Edge/surface states.

(

E —vo -k
m(k)

m(k)
E+vo -k

)(

Pa
Db

) =0

m™m

H(k) = Ho(—idy) + AH (k)

Hy(—101) = —iso101 + m(x)os

m,x > 0
—m,x < 0

m(x) = {



V. Edge/surface states.

(i e ) (6) 0 o = i)+ ars

m Hy(—101) = —iso101 + m(x)os
T m,x > 0
m(z) = { —m,x < 0
—Tn
O1 |¢) = —sm(z)o2 [¥)
V) = f(z)]s)



V. Edge/surface states.

(i e ) (6) 0 o = i)+ ars

m Hy(—101) = —iso101 + m(x)os
T m,x > 0
m(z) = { —m,x < 0
—Tn
O1 |¢) = —sm(z)o2 [¥)
V) = f(z)]s)

_ Ae—ss' [ dx'm(x")

=
=
|



V. Edge/surface states.

(i e ) (6) 0 o = i)+ ars

m Hy(—i01) = —is0101 +m(x)os
- T m)= { —ﬂ:ﬁjcxioo
01 [¢p) = —sm(x)o2 1))
) = f(z)|s RSpp—
02 |s) = s|s) s=s¢



V. Edge/surface states.

fla) = Ae~sle

S =S

o2 |8) = 5|s)

There is a zero energy mode localized
at the boundary, with a well defined
spin projection

H(k)

Ho(—ioh) + AH (k)




V. Edge/surface states.
H(k) = Ho(—idy) + AH (k)
_ —ss|x]
flz) = Ae .

Hepp(kz) = (V| AH (k) [¥)

Conduction band ~

Surface states

Energy

Fermi level

Hepp(ko) = koo

Helical edge states Valence band

Momentum



V. Edge/surface states.

f(z) = Aem="

Heyy(ka) = k203

Helical edge states



