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Nodal line semimetals are characterized by nontrivial bulk-band crossings, giving rise to almost flat
drumheadlike surface states (DSS), which provide an attractive playground where interaction can induce
symmetry-broken states and potential emergent phases. Here, we show that electronic interaction drives a
Stoner ferromagnetic instability in theDSSwhile the bulk remains nonmagnetic,which togetherwith spin-orbit
couplingdrive the surface states into a 2DChern insulator.We show that each piece ofDSScarries a half-integer
topological charge, which for systems containing two pieces of DSS yield a net Chern number C ¼ −1. We
show that this phenomenology is robust against chiral-symmetry breaking,which gives a finite dispersion to the
DSS. Our results show that nodal line semimetals are a promising platform to implement surface Chern
insulators and dissipationless electron transport by exploiting enhanced interaction effects of the DSS.
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Topological electronic states havemotivated large research
efforts due to their gapped bulk coexisting with protected
gapless surface modes [1–7]. In particular, chiral edge states
are especially attractive as they would yield unidirectional
channels lacking electric loss, representing a cornerstone in
low consumption electronics. Natural compounds for Chern
insulators have been proven to be rather elusive, motivating
several proposals for its realization [8–11], yet the most
successful implementation requires a building block that is
also very rare in nature: magnetically doped topological
insulators [12–14]. Thus, a key question is whether or not
Chern insulators can be engineered by means of a family of
materials more common in nature, which would open new
possibilities in condensed matter research, apart from appli-
cations in low consumption electronics.
During the last years, the classification of topological

insulators has been extended to so-called topological semi-
metals [15,16], i.e., systems that are gapless in the bulk and
simultaneously host topologically protected surface states.
The topological band crossing may occur at discrete points
or along closed loops in reciprocal space. The former case
corresponds to Weyl or Dirac semimetals [17–20], whereas
the latter is referred as nodal line semimetals (NLSMs)
[21–47]. The nodal line carries a π Berry flux [21], resulting
in drumheadlike surface states (DSS) [26]. In the presence of
chiral symmetry, such DSS are perfectly flat, so that any
residual electronic interaction would overcome the surface
kinetic energy, providing a perfect platform to realize
strongly correlated and symmetry-broken surface states
[48–52]. Very recently, the spontaneous magnetization in
the flat band of a zigzag graphene nanoribbon was observed
[53–56], indicating that the same physics may exist in the
DSS, a higher-dimensional analogy of the 1D flat band in
graphene nanoribbon [57].

In this Letter, we show that a surface 2D Chern insulator
can emerge from electronic interaction in an NLSM. For
the sake of concreteness, we focus on the NLSM containing
two disconnected pieces of DSS with spin degeneracy; see
Fig. 1(a). Electronic interaction results in Stoner instabi-
lity in the DSS and induces a surface ferromagnetic order.
The emergent exchange field together with the spin-orbit

FIG. 1. (a) Nodal lines around K, K0 points and corresponding
DSS (light-orange disks) enclosed by their projection onto the
surface Brillouin zone. (b) Spin-orbit coupling (SOC) introduces
opposite mass terms to the DSS around K, K0. Electronic
interaction (e-e) inverts one of the bands. (c) Two pieces of
DSS each carries a meron spin texture with a half-integer
topological charge and together constitute a Skyrmion and result
in a Chern number C ¼ −1. (d) Spin polarized surface states and
chiral hinge current. Inset: diamond lattice with an open surface.
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coupling (SOC) on an open surface yield a half-integer
topological charge for each piece of DSS, driving the
surface band into a Chern insulator, see Figs. 1(b), 1(c).
Such a spontaneously emergent 2D Chern insulator on the
surface of a 3D sample would manifest in 1D chiral hinge
states; see Fig. 1(d). Recent experimental progress on
fabrication and detection of the ferromagnetic surface
states of topological insulators paves the way to the
realization of our scheme by using state-of-the-art tech-
niques [58–61]. Our proposal highlights that NLSMs
hosting two nodal lines that develop a trivial gap with
SOC [57] are ideal candidates to realize a Chern insulator.
In particular, spinel compounds with chemical composition
XY2Z4 are ideal candidates in this line, as the X sites form a
diamond lattice, a paradigmatic example of a system
hosting two nodal lines [62].
The surface Chern insulator outlined above can be

constructively derived by a concrete model of NLSM on
a diamond lattice whose Hamiltonian is

