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We study dynamical instability and chiral symmetry bregkim three dimensional Weyl semimetals, which
turns Weyl semimetals into “axion insulators”. Charge dgnsaves (CDW) is found to be the natural conse-
guence of the chiral symmetry breaking. The phase mode ®ttiarge density wave state is identified as the
axion, which couples to electromagnetic field in the topwalyE - B term. One of our main results is that the
“axion strings” can be realized as the (screw or edge) digioos in the charge density wave, which provides
a simple physical picture for the elusive axion strings. SEhaxion strings carry gapless chiral modes, there-
fore they have important implications for dissipationlésssport properties of Weyl semimetals with broken
symmetry.

PACS numbers: 73.43.-f,71.70.E},75.70.Tj

Introduction. Topological insulators are among the mostas the chiral anomaly[11, 12, 23]. Unlike the topological in
active research fields in condensed matter physics re¢ently sulators, whose transport is dominated by topologicalty pr
3]. Among the remarkable aspects of topological insulatordected surface states, in the Weyl semimetal the bulk tahsp
is the ubiquitous role played by Dirac fermions. In fact, is mostimportant. Their unique semi-metallic behavior3dn
most of the recently discovered topological insulators carcan potentially be engineered for semiconductor industry.

be regarded as massive Dirac fermion systems with lattice |nteraction &ect plays a fundamental role in the dynam-
regularization[3]. When the mass vanishes, we have massgcs of Weyl fermions. One possibility is the pairing inter-
less Dirac fermions, which are two copies of Weyl fermionaction which leads to the superconducting instability. Qi,
with opposite chiralities. The Dirac fermions, which obey Hughes and Zhang’s fermi surface topological invariarit[25
the Dirac equation, are described by spinors with four compoimplies that if the pairing amplitudes have opposite sign fo
nents, while the Weyl fermions are two-component fermionsyey| points with the opposite chirality, topological supen-
described by the following simple Weyl equation ductors are obtained. Another consequence of interaction,
which we will focus in this paper, is the spontaneous chiral
symmetry breaking. Chiral symmetry breaking is the phe-

wherex is referred as chirality« for left handed- for right ~ homenon of spontaneous generation of feative mass of
handed), angt is the Fermi velocity. Since the Dirac fermion Weyl fermions, namely a paring between the fermions (elec-
can be decomposed into two copies of Weyl fermion, the lattrons) and anti-fermions (holes) withftérent chiralities. Due
ter is more elementary building block. In fact, itis our @mt  to chiral anomaly, the Goldstone mogies coupled to electro-
understanding of nature that the elementary fermions ssich anagnetic field ask - B, therefore, this Goldstone mode is an
quarks and electrons fall into the Weyl fermion framework be “axion”[26-29].
cause the left-handed and right-handed fermions caffgreli In this paper, we focus on the chiral symmetry breaking in
ent gauge charges in the standard model of particle phyics[ Weyl semimetal and axion strings in condensed matter con-
It is worth noting that in writing down Eq.(1) we have as- text, which have new features absent in particles physies. W
sumed that the two “Weyl points”, at which the energy gapwould like to mention that axion string can be realized on
closes, are both located &t = 0. In the particle physics the surface of topological insulators with a magnetic domai
context, this assumption seems to be natural, however, iwall[30], and axionic dynamics has been studied in topelogi
condensed matter physics, without imposing symmetry coneal magnetic insulators[31, 32]. In the present paper waystu
straints such as time reversal symmetry and inversion symme new route to axionic dynamics through chiral symmetry
try, Weyl points are generally located afférent points in the breaking induced by interactiorffect. The resultant states
momentum space. This fact has interesting consequences fare charge density wave (CDW) states, which are experimen-
Weyl fermion systems with broken symmetry, as we will showtally observable. One of our main results is that the (screw
in this paper. or edge) dislocations of CDW are exactly the “axion strings”
Although Weyl fermion plays a crucial role in the descrip- which are important topological defects carrying gapléss c
tion of elementary fermions in nature, it has been studiedal modes. In these chiral modes electrons move solely in one
in the condensed matter context only very recently[5—23]direction without backscattering. In particles physicgpa
Weyl semimetals in three dimensions (3d) are analogous tetrings have interesting cosmological implications sustha
graphene[24] in 2d in the sense that both are described igravitational lensesfiect[33], but observable evidences are
terms of gapless fermions with approximately linear disper elusive. Axion strings in condensed matter systems have the
sion, but the 3d Weyl semimetals are richer in that they ar@advantage that they are much easier to detect. In the Weyl
more closely related to various fundamental phenomena sugdemimetal studied in the present paper, axion strings Imave i

