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Interplay of Fermi surface topology and electron correlation is the quintessential ingredient un-
derlying spontaneous symmetry breaking in itinerant electronic systems. In one-dimensional (1D)
systems at half-filling, the inherent Fermi surface nesting makes the translationally invariant metal-
lic state unstable, which is known as Peierls instability. Extending the scope of Peierls instability to
two (2D) or three dimensions (3D), however, is not straightforward, since the Fermi surface in higher
dimensions is generally not nested. In this work, we show that a perfectly nested Fermi surface can
be realized in a class of 2D perovskite oxides, giving rise to 2D Peierls instability. Here the central
role is played by the zone boundary Dirac line node (DLN) protected by two orthogonal glide mir-
rors induced by the rotation of oxygen octahedra. Especially, at a critical angle of the octahedron
rotation, the zone-boundary DLN flattens, leading to logarithmically diverging susceptibility. We
propose the 2D Peierls instability driven by dispersionless DLN as a principle mechanism for spon-
taneous symmetry breaking in various layered perovskite oxides including the antiferromagnetism
of SralrOy4. As a clear signature of the 2D Peierls instability, we predict that the magnetic domain

wall in SroIrO4 hosts localized soliton modes.

I. INTRODUCTION

Peierls instability is a ubiquitous mechanism originally
suggested in a one-dimensional (1D) lattice at half-filling
that leads to the spontaneous dimerization! Due to the
inherent nesting of the 1D Fermi surface topology, the
translationally invariant metallic state becomes unsta-
ble even in the presence of an infinitesimally weak inter-
action, manifested by the logarithmic divergence in its
static susceptibility at the momentum ¢ = 2kpr where
kp indicates the Fermi momentum (Fig. [[{a)). In two
(2D) or three dimensions (3D), however, the Fermi sur-
face nesting is less likely, and the metallic state is stable
as long as there is no effective attraction between elec-
trons on the Fermi surface and the repulsive interaction
between them is smaller than a certain threshold value.2
Thus the interplay of Fermi surface topology and electron
correlation lies at the heart of the weak coupling insta-
bility of the metallic state with translational invariance.

As an attempt to realize a 2D Peierls system, the lat-
erally stacked 1D Peierls system can be constructed. For
a 1D Peierls building block, let us consider a well-known
polyacetylene chain at its critical point preserving the
translation symmetry. In this system, Fermi surface nest-
ing occurs in the form of a 1D Dirac point at the Brillouin
zone (BZ) boundary (Fig. b)) By considering 1D poly-
acetylene chains at the critical point as being embedded
in 2D, the 1D Dirac point can be extended to a flat Dirac
line node (DLN) spanning the 2D BZ boundary. There-
fore, the 2D extension of the Peierls instability is clued
by the presence of dispersionless zone-boundary DLN at
the critical point. In general, however, it is not easy to
protect a line degeneracy in 2D systems, especially when
both time-reversal T' and inversion P symmetries exist

together with spin-orbit coupling. In fact, even the zone
boundary 1D Dirac point in a polyacetylene chain at its
critical point is not a symmetry protected degeneracy but
merely resulting from the unit cell doubling.

All those difficulties are remediable in the presence
of nonsymmorphic crystalline symmetries such as glide
mirrors or screw rotations, which is known to protect
band degeneracies at the BZ boundary in general® For
instance, let us deform a straight 1D chain at its criti-
cal point to a zigzag form as shown in Fig. [I{c). Due
to the unit cell doubling, the deformed chain has a
1D Dirac point at the BZ boundary. Moreover, the
deformation makes the zigzag chain invariant under a
mirror or a two-fold rotation symmetry combined with
a half-translation along the chain direction, that is, a
glide mirror or a two-fold screw rotation symmetry is
induced by the lattice deformation. Such an induced
nonsymmorphic symmetry renders the zone boundary
Dirac point symmetry-protected, thus it remains gap-
less as long as the corresponding nonsymmorphic sym-
metry is preserved (Fig. d)).4 Arbitrary stacking of the
zigzag-shaped chain does not guarantee a line degener-
acy along the BZ boundary, since the combination of the
two-fold screw rotation and inversion can at most pro-
tect the four-fold degeneracy only at a point (Fig. e)).5
However, when the stacked chain system preserves the
glide mirror of a 1D chain and has an additional in-plane
mirror symmetry embracing the 2D plane, the four-fold
degeneracy of the zone boundary DLN can remain intact
even in the presence of spin-orbit coupling (Fig. f))
Moreover, if the bandwidth of the symmetry-protected
zone-boundary DLN can be controlled to become com-
pletely dispersionless, 2D Peierls instability can occur,
leading to various symmetry breaking phenomena.
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FIG. 1.

Peierls instability and glide mirror in one dimension (1D) and two dimensions (2D). (a) A monatomic chain having a

single electron per site has a nested half-filled band structure with the Fermi momentum kr. The relevant static susceptibility
x(q), which diverges logarithmically at the wave vector ¢ = 2kr. (b) Band structure at the critical point after zone-folding. (c)
A zigzag shaped 1D chain having induced glide mirror symmetry and the resulting band structure. Here the band degeneracy
at the BZ boundary at k = +kp is protected by the glide mirror induced by the lattice deformation. (d) Consequence of
glide symmetry breaking. Here the white and black dots indicate the two sites with different on-site potentials resulting from
electron correlation. (e) A 2D system composed of coupled 1D chains. A generic structure with a two-fold screw rotation can
protect only a few Dirac points at the Brillouin zone (BZ) boundary. (f) When the coupled 1D chains have an additional mirror
symmetry about the 2D plane together with the original glide mirror, a Dirac line node appears along a BZ boundary .

Here we show that such an intriguing idea can be re-
alized in a wide class of layered perovskite oxides. The
central role is played by the in-plane rotation of oxygen
octahedra, which is a common lattice distortion among
layered 2D perovskite oxides. It doubles the size of the
unit cell and, at the same time, generates two orthogonal
glide mirrors, leading to the DLN at the BZ boundary.
Interestingly, the bandwidth of the nodal line dispersion
can be controlled by changing the in-plane rotation angle
0 of oxygen octahedra. When 6 reaches a certain critical
value 6., the DLN on the BZ boundary becomes com-
pletely dispersionless, manifesting 2D Peierls instability
with the logarithmically diverging susceptibility. We pro-
pose that the instability induced by the dispersionless
zone boundary DLN is the principle mechanism for the
canted antiferromagnetic ground state of SrolrO4. Given
the magnetic ground state as a consequence of 2D Peierls
instability, a magnetic domain wall (DW) of SroIrOy is
shown to host 1D localized soliton modes along the DW
boundary. Since the origin of such a flat DLN is solely
coming from the crystalline symmetry, we believe that
the 2D Peierls instability can occur ubiquitously in vari-
ous layered perovskite oxides sharing the same crystalline
symimetry.