H ¼ H0 þHSOC þHU; ð1Þ
where H0 captures the NLSM, HSOC is the intrinsic SOC
and HU is the local Coulomb interaction term that we
will discuss in detail below. The Bloch Hamiltonian
for the NLSM is H0 ¼ dxðkÞσx þ dyðkÞσy with dxðkÞ¼
tþt0cosðk ·a3Þþt

P
2
i¼1cosðk ·aiÞ and dyðkÞ¼t0sinðk·a3Þþ

t
P

2
i¼1sinðk·aiÞ, where Pauli matrices σx;y act on the AB

sublattice space [inset in Fig. 1(d)], t, t0 are the nearest-
neighbor hopping, and t0 denotes the hopping along the
(1,1,1) orientation, which has been set to the z axes for
simplicity. The corresponding lattice vectors are a1¼
a½1=ð2 ffiffiffi

2
p Þ; ffiffiffi

3
p

=ð2 ffiffiffi
2

p Þ;0�, a2¼a½−1=ð2 ffiffiffi
2

p Þ; ffiffiffi
3

p
=ð2 ffiffiffi

2
p Þ;0�,

a3 ¼ a½0; ffiffiffi
6

p
=6;

ffiffiffi
3

p
=3�, with a being the lattice constant.

When t0=t < 1, the system is an NLSM, carrying two spiral
nodal lines. In a thick two-dimensional slab, the nodal lines
get projected around K ¼ ½−4 ffiffiffi

2
p

π=ð3aÞ; 0� and K0 ¼ −K
in the kx − ky plane of the two-dimensional Brillouin zone
[24,69–71]; see Fig. 1(a). This can be seen in the limiting
case t0 → 0 by expanding H0 around �K points as
h� ¼ d�x σx þ d�y σy, with d�x ¼ �vqx þ t0 cosðkza=

ffiffiffi
3

p Þ
and d�y ¼ −vqy þ t0 sinðkza=

ffiffiffi
3

p Þ, where the velocity is

defined as v ¼ ffiffiffi
3

p
ta=ð2 ffiffiffi

2
p Þ, the small wave vector q ¼

ðqx; qyÞ is measured from �K. By putting d�x;y ¼ 0,
we obtain the parametric equations of the spiral nodal
lines around �K as qx ¼ ∓ðt0=vÞ cos½ðkzaÞ=

ffiffiffi
3

p �, qy ¼
ðt0=vÞ sin½ðkzaÞ=

ffiffiffi
3

p �, which have opposite chirality
[Fig. 1(a)].
The nontrivial band topology of the NLSM is charac-

terized by π Berry phase carried by each nodal line. The
Hamiltonian H0 possesses time reversal (T) symmetry,
H0ðkÞ ¼ TH0ðkÞT−1 ¼ H�

0ð−kÞ, and inversion (P) sym-
metry, H0ðkÞ ¼ PH0ðkÞP−1 ¼ σxH0ð−kÞσx, so that the
Berry curvature vanishes everywhere away from the nodal

lines [72], and the nodal lines are protected by the
combined PT symmetry [22]. Then one can choose an
arbitrary integral path to calculate the Berry phase. Here we
choose the integral path to be a straight line along the z
direction, then the Zak phase calculated inside and outside
the projection of the nodal line equals π and 0, respectively.
This configuration of line integral is convenient to show the
bulk-boundary correspondence of the NLSM, that is, DSS
appear inside the projection of the nodal lines onto the sur-
face Brillouin zone [Fig. 1(a)]. For a semi-infinite ðz<0Þ
sample with an open surface lying at z ¼ 0 [Fig. 1(d)], by
substituting kz → −i∂z in h�ðqÞ, the zero-energy DSS
around K, K0 can be obtained as [24] ψ� ∝ ð0; 1ÞTeλ�z,
where λ� ¼ ð ffiffiffi