+Veo - ky = Ey 1)



portant éfects on the transport properties since they provide
chiral modes supporting dissipatonless transport. 1 dwd®p 1
Dynamical chiral symmetry breaking. We consider the sim- 2_g = (1) W2 + V22 + |mP2 (5)

. . . . FP

plest model for dynamical chiral symmetry breaking, which )

nevertheless captures the most salient physical consegsien from the mean-field relatiom(r) = —g(cit*c;). The solution

First let us present the free pat of the Hamiltonian. The to Eq.(5) can be obtained %g -1 _ = %\/3 Imi2In %

four-band model studied here is a simplified version of the 87y, -9 o

model of Weyl semimetal given in Ref.[7, 12]. We have Wherege = =%=. We have taken a Lorentz-invariant cfito
Ho = c"hc with Ipl < A, w < VEA in the above calculation, but if we take the

cutoff only for |p| but not for thew, we can check thaj. takes

3 the same value. Because we are concerned with the cases with
h=ve Z I'(-id; — eA — gI) — eA (2) |m << A, the solution can be approximated by
- Lol e BN ©)
where we have defined the Dirac matrid&§u = 0,1, 2, 3) g g9 8712V|?§ |m2

satisfying {I'*, IV} = 26", T is the chirality operator with
the propertied? = 1 and [,I'] = 0[34], A, is the exter-
nal electromagnetic potential, and= (g1, gz, g3) is a vector
that shifts the gapless points away frém= 0. The simplest
choices of the Dirac matrices afe= r° ® 1 andl’ = 1° @ o'
(i =1,2,3). The low energy modes from the left-hadd=
+1) chirality is described bl (K) ~ VeI'-(k—q) = Veo-(k—0q)
neark = g. Similarly, there is a Weyl point atq for the
right-handedI( = —1) chirality. The low energy dynamics are
dominated by these two Weyl points locatedat = g and
Q2 = —q respectively, with

which shows that dynamical symmetry breaking (or “exciton
condensation”) occurs only when the interaction igisiently
strong @ > gc).

A qualitative understanding af. is simple. The kinetic en-
ergy per fermion isEx ~ VeA, while the interaction energy
per fermion isE; ~ gA3, whereA® accounts for the spatial
density of Weyl fermions. To have chiral condensation, we
must haveEx ~ Ej, org. ~ Ve /A2, To satisfy this condi-
tion, largerE, (stronger interaction) and smallgg (narrower
bandwidth in Dirac dispersion) is favored.

Axion dynamics and topological theta term. We have seen
in the previous section that when > g, chiral symmetry
is spontaneously broken. From symmetry consideration, the
Ginzburg-Landauféective action (omitting chiral anomaly at
this stage) om(r) can be expressed as

h.(K) = +vro - (k- Qi) 3)

where the prefactotl is the chirality. For later convenience
let us define two operators = 7! + ir? with the property
(r.1} = 0. S =fdtdr} Ol 2 =210, [?) + SIm 2 + i 4] (7
Now we would like to investigate theffects of four- " [2)/(| i AU ) + S+ (] (7)
fermion interaction in Weyl semimetals. Let us write down wherey, vy, 6,7 are phenomenological parameters, amd=
the dfective action in the imaginary time as meQ" is the “slow” field. In the symmetry breaking phase,
, 6 < 0 and|m| develops a nonzero expectation value. The ef-
S- fdrdr{c’r"[ar Fh+m ) +miele + Im(r)| | (4) fective actionSn is invariant if we shift the phase afi(r) by
g a spacetime-independent phase factor, but in fact this sym-

) ) ) ) o metry is broken by chiral anomaly, which endows a topo-
in which we have written the interaction in terms of the aux'logical theta term to thefeective action, as we explain be-

iliary field m(r), which can be integrated out to give the four- |5, | et us first writem(r) = [m(r)| exp[=iQ - r — i6(r)]. We
fermion interaction-g(c;7*¢/)(c 7). can perform a chiral transformatiafr) — c(r)e '(@+0r/2,