The outline of this paper is as follows. The rota-
tion distortion induced nonsymmorphic crystalline sym-
metries is described in Sec. [0l In Sec. [T} we present
the nonsymmorphic symmetry protection of the DLN on
the BZ boundary. The bandwidth of the DLN can be
controlled by rotation angle of octahedra, which is dis-

cussed in Sec. [[V] In Sec. [V] we explain the mechanism
of the dispersionless DLN by the localized line states.
The magnetic instability induced by the dispersionless
DLN on the BZ boundary is discussed in Sec. [VI] As a
consequence of 2D Peierls instability, we predict the do-
main wall fermion in Sec. [VII, which is followed by the
discussion in Sec. [VII} The detailed analysis about the
DLN with four-fold degenearcy along BZ boundary can
be found in Appendix [A] The details of hopping parame-
ters of tight-binding Hamiltonian is given in Appendix B}
The controllable bandwidth is supported by the DFT
calculations in Appendix [C] The stability of DLN in-
cluding staggered tetragonal distortion is presented in
Appendix We perform susceptibility calculations in
the presence of sublattice, spin, and layer degrees of free-
dom in Appendix [E}] In Appendix [F] the detailed infor-
mation about the self-consistent mean-field calculation is
provided. We explain the dispersionless DLN by the di-
agonal localized line states in Appendix [G] Finally, the
detailed analysis on the magnetic domain wall fermion is
given in Appendix [H]

II. LATTICE DISTORTION INDUCED
NONSYMMORPHIC SYMMETRY

Layered perovskite oxides with the chemical formula
A5BOy, as shown in Fig. 2fa), normally undergo several
kinds of structural distortions® The most widely occur-
ring distortions are the in-plane rotation of oxygen octa-
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Rotation of oxygen octahedra and induced glide mirror in layered perovskite oxides. (a) Three-dimensional (3D)

structure of a layered perovskite oxide. (b) Rotation distortion of an octahedron due to the rotation about the Z-axis. (c)
Structure of a layer with the rotation distortion. (d) Operation of the mirror symmetry about Y Z plane (X mirror)and XZ
plane (Y mirror) on a layer with rotation distortion. (e) Tilting distortion of an octahedron due to the rotation about an
in-plane axis. (f) Structure of a layer with the tilting distortion. (g) Operation of the mirror symmetry about YZ and XZ
planes on a layer with the tilting distortion (h) A two dimensional (2D) layer with rotation distortion can be considered as a
coupled one dimensional (1D) zigzag chains with Gy symmetry stacked along the Y direction.

hedra about the z-axis (rotation distortion, see Fig. [2b))
and another rotation of oxygen octahedra about an axis
lying in the 2D plane (tilting distortion, see Fig. 2{e)).
Both rotation and tilting distortions double the size of the
in-plane unit cell as shown in Figs. c) and f), and the
relative orientation of the distorted octahedra between
layers determines the overall space group symmetry of
the 3D structure. In many cases, the bulk properties are
mainly determined by the property of a monolayer due
to the weak interlayer coupling.

There are several materials exhibiting rotation
distortion ™™ For instance, SroIrO4 undergoes a rotation
distortion of oxygen octahedra with the angle 8 ~ 11° in
a staggered manner leading to the v/2 x v/2-type doubled
unit cell before the antiferromangetic (AFM) ordering is
developed? (See Fig. c)) A similar distortion is ob-
served in Ref. [§ and 9 with 8 ~ 9°. Such an in-plane
rotation distortion changes the space group symmetry of
the lattice from the symmorphic group I4/mmm (no.
139) to the nonsymmorphic group I4;/acd (no. 142)10
exhibiting two orthogonal glide mirrors (Fig. [2[(d)). Be-
low we show that the nonsymmorphic symmetry induced
by the rotation brings about remarkable physical conse-
quences.

Explicitly, the two glide mirrors Gxy = {MX’y%%
are the combination of an ordinary mirror Mx y which
inverts the sign of the X-or Y-coordinate and a par-
tial translation (4,1) along the diagonal direction (See
Fig. (d)) Here we choose the /2 x v/2-type doubled cell
as a unit cell, and then the translations of the unit cell
along the X and Y directions span the whole 2D lattice
as shown in Fig. h). The whole lattice can be viewed
as a vertical stacking of horizontal zigzag chains analo-

gous to Fig. f). The presence of these two orthogonal
glide mirrors together with time-reversal T' and inversion
P guarantees the presence of a Dirac line node with four-
fold degeneracy along the BZ boundary as explained in
detail below.

Let us note that, in the case of the tilting distortion 2
which exists in various materials including Lay,CuQO4 and
T-phase cuprates 1314 the distorted lattice hosts only one
glide mirror as shown in Fig. g)7 which can protect at
most Dirac point nodes on the BZ boundary as shown
in Ref. In this case, one cannot expect a significant
enhancement of the susceptibility, thus we neglect the
tilting distortion and focus on the rotation distortion in
the forthcoming discussion.

III. DIRAC LINE NODES (DLN) ON THE
BRILLOUIN ZONE BOUNDARY

The two glide mirrors induced by the rotation distor-
tion of oxygen octahedra can generate the four-fold de-
generate DLN on the full BZ boundary due to the follow-
ing reason. The point group symmetry of the system is
generated by inversion P, and two glide mirrors Gx and
Gy, which transform the spatial coordinate as

P:(X,Y) = (—X,-Y),
1 1
GX . (X,Y) — (7X+§,Y+§) XiUX,

Gy : (X,Y) = (X + %,—Y+ %) xioy, (1)

where ox v,z indicate the spin Pauli matrices. By com-
bining P and Gx,y, one can also define two two-fold



screw rotations Sx = GxP and Sy = Gy P and an in-
plane mirror Mz = GxGy P. In general, when P and
T exist simultaneously, every band is doubly degenerate
at each momentum. Due to the strong level repulsion
between degenerate bands, it is not easy to achieve band
crossing without proper additional symmetries, 2 which
in the present case are Gx and Gy.

Explicitly, let us first explain the role of Gy in pro-
tecting the band degeneracy along the BZ boundary,
kx = £m. As shown in Fig. 2(h), the distorted 2D lat-
tice with rotation distortion can be considered as cou-
pled 1D chains having Gy . Since each chain hosts Dirac
points at the BZ boundary with kx = +m, the distorted
2D lattice can have a DLN along the BZ boundary with
k = (£m,ky) (ky € (—m,m)). On the BZ boundary,
the system is invariant under PT, Mz = GxGy P, and
Sy = GyP = {Coy|(3,1)} where Coy = MyP is an
ordinary two-fold rotation about the Y-axis. Let us note
that Sy contains a half-translation along the X-direction
perpendicular to its rotation axis. This indicates that
the rotation axis of Sy is not located at the inversion
center, that is, Sy is an off-centered two-fold rotation
symmetry 1% Because of such off-centered nature of Sy,
it anti-commutes with PT on the BZ boundary

PTSy = —e v Sy PT, (2)

which forces each Kramers pair on the BZ boundary
to carry the same Sy eigenvalues, i.e., either +ie*v/2
or —ie'*v/2 (See Appendix |[A| and Ref. [I6). Then a
DLN with four-fold degeneracy can occur, if two different
Kramers pairs having distinct Sy eigenvalues are degen-
erate due to the presence of an additional symmetry. In
fact, this is exactly the role played by Mz symmetry. Let
us note that the spin orientation of Sy (Mz) eigenstates
is parallel to the Y (Z)-axis since Sy « ioy (Mz xioz)
due to spin-orbit coupling. The orthogonal spin orien-
tation between Sy and My eigenstates indicates the fol-
lowing anti-commutation relation

Mzsy = —SYMZ7 (3)

which, combined with Eq. (2]), guarantees the four-fold
degeneracy of the relevant DLN. The DLN on the BZ
boundary ky = 4+ can also be understood in a similar
way. Therefore, the DLN spanning the full BZ boundary
arises from the presence of two orthogonal glide mirrors
in systems with P and T' symmetries.

IV. TUNING THE BANDWIDTH OF THE DLN
VIA ROTATION DISTORTION

To demonstrate the presence of the DLN spanning
the BZ boundary and how to control its bandwidth, we
study a tight-binding Hamiltonian relevant to SrolrOy.
SrolrO4 is a representative system in which the inter-
play of strong spin-orbit coupling and electron correla-
tion can give rise to novel spin-orbit entangled ground

4

states 1722 Since strong spin-orbit coupling splits 5d tag
orbitals into a lower energy quartet and a higher energy
doublet with the effective angular momentum Jog = 3/2
and Jog = 1/2, respectively, an Ir** ion has a half-filled
Jog = 1/2 state and fully-occupied Jog = 3/2 states.
Thus, the low energy band structure near the Fermi en-
ergy is dominated by the Ir Jog = 1/2 states, from which
a lattice model Hamiltonian can be constructed.

