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Chiral vortical effect generated by chiral anomaly in vortex-skyrmions
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The problems with Weyl materials — Weyl semimet-
als and Weyl superconductors (see latest reviews in
Ref. [1] and Ref.[2] correspondingly) — is that at first
glance they should possess any type of a bulk response
that exists in conventional non-Weyl materials with the
same symmetry [3,4]. The task is to resolve the contri-
bution of the Weyl physics from that based on symmetry
consideration. Here we consider the situation when the
effect is fully determined by chiral anomaly. This is the
chiral vortical effect (CVE) — the type of the parity vi-
olating effects [5—7] when there is the current along the
vortex axis concentrated in the vortex core.

We consider the vortex-skyrmion in Weyl superflu-
ids — the continuous (non-singular) texture in Fig.1. It
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Fig. 1. (Color online) Right: Neel-type vortex skyrmion,
which is symmetric under the combined symmetry
PTOg, », which forbids the current along the vortex axis,
since J, = PTOgy »J, = —J.. Left: Bloch-type skyrmion,
which is symmetric under the combined symmetry T'Og, .
The broken P-symmetry allows the current along the vor-
tex axis — the chiral vortical effect. The main difference
from the Neel and Bloch skyrmions discussed in the non-
superconducting magnetic materials in Ref. [16] is that in
the chiral superfluids there is the circulation of superfluid
velocity around the skyrmion. In the p-wave superfluids
the skyrmion represents the vortex with two quanta of
circulation [8]

has the skyrmionic structure of the orbital magnetiza-
tion and the superflow with two quanta of circulation
around the skyrmion, see review [8]. In such inhomoge-
neous case the traditional reponse theory, which results
depend on the order of limits ¢ — 0 and w — 0 [3],
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is not applicable. Instead we use the trick, which has
been used for the calculation of the angular momen-
tum of the texture in chiral Weyl superfluids [9] (see
also Refs. [10, 11]), and for calculation of different man-
ifestations of the chiral magnetic effect (CME) [12]. We
calculate the current generated by deformation of the
order parameter within the skyrmion, when it is de-
formed from the state obeying the space inversion P to
the state with the violated space inversion symmetry. In
the initial state there is no current along the axis of the
skyrmion, since it is forbidden by the P-symmetry.

If the texture has no dependence on the coordinate
z along the vortex-skyrmion, then in the process of de-
formation of the texture there is no force applied in
z direction. In this situation the change of the total
linear momentum, which in Galilean invariant systems
is equivalent to the mass current J,, may come only
from the spectral flow from the occupied negative en-
ergy states. Such spectral flow may take place either
through the nodes in the bulk spectrum [9], or through
the boundaries [10, 11]. The skyrmion is the localized
object, which is not connected to the side walls of the
cylindrical container, and thus the boundary effects can
be ignored. Then, if the bulk state is fully gapped, there
will be no current along the skyrmion axis, even if the
space inversion (or the combined space inversion) is bro-
ken. In superfluids with Weyl points in bulk, the spectral
flow through the Weyl nodes regulated by the Adler—
Bell-Jackiw equation [13, 14] for the chiral anomaly
gives rise to the CVE.

We consider the p-wave superfluid with two Weyl
points of opposite chiralities at K4 = :l:kpl where 1 is
the unit vector in the direction of the angular momen-
tum of Cooper pairs (extension to the superfluids with
several Weyl points [15] is straightforward). In the axi-
symmetric vortex-skyrmion, the positions of Weyl nodes
in momentum space are the functions of the coordinates:

Ki(r) = t+kp (i cosn(r) + sinn(r)(F cos a + ¢ sin a))
(1)
Here (z,7,¢) are cylindrical coordinates; n(r) changes
from © to 0 (n(0) = = and n(co) = 0); the param-
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eter o is constant. For @ = 0, the texture is shown
in Fig.1 (right). It is the Neel-type skyrmion, which
is symmetric under the combined symmetry PTO, ,
where P is space inversion, T is time inversion, and
O, » is m rotation about horizontal axis. This sym-
metry forbids the current along the vortex axis, since
J. = PTOy4J, = —J,. For @ # 0 this symmetry
is violated and the current along the vortex axis may
exist. For @« = m/2 it is the Bloch-type skyrmion in
Fig. 1, which is symmetric under the combined symme-
try T'Og . Neel and Bloch skyrmions in nonsupercon-
ducting magnetic materials see, e.g., in Ref. [16].