It usually happens that a dynamically generated energyhen m(r) — m(r)é@+9) . After this chiral transformation
gap can lower the ground state energy of a nominally gape phase of(r) is removed andn(r) becomes real numbers,
less system. Let us investigate such possibility of con@lens powever, due to the fact that the fermion path integral measu

tion fjn;:fr»h# 0. \?\/incle the |0‘|’V energy d)énami%s are domi-is not invariant[35], this chiral transformation genesat
nated by the two Weyl points, let us write down the expansio _ e (0. _
¢ = €%TeL, +€% cg, +- - -, wherecg,, are cut 6 in the mo- rhe?omalousterrsanomaw— s J didr Q1 +O)F oy = .
mentum space at, i.e.CLrr = Yjpien eiprCL/Rp+'_" andthe 22 fdtdr(Q -r + 0)E - B, where we have used the natural unit

. h=c=1.
“..." terms are high energy modes wighj > A. At the mean . . .
field level we havem(r) = —g(c}"r*cﬁ _ —ge*iQf(cIﬁcR), Taking the above chiral anomaly into account, the fluctua-

where we have define@ = Q; — Q, = 2q. We note that tions of 0 is described by the following simple axioniffec-

<CIT+CR> is a “slow” field whose characteristic momentum is 1€ ction 2
small compared t{Q)|. _ o Sy= -2 fdtdr[(ate)z —V2(816)?]
In the momentum space the fermion matrix in Eq.(4) can be 2
approximated bM = —iw + V30 - p + M (Q)r* + m(Q)r™ 2
at low energy, therefore, we can obtain the gap equation T2 fdtdr(Q T+OE-B ®




3
where the notationfy”(= y|m)) is deliberately chosen because In fact, they depend on the physical degree of freedom to
it is analogous to the pion decay constgntnamely thatf, is  which 7 is referred. Let us take a simplest example, namely
the “axion decay constant”. We can also define a normalizethatz® = +1 refers to fA) + |BY)/ V2, whereA, B refer to two

fielda = f,6 and put Eq.(8) into a more standard form inequivalent sites in a unit cell[38], thet = +1 refers toA/B
1 site, thusp1 = pa—ps is the staggered CDW. If we look at the
S,= = fdtdr[(ﬁta)z VACEE charge density on sit& (or B), it shows an oscillation with
2 wavelength 2/|Q|. In more general cases, other density mod-
+i fdtdr(Q - E)E B ©) ulation, such as CDW of more general types and spin density
4r? a waves can show up.

There is an fective action analogous to the last term for pion- The natural question is how to experimentally detect the
9 P CDW. Apart from bulk measurements, it can also be detected

photon coupling in high energy context, which is resporesibl by simpler surface measurements such as scanning tunnelin
for the famous two-photon decay of neutral pion. The axion- y P 9 Y

photon coupling is proportional to/, ~ 1/(yIm), thus we microscope (STM). Denoting tht_—? angle between the surface
have the counterintuitive conclusion that when the chioal-c normal andQ asa, we can obtain the surface COW wave-

_ _ 2t
densation goes weaker, the axion-photon coupling becomé%ng_th asla = 1Qllsina] * . )
stronger. It is worth noting that the interactiorfiect and CDW was

Various topological responses can be calculated from thg[UdIeOI in 2d Dirac systems in Ref.[39-41]. More recently,

. : : : : - ; teraction €ect on the surface of weak topological insulators
effective action given in Eq.(8). Taking derivative with respe o . . .
to A,,, we have the current has been studied in Ref.[42], in which CDW has also impor-

tant physical consequences. The relation to chiral anomaly

] € .. € .. d,a absent in these studies because the systems considered ther

= QGH ?(Qv + 0,0)Fy, = er 7(Q + . )F4, (10)  arein 2d, where the concept of chirality is lacking.

Didocations in charge density wave are axion strings. Let

Analogous topological responses have been studied in topgrs turn to the central part of this paper, namely the ideatific
logical insulators[30], in which the first term in absent.tLe tjon of CDW dislocations as axion strings, which may provide
us consider the special case of a constant magneticBigld gjssipatonless chiral transport channel in 3d bulk materia
along thez direction, then the charge density given by Eq.(10)an axion stringl is a one dimensional dislocation of axion

IS field, around which the axion field changes by 2, namely
& & 9.a that
.O _ _ Z
;= E(Qz +00)B; = E(Qz + f_a)BZ (11)
fde =2n (13)
The first term here is readily understood as layered quantum c

Hall effects[36], with layer thicknessi2|Q|. The second term
can be understood as follows. Let us consider the Gase0 strings are closely related to chiral anomaly, as was studie