The unit cell of SroIrQOy4 is composed of four lay-
ers of iridium oxide planes. For convenience, how-
ever, we first focus on the property of a single irid-
ium oxide layer, and then include the influence of
weak inter-layer coupling. By introducing (k) =
[CL,T(k)’CL,i(k)’CTB,T(k)’CTBA,L(k)] as a basis, the lattice
Hamiltonian for a single layer with a rotation distortion
of an oxygen octahedron by an angle 6 (see Fig. [3[a)) can

be written as Hy = >, T (k) H(k, 6)y(k) in which

H(k, 9) = El(k, 9)0’0Tz + €1d(k, Q)O'ZTy
+ [e2(k, 0) + e3(k, 0)]ooTo  (4)

where €1 14(k, 8) = 2t1 14(0)[cos(ks)+cos(ky)], e2(k, 0) =
4t2(8) cos k, cos ky, e3(k, 0) = 2t3(0)[cos(2k, ) +cos(2ky)].
Here we choose the unit translation vectors & and g of
the undistorted lattice as a unit of real space coordinates
for convenience. The explicit form of the hopping inte-
gral t1 14,2,3(0) is shown in Appendix The Pauli matri-
CeS To,z,y,2 (00,2,y,-) denote the A and B sublattice (the
Joft = 1/2 pseudo-spin) degrees of freedom. The diagonal
term ea(k, 0) (e3(k, 0)) indicates the second (third) near-
est neighbor hopping processes between the same sublat-
tices with the same effective angular momenta. The 6
dependence of the hopping integrals is derived from the
Slater-Koster approximation 23

From Eq. , we have obtained the evolution of the
band structures as a function of the rotation angle 6,
which is shown in Fig. [3(b-g). The presence of the DLN
spanning the full BZ boundary is clearly observed. The
band structure of SroIrO,4 with its rotation angle 8 ~ 11°
matches well with the previously reported results'” It is
worthwhile to note that the overall bandwidth of the
DLN on the BZ boundary strongly depends on 6. Es-
pecially when 6 ~ 16°, the DLN becomes completely flat
as depicted in Figs. [3(a) and [3e). Then the resulting
semimetal with zone boundary DLN should be unstable
even in the presence of an infinitesimally small interac-
tion, which indeed links to the 2D Peierls instability.

The emergence of the flat DLN under rotation distor-
tion is further supported by ab-initio density functional
theory (DFT) calculations including spin-orbit coupling
as shown in Fig. B(h-q). To observe the f-dependence
in DFT band structure, the in-plane lattice constant is
varied while the Ir-O bond length is fixed. Figure h—l)
shows the evolution of DF'T band structure for a single
SrolrOy4 layer. During the variation of the rotation angle
0, the bandwidth of the zone boundary DLN (M-X line)
also changes, consistent with the tight-binding calcula-
tions. The four-fold degenerate DLN eventually becomes
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FIG. 3. Dispersion of the Dirac line node (DLN) as a function of in-plane rotation angle € in Sr2IrO4. The band structures in
(a-g) are from tight-binding calculations while those in (h-q) are from first-principles calculations. (a) The paramagnetic band
structure of a single SroIrOy4 layer when 6 = 16°. Here the DLN is dispersionless along the full Brillouin zone boundary. The
definition of the rotation angle 6 relative to the undistorted lattice structure is also described. (b-g) Dispersion of the DLN as 6
varies. Here the purple and green lines are doubly degenerate. The DLN becomes completely flat at the critical angle 6 ~ 16°.
(h-1) DFT band structures of a single Sr2IrOy4 layer as 6 varies while the Ir-O bond length is fixed. Jeg = 1/2 (blue circle) and
Jet = 3/2 (red triangle) bands are displayed by using different colors. The DLNs along the BZ boundary (M-X line) around
the Fermi level become dispersionless at the critical angle § & 23°. (m-q) DFT band structures of the bulk SraIrO4 as 6 varies
while the Ir-O bond length is fixed. All symbols and colors are the same as in the case of a single Sr2IrOy4 layer of (h-1). The
DLNs along the BZ boundary (M-X line) around the Fermi level become almost dispersionless at the critical angle 6 =~ 23°.

almost flat around the critical angle 6§ ~ 23° as shown
in Fig. j). For the bulk SroIrO4 where the unit cell
is composed of four monolayers, four distinct DLNs de-
rived from Jog = 1/2 states on the BZ boundary are
displayed in Fig. m—q). Since Gx, Gy, P, T symme-
tries are all preserved in the 3D structure, the fourfold
degeneracy of each DLN is maintained. The nearly de-
generate DLNs along the BZ boundary (M-X line) around
the Fermi level become almost dispersionless at the crit-
ical angle 8 ~ 23° as shown in Fig 0). Although the
critical angle predicted by the DFT calculations is not
the same as that from the tight-binding calculations, the
overall 8-dependence of the zone boundary DNL indicates
the consistency between them. To provide additional ev-
idence for the tunability of the DLN via rotation distor-
tion, we also have examined another type of §-variation,
which is obtained by changing the Ir-O bond length while
the in-plane lattice constant is fixed. One can again ob-
serve the emergence of the flat bands at a certain critical

angle 6 in both a monolayer and the bulk system, which
supports the robustness of our theory on the band-width-
controllable DNL. (For details, see Appendix )

V. DISPERSIONLESS DLN AND THE
LOCALIZED LINE STATES

When a band is completely dispersionless, it can be
expressed as a linear combination of spatially localized
eigenstates of the Hamiltonian. To fully account for the
origin of the flat DLN on the BZ boundary, let us first
consider a localized state shown in Fig. ] defined along a
diagonal line in the 2N x 2N square lattice as

¥t = Y (=1)eel(r)[0),

rely

1
Wori (5)

where lo—pn, = 1,2,...,2N is the labeling for a diagonal
line with positive (&« = p) or negative (& = n) slope,



FIG. 4.

The origin of the flat Dirac line node (DLN) and the relevant localized line states. (a) Illustration of the origin of

a localized line state. The hopping amplitudes from two neighboring sites on a line to the common nearest neighbor site are
canceled when the sign of the wave function alternates along the line. (b) The hopping processes from a localized line state
to its first, second, and third nearest neighbor sites. (c)The first Brillouin zone. (d) The wave function of the flat DLN at the
momentum k = (m,0). (e) The wave function of the flat DLN at the momentum k = (0, —7). (f) Two neighboring localized
line states can form two degenerate eigenstates of a zigzag shaped chain with the momentum 7. Including spin degrees of
freedom, the localized line states can span four degenerate states with the momentum 7.

while a diagonal line with odd (even) ¢, is composed of
sites belonging to the A(B)-sublattice. r = (14, y) indi-
cates the coordinate of a lattice site, and o = + denotes
the effective angular momentum Jeg, = £1/2. Basi-
cally, |\Il)‘;wo represents a line of states whose local wave
function amplitude changes the sign alternatively along
the line. Tlustrations of such diagonal line states with
positive and negative slopes are shown in Fig. @d,e).

A strictly localized wave function can be an eigenstate
of the Hamiltonian only when the sum of hopping ampli-
tudes onto sites outside the support of the wave function
vanishes?# To examine the condition for |\Il)j‘mo to be an
eigenstate of the Hamiltonian, we first consider the hop-
ping processes between nearest-neighbor sites described
by the the following Hamiltonian

Hy=t00) > [eh(r)eo(r’) + hec]

(r,r'),0

+ t14(0) Z o [ic];('r)ca(rl) + h.c.] , (6)

(r)o

where (r, ') denotes a pair of nearest-neighbor sites be-
longing to different sublattices located at r and ', re-
spectively. In momentum space, H; gives rise to the
terms &1 /14(k, ) = 2t1/14(6)[cos(ky)+cos(k,)] in Eq. (4).
By applying H; to |\I!>‘ng, one can easily find that
H, |\I'>Z7U = 0. Namely, due to the alternating sign of
the wave function along the line, the hopping amplitudes
to neighboring sites are canceled (see Fig. a)), thus
|‘I/>Z’a becomes a localized eigenstate with zero energy.
Therefore the diagonal line states {|\I/>?ag} form a set of

8N independent and degenerate localized eigenstates.