3
p

=aÞ½lnðt0=ðvjqjÞÞ þ iθ��, with θ− ¼
tan−1ðqy=qxÞ; θþ ¼ π − θ−. As long as vjqj < t0, i.e.,
the states lie inside the projection of the nodal loops, the
wave functions ψ� decays to zero as z → −∞, indicating
the existence of sublattice polarized DSS [cf. 1(a)];
Otherwise, there are no surface states. The above results
hold generally in the NLSM regime t0=t < 1. This can be
checked by computing the band structure in a slab with the
Hamiltonian H0, infinite in the x-y plane and whose z axis
lies along the (1,1,1) direction of the parent diamond lattice
[inset of Fig. 1(d)]. We take a slab thick enough so that the
two surfaces are decoupled, and we project the final result
onto the upper half of the system to retain only the DSS on
the upper surface. We show in Fig. 2(a) the band structure
of the NLSM described above, where two pieces of zero-
energy DSS exist. Without dispersion, the surface density
of states (DOS) diverges at zero energy, see Fig. 2(b),
whereas the bulk DOS vanishes.
Next, we include the SOC effect by second-neighbor

hopping [73] as HSOC¼iλ
P

⟪i;j⟫c
†
i s·ðdjk×dkiÞcj, where

ci ¼ ðci↑; ci↓Þ is the Fermi operator for both spins on site i,
λ is the SOC strength, s is the spin vector, and dik is the
vector connecting sites i and k, and k is an intermediate site
between i and j. The SOC term opens a gap in the band
structure, both in the bulk and in the surface modes, lifting
the spin degeneracy of the DSS [Fig. 2(c)] and introducing
nontrivial spin textures to the DSS [Fig. 2(d)]. Its effect on
the surface modes can be described by the following
massive Dirac Hamiltonian H�

SOC¼αðsxqy−syqxÞ�βsz,
with the superscript “�” corresponding to the K and K0
points, which is sufficient to characterize the surface
band topology [62]. Here, H�

SOC is induced by the bulk
SOC on an open surface, so that two coefficients
α; βð>0Þ are determined by λ [62]. The parameter β
introduces opposite mass terms to the DSS around the
K, K0 points, see Fig. 1(b). Without SOC, the Hamiltonian
for the DSS vanishes, so that H�

SOC can serve as the
effective Hamiltonian of the DSS. The Berry flux carried
by each piece of DSS is calculated through Q� ¼
½1=ð4πÞ�∬ dqxdqyð∂qxb

� × ∂qyb
�Þ · b�=jb�j3, with b� ¼

ðαqy;−αqx;�βÞ, yielding a topological charge, or meron
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number [74] Q� ¼ � 1
2
[75]. Each piece of DSS carries a

meron number, but with an opposite sign, due to the
opposite mass term. Two meron numbers thus cancel out
and result in zero Chern number as imposed by time
reversal symmetry. In this scenario, it is suggestive to think
that, if one of the meron numbers would be inverted, the
system would show a net Chern number [Fig. 1(c)].
We now show that electronic interactions can sponta-

neously break time reversal symmetry on the surface,
inverting one of the meron number and turning the DSS
into a Chern insulator. For that goal, it is convenient to first
consider the case without SOC, where the system shows
gapless flat DSS. In this situation, the infinite surface
DOS would yield a Stoner ferromagnetic instability by
arbitrarily small interaction, spontaneously breaking the
time reversal symmetry on the surface. In contrast, for
small U, no symmetry breaking occurs in the bulk
states. The surface symmetry breaking can be captured

by adding an interaction term to the single particle
Hamiltonian of the Hubbard formHU ¼ U