;.or simplicity, gnd ta_ke}ml = 0 first. In_a constant magpetlc long ago in the work by Callan and Harvey[43] in the particle

ield B,z, the dispersions of Weyl fermions can be obtained as . . o
physics context. In the Weyl semimetals studied in the priese

En(Pz) = £Vr /P2 + 2eBnwithn = 0,1,---. The two gapless paper, the axion strings have clear geometrical picturause

modes are the = 0 Landau levels witte(p,) = v p,, where 4 is exactly the phase of CDW. More explicitly, suppose that

+ corresponds to left and right chirality respectively. Now Q = (Qy, Q,, Qz) = (0,0, Q), then it follows from Eq.(12) that

a mass terrm = |me? mixes the two counter-propagating the peaks of CDW are located at 2d planes(z,) with

(essentially 1d) modes and opens a gap. The 1d charge den-

sity can be obtained from the Goldstone-Wilczek formul[37 Z, = 0+ 2mm (14)

i%a = %619, therefore, the final result of 3d charge density is Q

i° = (eB,/2n)(0,0/2n) = & B0, where we have added the

density of statesB,/2r of Landau levels. This is exactly the

second term of Eq.(ll_). . . . the small loopC enclosing the axion string is readily obtained

Phase of charge density wave is the dynamical axion. Now from Eq.(14) as
we will show that the chiral symmetry breaking leads to den- '

whereC is a small contour enclosing clockwise. Axion

wheren =integer. Whery is shifted, the peak position,
follows the shifting ofd. In fact, the shifting ofz, around

sity waves, among which the CDW is the simplest. The charge f do o
density is given by den - __= (15)
mr) +m() __jm © ° e
pa(r) = (crlcr) = T 29 g cosQ-r+6)(12)  \hich is exactly the wavelength of the CDW. The Burgers
vector of the axion string as a dislocation of CDW is exactly
and similarly po(r) = (c/72c;) = i[m(r) - m*(r)]/2g = (0,0, -2r7/Q). For a general CDW wave vectq, the Burgers

Im sin(Q-r +6)/g. Let us explain their physical consequences.vector is readily obtained as27Q/|Q/.



Let us refer the orientation of the axion strihgsi. Ac- PR
cording to the relative orientation 6&ndQ, the axion string '

TQ
appears as fierent types of dislocation. Whdris parallel —
with Q, we have screw dislocation [Fig.(a)], while whenis / —
perpendicular witH, we have edge dislocation [Fig.(b)]. We — / I —~—~—
would like to mention that the edge dislocation with chiral —=—— —— /
modes has been studied in Ref.[44]. Weyl semimetals provideZ — /
a natural route to realize such interesting topologicaédist

In the cases of edge dislocation, the origin of chiral modes i
most clear, because we can think them as the edge states of a

2d quantum Hall system, which is just the slice appearing 8B|G. 1: Axion strings as dislocations of charge density wave
the “edge”. (a)Screw dislocation. (b)Edge dislocation. The delindateeets are

There are chiral modes propagating along the axionhe peaks of CDW. In both (a) and (b), the axion string is altvey
strings[43], therefore, axion strings may serve as unicarest  z direction. The Burgers vector is parallel to the axion sfiiim (a),
port channels in a 3d materials with axionic dynamics. Suchvhile perpendicular to it in (b).
chiral modes carry dissipationless current just like thargu
tum Hall edge and quantum anomalous Hall edge states, but
the former are distinct in that they are buried in 3d bulk. Peierls transitions, which induces dimerization, trirnation,

It is worth mentioning that dislocations in topological ma- €t
terials has also been studied in Ref.[45], but we would like Our model provides a geometrical picture of axion, which
to emphasize several prominenfidiences between the axion manifests itself as the phase of CDW. One of our main re-
strings studied here and the dislocation lines in weak toposults is the identification of axion strings as CDW (edge or
logical insulators studied in Ref.[45]. First, in Ref.[46je  screw) dislocations, which has no analog in particle ptgysic
dislocations carrying gapless modes are indeed dislotatio The axion strings have 1d robust chiral modes along them,
of crystal lattice, while in our paper the crystal lattice re Which have great potential applications if the chiral syrtrne
mains intact, and axion strings are just dislocations of CDWbreaking (exciton condensation) of Weyl fermion is realize
Secondly, the gapless modes studied in Ref.[45] are helicd experiment. In this paper we studied the general casés wit
modes, which are unstable towards back scattering if time reQ # 0. WhenQ = 0 there is no CDW associated with the
versal symmetry is broken, while the gapless modes living orfhiral symmetry breaking, but the axion strings do exist and
the axion strings studied in the present paper are robustichi have important implication for 3d transport properties.
modes. It is also worth noting that in Ref.[12] line disloca- ZW thanks Chao-Xing Liu and Xiao-Liang Qi for helpful
tion with chiral modes was studied, but CDW is absent theregliscussions. ZW is supported by Tsinghua University Initia
more importantly, the bulk is also gapless there and the couive Scientific Research Program (No. 20121087986). SCZ
pling between dislocation mode and bulk mode can inducés supported by the NSF under grant numbers DMR-0904264
dissipation. and the Keck Foundation.