Now we construct momentum eigenstates by taking a
suitable linear combination of the localized diagonal line
states as follows

N
« 1 i e
|\II>A,<7 ((b) = \/N Z 622m¢ |\I]>£a:2m,a ’

m=1
1 L
)50 ()= 7% > ety . (D)
m=1

As shown in Appendix [G] it is straightforward that
|U)%  (¢) is a plane wave state with momentum k sat-
isfying ky + k, = m. Likewise, one can check that
W)’ » (¢) is another plane wave state with the same mo-
mentum. Taking the pseudo-spin ¢ into account, we have
found four linearly independent degenerate eigenstates
which are dispersionless along the BZ boundary satisfy-
ing k; + k, = m. By repeating similar procedures, one
can also show that {|¥)"} /B,o (¢)} form four-fold degen-
erate eigenstates which are dispersionless along another
BZ boundary satisfying k, — k, = 7.

When the hopping processes between the second and
third nearest-neighbor sites are included, the diagonal
line states become dispersive. Thus dispersionless DLN
can be spanned by the diagonal line states only under a
certain limited condition, which, in the present problem,
corresponds to the case when the rotation angle of an
oxygen octahedron reaches the critical value 6, ~ 16°.
The Hamiltonian describing the hopping amplitudes be-
tween the second (t2) and the third (¢3) nearest-neighbor
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of the Dirac line node (DLN) along the Brillouin zone (BZ) boundary becomes flat. (b) Susceptibility x1m(q) has a sharp
peak at q = (0,0) modulo a reciprocal lattice vector. (c) The comparison of Xz and xiFy- The susceptibility with RPA
correction is shown by the black dashed line. (d) The susceptibility xAr\(g) as a function of the rotation angle 6, which
diverges logarithmically at the critical angle 8 = 16°. (e) The phase diagram in the (8, U/t) plane where U indicates the local
Coulomb repulsion and ¢ indicates the nearest neighbor hopping amplitudes. Here the red (blue) dot denotes the critical point
obtained by the RPA susceptibility (the self-consistent mean field study). At the critical angle the system show a magnetic
instability even in the presence of an infinitesimally small interaction.

sites is given by

Hos =ty Z

((r,r")).0

ity Y

{(rr' )0

[co(P) e (") + h.c.]
[l (r)eq(r') + hec], (8)

which, in momentum space, gives rise to e2(k, ) and
e3(k, 0) in Eq. @) By applying Haz to [¥)g , we obtain

Hos W)y o = 2tz = t2)[19)y 4o, + 197 5]
=2t | W) . 9)

Thus, for |\Il>?mg to be the eigenstate of Hys, the condi-
tion to = 2t3 should be satisfied. In fact, this is an iden-
tical condition to obtain 6. at which the dispersionless
DLN appears on the BZ boundary. When further neigh-
bor hopping processes are included additionally, diago-
nal line states may not be localized eigenstates anymore,
but the suitable linear combination of them can recover
compact localized states spanning a flat zone boundary
DLN. Therefore a zone boundary DLN is generally ex-
pected to exist as along as the symmetry of the system is
maintained and there are enough number of control pa-
rameters such as the rotation angle of oxygen octahedra.

It is worthwhile to note that a pair of neighboring diag-
onal line states can construct the degenerate eigenstates

of a zigzag-shaped chain shown in Fig. Ekf ), which consist
of the aforementioned zone boundary Dirac point of the
1D Peierls system. This again supports the idea of view-
ing the distorted 2D lattice as stacking 1D zigzag-shaped
chains with glide symmetry.

VI. MAGNETIC INSTABILITY DRIVEN BY
THE DISPERSIONLESS DLN

Here we discuss the physical consequence induced by
the dispersionless DLN on the BZ boundary. Let us note
that in a polyacetylene chain with zigzag-type deforma-
tion at its critical point, the static susceptibility diverges
logarithmically at the momentum ¢ = 0 (modulo a re-
ciprocal lattice vector) signaling a sublattice symmetry
breaking. Although the nature of the resulting ground
state depends on the effective interaction, the sublattice
symmetry breaking always accompanies the breaking of
the glide mirror that otherwise protects the Dirac point,
leading to a gapped phase with lower energy. A similar
idea can be applied to a 2D Peierls system driven by a
flat zone boundary DLN. Due to the perfect Fermi sur-
face nesting from the dispersionless DLN, the uniform
static susceptibility with the momentum g = 0 (modulo
a reciprocal lattice vector) diverges logarithmically. An
order parameter breaking the glide mirror symmetry can



lift the degeneracy of DLN leading to a gapped insula-
tor with lower energy. In the case of SrolrQy, its ground
state is known to be a Neel-type AFM with in-plane spin
canting (in-plane canted AFM). In the following, we ex-
amine the magnetic instability of this system focusing on
the role of the zone boundary DLN whose bandwidth can
be controlled by varying the rotation angle € of oxygen
octahedra.

Previous theoretical studies have shown that the lattice
model for a monolayer composed of Jog = 1/2 states can-
not capture the spin anisotropy of the system ™22 Thus,
to obtain the in-plane canted AFM ground state numeri-
cally, we consider the 3D structure with the unit cell com-
prised of four layers. Let us note that, as long as the glide
symmetries are preserved, the almost flat DLN can still
appear even in the presence of inter-layer coupling, which
merely renormalizes the critical angle at which the zone
boundary DLN becomes dispersionless. We determine
the magnetic ground state derived from the DLN and
the relevant phase diagram by studying both the RPA-
type spin susceptibility and the self-consistent mean field
theory.

The general form of the spin Susceptibility is

given by Xf)fa/ ll’(q) = _fo dr az(% 7)S /z/( 0))
where the spin operator is defined as S%;(q, ) =

pcI),al( Jo'eptq.ai(T). Here a,a’ and 1,1’ indicate
the sublattice and layer indices, respectively. To dis-
tinguish the two candidate ground states, the in-plane
canted AFM and the c-axis collinear AFM, we have com-
puted the spin susceptibility xiry(q) and x3%y(a) at
the momentum q considering the staggered spin opera-
tor ' = S% — S% in the unit cell. As shown in Fig. b),
the spin susceptibility develops a peak at g = (0,0). The
magnitude of the spin susceptibility for in-plane AFM
ordering is larger than that of c-axis AFM ordering as
indicated in Fig. l(c which agrees with the experimen-
tal results?? Upon varying the rotation angle of IrOg
octahedron, the susceptibility at q = 0 rapidly grows
and reaches its maximum at a critical angle where en-
ergy spectrum along the BZ boundary becomes almost
flat (Fig. d)) Using the RPA-corrected spin suscepti-
bility y®PA = 1_’5)(0 , we can determine the critical value
of the Coulomb interaction U, from the condition that
XRPA diverges at U = U,, which is summarized in the

phase diagram shown in Fig. e).

Additionally, to confirm the magnetic ordering pattern
suggested by the spin susceptibility, we have performed
a self-consistent mean field calculation of a Hubbard-
type model Hamiltonian with on-site repulsion : H =
H; + Hy where H; is a 16 x 16 tight-binding Hamilto-
nian including the sublattice, Jeg = 1/2 pseudo-spins,
and the layer degrees of freedom. The mean-field de-
coupling of the Hubbard interaction is implemented as
Hy = UZ ’niT’I’Lu — =U ZZ(2<Sl> . SZ' — <Sz>2) with
(Si) = (Xoor cT e cigr) = m;.  We determine the
magnetic ordering pattern by computing the order pa—

rameter m4 = (m4, m:}, m?) for sublattice A and m”

Y

(mZ,mf, mP) for sublattice B in the bottom layer self-
consistently. Adopting the “up-down-down-up” type in-
terlayer spin ordering pattern confirmed in previous stud-
es™25 the order parameters in the other three layers
are chosen accordingly. The resulting phase diagram is
demonstrated in Fig. [ffe). The mean field theory shows
that the critical interaction strength U at which the phase
transition occurs, becomes minimal when the rotation
angle reaches the critical value § = 16°. As shown in
Fig. [5f(e), U. determined from x®"* agrees well with the
result from the self-consistent mean field theory, which
confirms that the in-plane canted AFM ground state in
SroIrO4 manifests itself as a consequence of 2D Peierls
instability.