P
i ni↑ni↓, with

ni↑;↓ ¼ c†i↑;↓ci↑;↓ the number operator. Taking magnetiza-
tion along the z direction, in the mean-field picture the
Hubbard interaction can be decoupled as HU ≈HMF ¼
U
P

i½ni↑hni↓i þ ni↓hni↑i − hni↑ihni↓i�. The magnetiza-
tion on site i is defined as mz

i ¼ hni↑i − hni↓i. The band
structure of the self-consistent solution is shown in
Fig. 2(e), with spin-polarized surface states and
unpolarized bulk modes. In terms of the low energy
model, electronic interaction results in an effective
Zeeman term to the Hamiltonian for the DSS. In particular,
at the K, K0 points, the new term takes the form
HZ ¼ −mZsz, where its strength can be evaluated as
mZ ¼ ðU=2Þ R 0

−∞ mzðzÞjψ�ðq ¼ 0; zÞj2dz.
Finally, we consider the simultaneous action of both

electronic interaction and SOC. By numerically solving the
full self-consistent model with SOC, we observe that the
surface magnetization survives even in the presence of
SOC; see Fig. 2(f). In this situation, the effective
Hamiltonian for the DSS takes the form H¼H�

SOCþHZ.
Now the Chern number for the whole surface bands can be
defined by the mass terms at the K, K0 points as

C ¼ 1

2
½sgnðβ −mZÞ þ sgnð−β −mZÞ�: ð2Þ

As mZ > β, the surface Zeeman splitting reverses the sign
of the mass term around K [compare Figs. 2(c),2(f)], and
drive the system to a Chern insulator [cf. Fig. 1(b)]. Such a
kind of topological phase transition resembles the scenario
of the Haldane model on the graphene lattice [76], yet here
the sign change of the mass around one valley is dynami-
cally generated by electronic interaction.
Since we are solving a self-consistent problem that does

not have a smooth behavior, a gap closing and reopening
cannot generically be observed. Nevertheless, since the
mean-field term of the original Hamiltonian effectively
reduces to a site-dependent exchange field that decays as
one enters the bulk [Fig. 3(a)], we may try to artificially
switch on its contribution, in order to adiabatically trace
the topological phase transition. This can be made concrete
by taking a final self-consistent Hamiltonian realizing
the Chern insulating state H ¼ H0 þHMF, and defining
an adiabatic Hamiltonian of the form H̄ðαÞ ¼ H0 þ αHMF,
where α ¼ 0 corresponds to the noninteracting Hamil-
tonian with C ¼ 0, whereas α ¼ 1 corresponds to the
physical self-consistent solution with C ¼ −1. By tuning
α from 0 to 1, the topological phase transition can be
observed [Fig. 3(b)] as a gap closing and reopening in the
energy spectra, concomitant with a change of Chern
number from 0 to -1.
Since SOC opens up a gap in the single particle spectra,

it is expected that at large values of λ the magnetic order
will be quenched and the system will remain a trivial

FIG. 2. (a) Band structure of a slab of a NLSM showing the
surface flat bands. (b) Density of states (DOS) in the bulk and on
the surface. (c) Band structure with only SOC. (d) Spin texture of
the surface states. (e) Band structure with only interaction effect.
(f) Band structure with both SOC and interaction effects. The slab
consists of 600 layers and we took t0 ¼ 0.8t, λ ¼ 0.01t, and
U ¼ 2t.