To conclude this section we remark that the formation of Note added. After this work was finished, we became
axion strings in Weyl semimetals can be triggered by rapidlyaware of a related work[46] on symmetry breaking in Weyl
lowering the temperature from > T to T < T, whereT.is ~ semimetal by Zyuzin and Burkov, though CDW and axion
the critical temperature of chiral condensation (Kibblgrgk  strings were not studied. Due to nonzero density of states co
mechanism). sidered in their work, the gap equation is als@fatient from

Discussions and Conclusions. We have studied the dynam- ours.
ical chiral symmetry breaking and topological responses in
Weyl semimetals. We have adopted a simple four-fermion
interaction to simplify formulas. In more realistic models

gis replaced byg(Q). We note t_hat an attractive mte.rac— [1] X. L. Qiand S. C. Zhang, Phys. Tod#, No.1, 33 (2010).
tion —g(Q) < O at momentunQ is needed for the chiral 51 \1 7 Hasan and C. L. Kane, Rev. Mod. P, 3045 (2010).
symmetry breaking. The values gfQ) for various materi- [3] X.-L. Qi and S.-C. Zhang, Rev. Mod. Phy&3, 1057 (2011).
als depend the material details, which is beyond the purposg4] s. weinberg,The Quantum Theory of Fields, Vol. 2: Modern
of this paper. It is useful to mention that affestively at- Applications (Cambridge University, 1996).

tractive electron-electron interaction can appear at sgpee  [5] X. Wan, A. M. Turner, A. Vishwanath, and S. Y. Savrasow&h
cial momenta commensurate with the reciprocal latticehSuc ~__ Rev. B83, 205101 (2011). . .
electron-lattice couplingféect is responsible for the Peierls (8] G- E. Volovik, The Universein a Helium Droplet (Oxford Uni-

o . . - versity Press,USA, 2003).
transitions in 1d systems, and we expect that dynamicahkchir 71 A. A. Burkov and L. Balents, Phys. Rev. Lett07, 127205

symmetry breaking may also occur in 3d by this mechanism (2011), URL http://link.aps.org/doi/10.1103/
if 27/|Q| is commensurate with the crystal lattice. In this case PhysRevLett.107.127205.

the chiral symmetry breaking can be thought as generalized8] A. A. Zyuzin, S. Wu, and A. A. Burkov, Phys. Rev. B

(a) (b)



85, 165110 (2012), URLhttp://link.aps.org/doi/10.
1103 /PhysRevB.85.165110.

[9] W. Witczak-Krempa and Y. B. Kim, Phys. Rev. &, 045124
(2012), URL http://link.aps.org/doi/10.1103/
PhysRevB.85.045124.

[10] P. Hosur, S. A. Parameswaran, and A. Vishwanath, Phgg. R
Lett. 108, 046602 (2012), URhttp://link.aps.org/doi/
10.1103/PhysRevLett.108.046602.

[11] V. Aji, ArXiv e-prints (2011), 1108.4426.

[12] C.-X. Liu, P. Ye, and X.-L. Qi, ArXiv e-prints (2012),
1204.6551.

[13] G. Xu, H. Weng, Z. Wang, X. Dai, and Z. Fang, Phys. Revt.Let
107, 186806 (2011), URIhttp://link.aps.org/doi/10.
1103 /PhysRevLett.107.186806.

[14] K.-Y. Yang, Y.-M. Lu, and Y. Ran, Phys. Rev. B
84, 075129 (2011), URLhttp://link.aps.org/doi/10.
1103 /PhysRevB.84.075129.

[15] Z. Wang, Y. Sun, X.-Q. Chen, C. Franchini, G. Xu, H. Weng,
X. Dai, and Z. Fang, Phys. Rev. 8, 195320 (2012), URL
http://link.aps.org/doi/10.1103/PhysRevB.85.
195320.