Let us note that in BasIrO4 where Sr is replaced by
Ba, the ground state is an AFM insulator although there
is no rotation distortion (# = 0)2% In this case, since the
space group of the system without rotational distortion
is symmorphic, one may expect that our theory based
on the zone boundary Dirac line node cannot be applied.
However, let us stress that this is not the case. If we plot
the band structure by using the same doubled unit cell,
one can still observe the zone boundary Dirac line node,
and the magnetic instability of the system can still be
described by using the same theoretical framework. The
physical property of the system is independent of the unit
cell choice. The existence of the zone boundary DLN
in BaglrOy4 is confirmed by the tight-binding approach
(see Fig. 3(b)) as well as DFT calculations where v/2 x
V2 unit cell is used (see Appendix . In particular,
one can also observe the flattening of the DLN as 6 is
increased artificially, although the real system with § = 0
can develop AFM state due to the relatively strong U.
This clearly shows that the Dirac line node based AFM
mechanism is still valid in BasIrO,4 system as well.

VII. DOMAIN WALL SOLITONS.

The emergence of zero dimensional (0D) soliton modes
localized at a domain wall (DW) is a hallmark of 1D
Peierls systems, which is normally described by the Su-
Schrieffer-Heeger (SSH) model.*” As a natural extension,
in 2D Peierls systems, one can expect emerging 1D soli-
ton modes localized along a DW, which can be considered
as the coupled 0D soliton modes stacked along the DW
direction. To demonstrate this idea, we have studied the
energy spectrum of a configuration at the critical rotation
angle with a magnetic DW between two canted AFM do-
mains with the net ferromagnetic moments along the +Y
and —Y directions, respectively, as shown in Fig. @(a)
For simplicity, we first have considered a smooth wall
in which the magnitudes of local magnetic moments are
smoothly scaled down to zero as we approach the DW
from the bulk region whereas the direction of spins in
each domain is fixed. As shown in Figs. [f[(b) and [f]c),
one can clearly observe two in-gap states as the 1D soliton
modes localized along the DW. When the local magnetic
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FIG. 6. One dimensional (1D) soliton modes along magnetic domain walls (DWs). (a) A schematic figure showing a 1D DW
parallel to the X axis. The green and orange arrows indicate the magnetic moments in the domain A with the net magnetic
moment pointing perpendicular to the DW. The red and blue arrows are the magnetic moments in the domain B with the
net magnetic moment opposite to that of the domain A. (b) Spatial distribution (along the Y direction) of the wave function
amplitude of a soliton state localized at the DW. (c¢) Energy spectrum of the system shown in (a). The orange, red, blue
lines show the dispersion of the in-gap states when the local magnetic moment at the DW, mpw, is 0.6, 0.1, 0, respectively.
(d) The bulk gap (Apuk) v.s. the gap between in-gap states (Ain-gap) as a function of the magnitude of mpw. (e¢) A DW
configuration and the relevant energy spectrum when the net magnetic moment in each domain is parallel to the DW. (f, g)
A DW configuration and the relevant energy spectrum when the DW is parallel to the x axis and the net magnetic moment is

perpendicular to the DW (f) and parallel to the DW (g), respectively.

moment at the DW (mpw) is zero, the in-gap states ap-
pear exactly at the zero energy, which are dispersionless
due to the same reason as the localized chain states ap-
pear. On the other hand, as mpw increases, the two
in-gap states couple and develop dispersion with a small
gap between them. However, even when mpw becomes
as big as the local magnetic moment in the bulk, the gap
between the soliton modes is ten times smaller than the
bulk gap as shown in Fig. [6{d). Both the lattice model
study and the low energy effective Hamiltonian analysis
consistently show that the in-gap states localized at the
DW share the same origin as the DW soliton predicted
in the original SSH model as discussed in detail in Ap-
pendix [H]

To confirm the robustness of the in-gap states indepen-
dent of the detailed structure around the DW, we have
studied the energy spectra of various DW configurations
considering different DW direction and changing the ori-
entation of the net ferromagnetic moment as shown in
Fig. @(e—g). For instance, allowing the rotation of spin
directions around the DW, we have considered the Neel-
type and Bloch-type DWs, both of which possess similar

in-gap states. (See Appendix [H4d) When the

DW is parallel to either the x or y direction, the in-gap
states appear more dispersive as compared to the case
of DWs parallel to the X or Y directions as shown in
Figs. [6(f) and [6[g). In all cases, it is found that the
in-gap states localized at the DW are robust and well-
separated from the bulk states, thus they are detectable

through local conductivity measurements 2829

VIII. DISCUSSION

We conclude with the discussion about experimental
evidence supporting the presence of zone boundary DLN.
According to the recent ARPES study of La doped iri-
dates La,Sro_,IrOy, a collapse of the charge gap due to
electron doping results in a paramagnetic metallic state
with nodal fermionic excitations? Since electron dop-
ing shifts the position of the Fermi level, which weakens
the instability associated with the DLN, it is natural to
expect the recovery of the zone boundary DLN as long
as two orthogonal glide symmetries remain intact in the
doped paramagnetic state. If one of the two glide mir-
rors is broken, for instance due to the presence of another



nonmagnetic order parameter, the zone boundary DLN
can be deformed to Dirac points protected by the remain-
ing glide mirror.2!' Overall, the relatively weak dispersion
of the zone boundary DLN in SroIrO4 makes the critical
interaction U, small, thus the recovery of the paramag-
netic semimetal with DLN requires a huge reduction of
the effective Coulomb repulsion through carrier doping.#4

On the other hand, in SroRhO4 where Ir** is replaced
by Rh**t having five valence electrons in 4d orbitals, a
paramagnetic metallic state is realized due to the weak
electron correlation and large effective bandwidth. Pre-
vious ARPES study and first-principles calculation con-
sistently show the presence of zone boundary DLN 2330
To induce an instability by controlling the rotation an-
gle of RhOg octahedra, either by applying electric field
or chemical doping would be an intriguing topic for fu-
ture studies. By means of DFT calculations, it can be
shown that the bandwidth of the zone boundary DLN
in SroRhOy4 also changes as a function of the rotational
angle. It is minimized by a suitable choice of the rota-
tional angle as shown in Appendix It is worthwhile
to mention that the position of the DLN is deviated from
the Fermi level due to the overlap with other dispersive
bands resulting in a large effective bandwidth in total.
As a consequence, the instability of the DLN is compro-
mised and the system remains the paramagnetic metallic
state in SroRhOy.

The recent second harmonic generation study as well
as the neutron diffraction measurements?<%3? indicate
that the crystal structure of SroIrQOy is described by space
group I4; /a, which is different from the nonsymmorphic
group I4; /acd. The modification of the crystal structure
is associated with the staggered tetragonal distortion of
oxygen octahedron such that the ratio of the out of plane
Ir-O bond length and the in-plane Ir-O bond length at
the two Ir sublattice sites are different by 0.1 percent.
Even though such a small tetragonal distortion is enough
to generate superlattice peaks for structure analysis, it
hardly affects the electronic structure and thus the in-
stability of the DLN as well. The DFT band structure
calculations shows that the energy splitting due to the
staggered tetragonal distortion is indeed negligible. (For
details, see Appendix [D])

Finally, let us note that our theory can help resolve
the controversy about the origin of the AFM in SrolrQOy,
which is typically ascribed either to the Slater mechanism
or to the Mott mechanism.®® The in-plane AFM ordering
doubles the unit cell and it is accompanied by the insulat-
ing behavior, supporting the Slater mechanism. On the
other hand, the fact that the unit-cell doubling happens
above the Neel temperature and the insulating behavior
is accompanied by significant band renormalization sup-
ports the Mott mechanism. According to our theory, the
correct way to describe the AFM is to take into account
both viewpoints at the same time. Namely, the doubling
of the unit cell due to the lattice distortion generates
symmetry protected zone boundary DLNs which provide
a platform for magnetic instability. Then subsequent
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flattening of the DLN enhances the effect of Mott cor-
relation, which eventually drives the AFM ground state.
We believe that our theory reveals a clear microscopic
picture to understand the interplay between the symme-
try protected band structure and the Mott correlation,
leading to the AFM ground state in SroIrOy4. The in-
tricate balance among the spin-orbit coupled band struc-
ture, lattice symmetry, and electron correlation underlies
the magnetic instability of SroIrOy4, which would provide
a new perspective to envision various the spin-orbit cou-
pled complex correlated electron systems in general.
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Appendix A: Role of multiple nonsymmorphic
symmetries

To describe the symmetry of SrolrOy4, let us use the
V2 x v/2 unit cell from the beginning. Namely, there are
two atoms in a unit cell. Then we define a unit trans-
lation along x and y directions in a way that the first
Brillouin zone is defined as —m < ky, ky < 7. Namely,
here x and y coordinates corresponds to the conventional
a and b coordinates in previous literatures.