PHYSICAL REVIEW LETTERS 122, 016803 (2019)

016803-3



semiconductor. This competition between SOC and elec-
tronic interaction is shown in the phase diagram in terms of
U and λ in Figs. 3(c), 3(d). Different from the band closing
and reopening by continuously tuning the order parameter in
Fig. 3(b), the surface magnetization [Fig. 3(c)] and the
energy gap [Fig. 3(d)] change abruptly with varying inter-
action U, indicating a phase transition with spontaneous
symmetry breaking. Remarkably, such a conventional phase
transition further induces and coincides with a topological
phase transition on the surface. The topologically nontrivial
phase with C ¼ −1 holds in a wide parametric region. For a
larger λ, the parametric region of U for a Chern insulator
becomes narrower, while the energy gap increases. For large
U, the whole system becomes a trivial antiferromagnetic
insulator, opening a large bulk magnetic gap.

The NLSM described by H0 in Eq. (1) possesses
chiral symmetry, σzH0σz ¼ −H0, which leads to flat
DSS [70,77]. However, in real materials, chiral symmetry
is usually broken, and the DSS show a finite dispersion. We
investigate this situation by introducing a second-neighbor
hopping to H0. Dispersive DSS can be seen in the band
structure in Fig. 3(e). The corresponding phase diagram in
Fig. 3(f) shows a gapless region, yielding critical U and λ
values for the onset of the surface Chern insulator. Apart
from this, there is no much difference from the case of
flat DSS.
A direct result of a 2D Chern insulator is the existence of

chiral edge states. Here, the Chern insulator emerges on the
surface of a 3D sample, resulting in chiral hinge states
[Fig. 1(d)] [3–7,78–80]. The chiral edge states can also be
achieved in a magnetic domain wall between two oppo-
sitely ordered ferromagnetic regions on the surface. The
two regions are related by time reversal symmetry, so that
they carry opposite Chern numbers, yielding a pair of chiral
modes inside the domain wall; see Fig. 4(a). This image can
be made concrete by computing the spectral function of the
magnetic domain wall by means of the Dyson equation
GDðω;kkÞ¼½ω−HDðkkÞ−ΣLðω;kkÞ−ΣRðω;kkÞ�−1, where
kk is the Bloch momentum along the direction defined by
the domain wall, ΣL;Rðω; kkÞ are the self-energies induced
by the semi-infinite magnetic regions (taken from the
self-consistent solution of the infinite problem), and
HDðkkÞ is the local Hamiltonian of the domain wall.
With the previous Green’s function, we compute the
DOS at the surface as ð1=πÞIm½TrUðGDÞ�, where TrU
traces over the degrees of freedom of the upper surface.
The interfacial spectral function is shown in Fig. 4(b),
where it is seen that two gapless modes appear at the
magnetic domain wall. Therefore, controlling such mag-
netic domain walls [81,82] would allow us to imprint chiral
states on the surface of NLSMs.
To conclude, we have demonstrated that correlation

effects and SOC can drive the NLSM into a surface
Chern insulator. Spin-degenerate PT symmetric NLSMs

FIG. 3. (a) Real space distribution of the magnetization, where
z ¼ 0 corresponds to the surface. (b) Energy gap as a function of
the mean-field order parameter. Phase diagram associated with
(c) surface magnetization and (d) energy gap in terms of SOC
strength λ and interaction U. (e) Band structure including the
second-neighbor hopping t2 ¼ 0.03t, in the absence of U and λ.
(f) Phase diagram containing chiral-symmetry breaking. We took
t0 ¼ 0.8t, λ ¼ 0.01t, and U ¼ 2t for (a),(b), 200 layers for (a),(b),
(c),(d),(f) and 600 layers for (e).

FIG. 4. (a) Sketch of the interfacial states in a magnetic domain
wall on the surface of the NLSM. (b) Surface spectral function of
the magnetic domain wall depicted in (a), showing two cop-
ropagating states along the domain wall.
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with two pieces of DSS in the surface Brillouin zone are
potential candidates to achieve such a topological phase
[62]. For the NLSM in the presence of SOC, since the nodal
line is robust against SOC, other mechanisms are required
to open a trivial gap in the bulk states [62].
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