[16] G. B. Halasz and L. Balents, Phys. Rev8g 035103 (2012),
URL  http://link.aps.org/doi/10.1103/PhysRevB.
85.035103.

[17] E. B. Kolomeisky and J. P. Straley, ArXiv e-prints (20,12
1205.6354.

[18] J.-H. Jiang, Phys. Rev. 85, 033640 (2012), URLhttp://
link.aps.org/doi/10.1103/PhysRevA.85.033640.

[19] P. Delplace, J. Li, and D. Carpentier, ArXiv e-print(2),
1202.3459.

[20] T. Meng and L. Balents, ArXiv e-prints (2012), 1205.220

[21] I. Garate and L. Glazman, ArXiv e-prints (2012), 12(%39.

[22] A. G. Grushin, ArXiv e-prints (2012), 1205.3722.

[23] D. T. Son and B. Z. Spivak, ArXiv e-prints (2012), 120627 .

[24] A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Novosgel
and A. K. Geim, Rev. Mod. Phy81, 109 (2009), URLhttp:
//1link.aps.org/doi/10.1103/RevModPhys.81.109.

[25] X.-L. Qi, T. L. Hughes, and S.-C. Zhang, Phys. Rev. B
81, 134508 (2010), URLhttp://1link.aps.org/doi/10.
1103 /PhysRevB.81.134508.

[26] R. D. Peccei and H. R. Quinn, Phys. Rev. Le88,
1440 (1977), URLhttp://link.aps.org/doi/10.1103/

PhysRevLett.38.1440.

[27] F. Wilczek, Phys. Rev. Let40, 279 (1978), URLhttp://
link.aps.org/doi/10.1103/PhysRevLett.40.279.

[28] S. Weinberg, Phys. Rev. Le#0, 223 (1978), URLhttp://
link.aps.org/doi/10.1103/PhysRevLett.40.223.

[29] F. Wilczek, Phys. Rev. Let68, 1799 (1987), URLhttp://
link.aps.org/doi/10.1103/PhysRevLett.58.1799.

[30] X.-L. Qi, T. Hughes, and S.-C. Zhang, Phys. Rev& 195424
(2008).

[31] R. Li, J. Wang, X.-L. Qi, and S.-C. Zhang, Nature Physics
284 (2010).

[32] J. Wang, R. Li, S.-C. Zhang, and X.-L. Qi, Phys. Rev. Lett
106, 126403 (2011), URlhttp://link.aps.org/doi/10.
1103/PhysRevLett.106.126403.

[33] E. Witten, Phys. Lettl53B, 243 (1985).

[34] Note that we have used the nonrelativistic notation firiclv the
Dirac matriced™ can be written in the relativistic notatiof
asI = y%/(i = 1,2,3) andI" = »®, therefore [',T] = 0 is
consistent witHy', %} = 0.

[35] K. Fujikawa, Phys. Rev. Lettl2, 1195 (1979).

[36] B. A.Bernevig, T. L. Hughes, S. Raghu, and D. P. Arovds,&
Rev. Lett.99, 146804 (2007), URlhttp://link.aps.org/
doi/10.1103/PhysRevLett.99.146804.

[37] J. Goldstone and F. Wilczek, Phys. Rev. Ldit, 986 (1981).

[38] If there is an inversion symmetry exchangiA@ndB site, then
73 is just the parity eigenvalue.

[39] S.Raghu, X.-L. Qi, C. Honerkamp, and S.-C. Zhang, PRgs.
Lett. 100, 156401 (2008).

[40] C. Weeks and M. Franz, Phys. Rev. &, 085105 (2010),
URL http://link.aps.org/doi/10.1103/PhysRevB.
81.085105.

[41] L. Wang, H. Shi, S. Zhang, X. Wang, X. Dai, and X. C. Xie,
ArXiv e-prints (2010), 1012.5163.

[42] C.-X.Liu, X.-L. Qi, and S.-C. Zhang, Physica, 906 (2011).

[43] C. G. Callan and J. A. Harvey, Nucl. Phys2B0, 427 (1985).

[44] J. C. Y. Teo and C. L. Kane, Phys. Rev8B, 115120 (2010).

[45] Y. Ran, Y. Zhang, and A. Vishwanath, Nature Phy$¢c298
(2009).

[46] A. A. Zyuzin and A. A. Burkov, ArXiv e-prints (2012),
1206.1868.