1. Point group symmetries.

The point group symmetry of the system is generated
by inversion P, and two glide mirrors G, and G,. In-
cluding time-reversal symmetry, space-time coordinates
transforms as in the following way.

T: (xayat) — ('rayv _t) X in,
P (.’L‘,y,t) — (—$,—y7t>7

1 1
Gw : (xvyat) - (—Z‘—F*,yﬁ-*,t) X’L.O'_,L.’

2 2
1 1
Gy:(Jc,y,t)—>(x+§,—y—|—§,t)xiay, (A1)



Equivalently, one can use two two-fold screw rotations
Sy = Gy P and Sy, = G, P instead of G y. Sg ., trans-
forms space-time coordinate as

1 1
Se i (x,y,t) = (+ =, —y+ =, t) X iog,

2 2
1 1
Sy:(x,y,t)—>(—x+§,y+ §;t> Xidy, (A2)

2. Dirac line nodes on the Brillouin zone boundary.

Here we prove the symmetry protection of the Dirac
line nodes on k, = 7 or k;, = 7 lines. First, let us con-
sider k, = 7 line. On this line, the systems is invariant
under PT', G, S,. Thus every band on the k, = 7 line
can be labelled either by G, eigenvalue or by S, eigenval-
ues. The G, and S, eigenvalues can be simultaneously
determined only if these two symmetries commute. In
any case, let us use G, eigenvalues to label bands on the
k, = 7 line. From G2 = —e'*v we find that G, has two
eigenvalues n, 4+ (ky) = +ieizkv. Then one can define the
G, eigenstates in the following way.

Gelng +(ky)) = ne +(ky) 0+ (ky))

which can be satisfied on the k, = 0 and k, = 7 lines.

To understand the band connection on the k, = =
line, it is useful to examine the commutation relation
between PT', G, Sy. Again, these symmetries transform
the space time coordinates as

(A3)

PT : (z,y,t) = (—x,—y, —t) X oy,

1 1
Gy (zy,t) = (x4 Z,y+ =, t) X ioy,

2 2
1 1
Sy:(x7y7t)_>(_x+§7y+§7t)Xiayv (A4)

Their product transforms the space-time coordinates as

1 1

PTG, : (x,y,t) = (z — 3V 5 —t) x (ioy)(—ios),
1 1

G PT : (z,y,t) = (z + 3 -y + 3 —t) x (iog)(ioy),

1 1
PTS, : (z,y,t) = (x — 2 —y — 2 —t) x (ioy)(ioy),

1 1
SyPT : (x,y,t) — (x + 5 + 3 —t) x (ioy)(ioy),

SyGa : (z,y,t) = (z,y + 1,t) x (i0y) (ioy),
)

GaSy = (2, y,t) = (z,y + 1,1) x (iog)(ioy), (A5)
which gives rise to the following commutation relations

PTG, = %=~ q, PT,
PTS, = e*k=~thv g, PT,

Sny = _GzSyv (AG)

This commutation relation is valid in the whole momen-
tum space.
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Now we again focus on the k, = 7 line on which we
have

PTG, = —e %G, PT,
PTS, = —e S, PT,

S,Gy = —G,S,, (A7)

thus we see that G, and Sy cannot be diagonalized si-
multaneously.

First, let us compare G, eigenvalues of |n, +(k,)) and
PTng +(ky)). From Eq. , we find

GoPT|ng +(ky)) = —* PTG |nq 4 (ky))
= e pT [:I:iei%kﬂnw,i(ky))

= +ie' 7% [PT|ng + (ky))]
=Ny 1 (ky) [PT|ng 4+ (ky))]

thus a Kramers pair |ng +(ky)) and PT'|ng +(k,)) have
the same G, eigenvalues.

Now we compare G, eigenvalues of |n, +(k,)) and
Sy|nz, +(ky)) From the anti-commuation relation between
Sy and G, it is obvious that

G2 Sylng +(ky)) = —[ne, £ (ky)]Sylna, + (ky))

thus |ng, +(ky)) and Sy|n, + (ky)) have different G, eigen-
values.

Since the system is invariant under PT', Sy, G, on the
ky = m line, the four states |n, +(ky)) and PT|ng, +(ky))
and Sy|ng +(k,)) and PTSy|n, +(ky,)) with G, eigenval-
ues ng +(ky), ngx(ky), ne 5 (ky), ne +(ky), respectively,
are all degenerate with the same energy, thus there should
be a Dirac line node with four-fold degeneracy on the
k, = 7 line.

One can perform similar analysis on the k, = 7 line,
and thus the DLN spanning the full BZ boundary can
be understood.

(A8)

(A9)

Appendix B: Details of hopping integrals in
tight-binding Hamiltonian

The bandwidth control by varying the rotational an-
gle of octahedron is important to examine the nesting
induced instability in layered perovskite oxide systems.
Here we explain how the hopping integrals in the tight-
binding Hamiltonian in Eq. are obtained. We use
the Slater-Koster methods to derive the 6-dependent
hopping integrals between spin-orbit coupled states of
[Jer = £3) = J5(|dy= F 5) £ildss F 5) £|duy £ 5)), where
s refers to the spin. It is based on the idea that the
hopping integrals can be decomposed into several hop-
ping elements such as Vygr, Vads, Vads in the d-orbitals
basis and can be parameterized with respect to the rel-
ative displacement between two orbitals. The relative



displacement is then adjusted by the amount of the an-
gle for rotational distortion . (See also Appendix [B 1J).
Accordingly, the explicit form of hopping integrals in (4]
are

1 2
2t1 = E[l?Vddﬂ — Vias — 3Vddg] + g[Vddﬂ + Vddg} cos 260

1
12

2
2t1g = g [Vddﬂ —+ Vddg] sin 20,

[4Vdd7'r - Vdsz — 3Vddg} COSs 49,

1
4ty = 5 [4Vadr + 3Vaas + Vido]
1
6

1
2t3 = Z[4Vddﬂ—n + 3Vdd§n + Vddc”ﬂ]

[4Vadr — Vaas — 3Vaas] cos 46,

1
+ E [4Vdd7'rn — Vddén — 3Vdda’n] cos46.

(B1)
The rotational angle dependence ~ cos46 results from
the intra-orbital hybridization between d,-orbitals. The
rotational angle dependence ~ cos26 in t; describes
the intra-orbital hybridization within d,.-orbitals or
d,-orbitals whereas the rotational angle dependence
~ sin26 in t14 describes the inter-orbital hybridiza-
tion between d, ,-orbitals and d.,-orbitals. The hopping
elements between nearest neighbor sites are chosen as
(Vadrs Vaas, Vads) = (1,—0.25,—1.5) and those for the
next nearest neighbor sites are (Vaarn, Vidon, Vadon) =
I X (Vadn, Vads, Vado) with I = 0.07. The factor [ reflects
the reduction of hopping integral with respect to the dis-
tance. Naively, the reduction factor has to be chosen as
I = (1/2)5% ~ 0.0312, but considering the results from ab
initio calculations/” we have used [ = 0.07.