We consider deformation, at which a(t) changes
from zero to the finite value. The positions of the Weyl
points play the role of the effective vector potentials
Ay (r,t) = Ki(r,t) acting on fermions living at these
two Weyl points (in superconductors such gauge fields
are induced by strain [17]). This results in the effec-
tive electric and magnetic fields E1x = —0; K4+ and
B =V x K4 with

dsin o

dcosn
2

(2
o (2)

E+'B+:E_'B_:—]€F d
T

The productions of the chiral charge at two Weyl points
due to chiral anomaly compensate each other, n =
= 1= (E;-BL —E_-B_) = 0. But the created chi-
ral charge carries the linear momentum K, and the
momentum production per unit time per unit volume

1S:

1
22 (Bt (By - By) — K. (E_-B_)) =
Ky dcosn . dsina
= —g 5 Cosn— — sinn— —. (3)

jz:

The momentum accumulated by the vortex in the pro-
cess of deformation, and thus the mass current is:

. k3 o
J.(vortex) = /d2r/dtjz = —6—F sina/ drsin® 1.
T 0
(4)

For o = /2 this coincides with the current obtained by
traditional methods for the so-called w-vortex [8]. The
CVE current (4) is determined by positions of nodes
and does not depend on microscopic parameters of the
system, such as the mass of the atom. It is generated by
the chiral anomaly experienced by Weyl fermions and
vanishes when Weyl nodes merge at K1 = 0.

In the equilibrium state the total current should
vanish, see, e.g., Ref.[18]. The current (4) within
the skyrmion is compensated by the bulk current
J.(bulk) = [d?rpvs; [8]. In the normal (non-
superfluid) state of the liquid the equilibrium CVE is
not possible: there is no non-dissipative supercurrent
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in bulk which could compensate the CVE current. The
same refers to the chiral magnetic effect (CME): there is
no current in response to a static magnetic field [19, 20].
In superconductors with broken parity the non-uniform
current along the magnetic field is possible. But again
the total current is zero in equilibrium [21, 22], and it is
difficult to resolve between the conventional CME and
the CME originating from Weyl nodes, though in some
cases the Weyl contribution can be dominating [23].

I thank M. Zubkov for numerous discussions.
This project has received funding from the European
Research Council (ERC) under the European Union’s
Horizon 2020 research and innovation programme
(Grant Agreement # 694248).

Full text of the paper is published in JETP Letters
journal. DOI: 10.1134,/S0021364017050022

1. Sh. Jia, S.-Y. Xu, and M. Z. Hasan, arXiv:1612.00416.

M. Sato and Y. Ando, arXiv:1608.03395.

D. A. Pesin, 2016 IEEE Intern. Conf. Mathem. Methods

in Electromagnetic Theory (MMET), 115 (2016).

J. Ma and D. A. Pesin, Phys. Rev. B 92, 235205 (2015).

A. Vilenkin, Phys. Rev. D 20, 1807 (1979).

A. Vilenkin, Phys. Rev. D 22, 3080 (1980).

D.E. Kharzeev, J. Liao, S. A. Voloshin, and G. Wang,

Progress in Particle and Nuclear Physics 88, 1 (2016).

8. M. M. Salomaa and G. E. Volovik, Rev. Mod. Phys. 59,
533 (1987).

9. G.E. Volovik, JETP Lett. 61, 958 (1995).

10. Y. Tada, W. Nie, and M. Oshikawa, Phys. Rev. Lett.
114, 195301 (2015).

11. G.E. Volovik, JETP Lett. 100, 742 (2014).

12. G.E. Volovik, Pis’'ma ZhETF 105, 31 (2017).

13. S. Adler, Phys. Rev. 177, 2426 (1969).

14. J.S. Bell and R. Jackiw, Nuovo Cim. A 60, 47 (1969).

w N

N ot

15. G.E. Volovik, Pis’'ma ZhETF 105, 245 (2017);
arXiv:1701.01075.
16. I. Kezsmarki, S. Bordacs, P. Milde, E. Neuber,

L.M. Eng, J.S. White, H. M. Ronnow, C. D. Dewhurst,
M. Mochizuki, K. Yanai, H. Nakamura, D. Ehlers,
V. Tsurkan, and A. Loid, Nature Materials 14, 1116
(2015).

17. D.I. Pikulin, A. Chen, and M. Franz, Phys. Rev. X 6,
041021 (2016).

18. N. Yamamoto, Phys. Rev. D 92, 085011 (2015).

19. Y. Chen, S. Wu, and A.A. Burkov, Phys. Rev. B 88,
125105 (2013).

20. M. A. Zubkov, Phys. Rev. D 93, 105036 (2016).

21. L.S. Levitov, Yu.V. Nazarov, and G.M. Eliashberg,
JETP Lett. 41, 445 (1985).

22. Yu.V. Nazarov, ZhETF 91, 332 (1986); JETP 64, 193
(1986).

23. T.E. O’Brien, C. W.J. Beenakker, and 1. Adagideli,
arXiv:1612.06848.