1. Slater-Koster parameter method

We use Slater-Koster parameters within same sublat-
tice T as follows:

(dyz0,|H|dyz i.r) = Vadar c0s” (0 — ¢) + Vags sin®(0 — ¢),
(dow,0,7|H|dza i) = Vaas 05> (0 — ¢) + Vagr sin® (0 — ),
(duy,0,7 | Hduy,i,r) = Vaar cos*(2(0 — ¢))

+ Viado sin?(2(0 — ¢)).

(B2)

This Slater-Koster parameters depend on the rotation
angle 6 and relative displacement angle ¢ between two
adjacent orbitals where dy g-orbital locates at the origin
and dj ;-orbital at r; = (z;,v;). Thus ¢ is defined by

(COS d)» sin d)) = (.’IJ% yl)/ x? + y’L2 <B3)
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Similarly, we have the Slater-Koster parameters between
different sublattices 7 and 7 which are given by

(dyz0,7|H|dy.i7) = (dyz07|H|dyz i 7)
= Vadr cos(0 — ¢) cos(0 + ¢) — Vaas sin(6 — @) sin(6 + ¢),
(dzw0,7|H|dz2i7) = (dego7 H|dz2 )
= Vids COS(@ — d)) COS(9 + d)) — Vidn Sin(a — qzﬁ) sin(9 + ¢),
(duy,0,7 | H|dzy i 7) = (duy,07|H|dzy,ir)
= Viaar cos(2(0 — ¢)) cos(2(0 + ¢))

— Vado sin(2(0 — ¢)) sin(2(0 + ),

(B4)

The collective rotation allows the hopping between dif-
ferent orbitals of d,, and d., as follows:

<dyz,0,T|H|dza:,i,?> = _<dyz,0f H|dzx,i,7'>

= —Viar cos(0 — ¢) sin(0 4+ ¢) — Vyas cos(f + @) sin(0 — ¢),
<dzx,0,‘r|H|dyz,i,?> = _<dz:z:,0,?|H|dyz,i,‘r>

= Viadr sin(0 — @) cos(0 + ¢) + Vias cos(6 — @) sin(0 + o).

(B5)
2. Hamiltonian with interlayer hopping
The Hamiltonian with interlayer hopping reads
ik.c T
Ao Bio 0 e™=Cy,
i _ Bly, Axe Cxo O (B6)
k,0 ’
0 CILQ Akﬁ Bk,0
eilkzcckﬂ 0 BL@ Akﬂ
where
!
Agp = 5{‘2797000 + Eﬁ%’TIJO + EﬁflgTyUZ,
By = Ei’eTOJO + sfb{%T””oO + EﬁfeTyoz
+ Ef(%TyO'y + €fb(:feryaf”,
BLG = af(ﬂTOUO + sffferxao + sfjeryaz
b
— Ek%rycry - 6{7397,3/017 (B7)

Cxo = aﬁﬂroaO + sf(‘ferxcro + sﬁferyaz
+ si%Tycry + eV 0”,
Cli.@ = 6&797000 + Ef{‘faTIJO +ejpTV0”

_ 2% Y SY T Y T
Ek,eT ag 6k,97— g .

Here, 7% and o with i = 0,2, y, z indicate the Pauli ma-
trices acting on the sublattice spaces and Jeyp = 1/2
spaces, respectively. To fully express Eq. with Pauli
matrices, p' and 7' is introduced without any physical



meaning:
1000 0100
oo 0100 +0_[1000
PT=1oo10|"”7T ~looo 1]
0001 0010
0100 0001
100 0 0010
Y\, 0 T, T __
(w)n(o 00 1 ’p”(ou)o’
0 0-10 1000
0 00 —1
001 0
Yoy —
P 010 0
100 0

(B8)
With this, we can write down Eq. as a compact form

000,60 ad _x 0 0,0 ad' _y _z 0,0
o’’’ + eflym a  p'n’ + el V0%
0.0 x,0 bd _x 0 x, 0 bz z x, 0
o p'n eyt o ptn +alym!o"p'n

eV (i i + Vo™ i

uw _ _a
Hk,o = €k, 0T
“rff(’e'r
+c 00zz+cd10rr+czyzmm
Ex,0T O P T T ExgT O P I T EgT 0 P71
+ Ei%eTyo'ypyny + ElccgfeTyUrpyny-
(B9)

The intralayer couplings are expressed as

€k, = 4t2(0) cos k. cos k,, + 2t3(0)(cos 2k, + cos 2k, ),
epdy = 2t1(0)(cos ky + cos k),
5%; = 2t14(0)(cos ky, + cos k),

(B10)

where the explicit expressions of t1,14,2,3 can be found in
Eq. (B1)). The interlayer couplings associated with By ¢
are as follows:

Ei,o = 2[2Vaas2 + 3Vadnz + Vido-
+(Vaas» — Vadr~) cos 460] cos(ky + ky) /2,
Ei’ge = WVado> — Viadrz + 2(Vadsz + Vaar=) cos 20
+(Vadrz + Vado=) cos(46)] cos(ky — ky) /2,

2 .
Eife =3 Vadsz — Vadrz + Vadsz + Vadnz) sin 26]

x cos(ky — ky)/2,

1
b
{0 = 3

+3Vidoz) cos 20] sin(k, —

2Vaasz — 2Vadnz + Vadsz — 4Vadnz
ky)/za

1
5{209 =3 [—2Vaasz + 2Vidnz + (Vaas: — 4Vadr2

+3Vido) cos 20] sin(k, — ky)/2. (B11)
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The interlayer couplings associated with Cy ¢ are as fol-
lows:

slccﬂ =2 [2Vdd5z + 3Vadr: + Vidoz
+(Vads> — Vadr=) cos 460] cos(ky — ky) /2,
gﬁ(,le = [Vadoz — Vadnz + 2(Vaas: + Vidrz) cos 20
+(Vadrz + Vado ) cos(460)] cos(kz + ky) /2,

2 .
Ekp = 3 [Vadsz — Vadrz + (Vaas= + Vadr-) sin 20]
x cos(ky + ky)/2,

c 1
Exy = o1 (2Vaas: — 2Vadrz — (Vads: — 4Vadnr-
+3Vido-) cos 20] sin(k, + ky) /2,

1
Elp = 21 [—2Viaasz + 2Vadr. — Vaas: — 4Vadr-

+3Vids-) cos 20] sin(k, + ky) /2. (B12)
The hopping elements between interlayer sites are chosen
as (Vadrz, Vadsz, Vado=) = 1 * (1,-0.25, —1.5), where | =
0.04.

Appendix C: First-principles calculations

Our electronic structure calculations were based on
density-functional theory within the local density ap-
proximation (LDA) as implemented in Elk code*® For
the exchange-correlation energy part of the LDA func-
tional, we used the Perdew-Zunger parameterization of
the Ceperly-Alder data4” Spin-orbit coupling (SOC) was
included in the second-variational scheme. Brillouin zone
integrations were performed using 6x6x3 grid sampling
during the self-consistent calculations.

1. DFT band structure calculations

First, we provide the DFT calculations for SrolrQOy,
SroRhOy4, and BasIrO4 with rotational angles from ex-
perimental data. The rotation angles for SrplrOy,
SroRhOy4, and BasIrOy4 are 11°, 10°, and 0°, respectively.
To compare the magnetic instability in these systems,
one need to carefully take into account the Coulomb in-
teraction U, and the influence of additional bands on
the Fermi level together with the zone boundary Dirac
line nodes. The paramagnetic band structures are deter-
mined by DFT+SOC calculations, and the critical U for
metal-insulator transition is obtained by DFT+SOC+U
calculations as shown in Fig. [7] One peculiar property
of the SroRhO4 paramagnetic band structure compared
to that of SroIrQy4 is that the Jog = 3/2 states as well
as the Jeg = 1/2 states largely contribute to the Fermi
surface due to the weak spin orbit coupling. Because
of this, even if the zone boundary DLN becomes flat,
its location is away from the Fermi level, which weak-
ens the magnetic instability driven by DLN. This is also



consistent with the fact that U, for SroRhO,4 is bigger
than that for SroIrO4. On the other hand, in the case of
BagIrQy, the system has an AFM ground state although
there is no rotation distortion. In this case, one may ex-
pect that our theory based on the zone boundary DLN
cannot be applied since the space group of the system
remains symmorphic. However, even in this case, one
can still use V2 x \/i—type doubled unit cell to describe
the magnetic instability since the property of the system
is independent of the unit cell choice. In fact, according
to the DFT+SOC calculations, the zone boundary Dirac
line node is still present if the band structure is plot-
ted by using the doubled unit cell as shown in Fig. [Tk.
The U, for BayIrOy4 is found to be bigger than that for
SroIrOy4, which is consistent with the fact that SrolrOy4
has bigger rotation angle. If the rotation angle is artifi-
cially introduced, one can also observe the flattening of
the zone boundary DLN in BasIrO,4 as shown below.
SrI0, (11°) St,RhO, (10°) Ba,lr0, (0°)
sEl © o

1

Fermi level \
0\\

Energy (eV)

M X
Sr,Ir0, : U, = 1.7¢V

W

Ba,IrO, : U, =2.0eV

NG

Eneray (o)

FIG. 7. (a-c) The DFT+SOC calculations for SraIrOu,
SroRhOy4, and BaolIrO4 with rotational angles from experi-
mental data. The orange line indicates the Fermi level. (d-f)
The DFT+SOC+HU calculations for SralrO4, SraRhO4, and
BagIrO4 with rotational angles from experimental data. The
critical U for SraIrOy4, SroRhOy4, and BagxIrO4 are U, = 1.7eV,
2.3eV, and 2.0eV, respectively.

2. SI'QII‘O4

Here we provide additional DFT calculations varying
the rotation angle #, which is obtained by changing the
Ir-O bond length while fixing the in-plane lattice con-
stant. The #-dependent evolution of DFT band structure
for a monolayer is demonstrated in Fig. a—e). During
the evolution of 6, the bandwidth of the DLNs changes
consistent with Fig. 3(h-1) as well as the tight-binding
calculations in the main text. The emergence of flat
DLNs is found in Fig. [§c). The 6-dependent evolution
of DFT band structure for bulk SroIrO4 is demonstrated
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in Fig. (f—j)7 which agrees with Fig. 3(m-q) in the main
text. The emergence of almost flat bands from the DFT
calculations strongly supports the robustness of our the-
ory on the tunability of DLN via rotation distortion of
octahedra in layered perovskite oxides.

3. SI'QRhO4

Here we provide DFT calculations of SroRhO, vary-
ing the rotation angle 8, which is obtained by changing
in-plane lattice constant while the Rh-O bond length is
fixed as in Figs. [J(a-c) (bulk) and (g-i) (1ML)), and by
changing the Rh-O bond length while fixing the in-plane
lattice constant in Figs. [9(d-f) (bulk) and (j-1) (IML)).
The large contribution of Jog = 3/2 states to the Fermi
surface prevents SroRhQOy4 to fulfill the condition for half-
filled Jog = 1/2 states but the 6-dependent evolution of
DFT band structure is successfully demonstrated.

4. Ba21r04

Here we provide DFT band structure calculations of
BaoIrO4 varying the rotation angle 6, which is obtained
by changing in-plane lattice constant while the Ir-O bond
length is fixed as in Figs.[9](a-c) (bulk) and (g-i) (IML)),
and by changing the Ir-O bond length while fixing the
in-plane lattice constant in Figs. [0 (d-f) (bulk) and (j-
1) (IML)). One can find the almost flat band along BZ
boundary for IML of § = 16° as shown in Fig. [10{j).

Appendix D: DFT band structure calculations
including staggered tetragonal distortion

The second harmonic generation measurement indi-
cates that SroIrOy4 has T4 /a space group, which is also
supported by neutron diffraction studies. In particular,
the neutron diffraction data reported in Ref. [9 identified
the staggered pattern for tetragonal distortion of oxygen
octahedron. Namely, in both A and B sublattices, the
oxygen octahedron is elongated along the c-direction, but
the ¢/a ratios in A and B sublattices are slightly different.
Here ¢/a ratio indicates the ratio of the out of plane Ir-O
bond length over the in-plane Ir-O bond length. Such a
staggered distortion of oxygen octahedron breaks the two
glide mirror symmetries, which may affect the stability
of the zone boundary Dirac line node.

However, if we compare the actual Ir-O bond lengths
at the two Ir sublattice sites, (Ir; and Iry), one can ex-
pect that the staggered tetragonal distortion has very
tiny effect on the electronic properties. More explicitly,
according to the neutron diffraction data shown in Table
I of? the out-of-plane and in-plane Ir-O distance in the
unit of angstrom are given by (2.056,1.981) for Iry, and
(2.057,1.979) for Ir. The corresponding c¢/a ratios are
¢/a = 1.038 for Iry; and ¢/a = 1.039 for Iry, respectively.
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(a) 6=11° (b) 6=22° (c) 0=23 d 6=24° (e) 6=25°
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FIG. 8. (a-j) DFT band structures of Sr2IrO4 as a function of in-plane rotation angle 6, which is obtained by changing the
Ir-O bond length while the in-plane lattice constant is fixed. (a-e) Band structure of a monolayer. (f-j) Band structure of the
bulk. Jeg = 1/2 (blue circle) and Jeg = 3/2 (red triangle) bands are displayed by using different colors. The degenerate DLNs
along the BZ boundary (M-X line) around the Fermi level become almost dispersionless at the critical angle 6 ~ 23° in both a
monolayer and the bulk SroIrO4 as shown in Figs. [§fc) and (h), respectively.
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FIG. 9. The evolution of the SroRhO4 band structure obtained by DFT calculations varying the rotation angle 6.
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Here we

implement two different ways of modifying the rotation angle both for bulk (a-f) and for 1ML (g-1).

Namely, the relative change of Ir-O bond distances for
two iridium sites is on the order of 1073, which is suffi-
cient to produce superlattice peak for structure analysis
but is too tiny to affect the bulk electronic properties.

To demonstrate the negligible influence of the stag-
gered tetragonal distortion on the electronic band struc-
ture, we performed additional DFT+SOC calculations
taking into account the staggered tetragonal distortion
in Fig. When ¢/a = (1.038,1.039) in two sublat-
tices, which is the experimental value, one can see that
staggered distortion indeed has negligible effect on the
band degeneracy of the zone boundary Dirac line node

(on the MX line) as shown in Fig. a). Only when
the staggering of c¢/a ratio is increased artificially up to
¢/a = (1.030,1047) shown in Fig. [1T|(d), the weak split-
ting of the band degeneracy along the MX direction can
be observed. This clearly shows that the influence of
the staggered tetragonal distortion on the electronic band
structure is negligible and thus our theory of 2D Peierls
instability can be applied to SrolrOy.
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FIG. 10. The evolution of the BasIrO4 band structure obtained by DFT calculations varying the rotation angle . Here we
implement two different ways of modifying the rotation angle both for bulk (a-f) and for IML (g-1).
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DFT+SOC calculations of Sr2IrOs4 monolayer with staggered tetragonal distortions.

(a-d) The band structure

obtained by varying ¢/a ratios with § = 11°. The energy splitting due to the staggered tetragonal distortion is negligible in
the energy scale of Dirac line node dispersion. (e-h) The band structure obtained by varying c/a ratios with 6 = 23° when the
zone boundary DLN is flat. The energy splitting due to the staggered tetragonal distortion is negligible.



Appendix E: Susceptibility with sublattice, spin,
layer degrees of freedom

The general form of susceptibility depends on the sub-
lattice, spin, and layer indices:

Xzozja',ll’ (q) =

B ) .
- / dr(Siy(a, 1) (—a,0)),  (B1)

where «,a’ and [,!’ indicate the sublattice and layer in-
dices, respectively. The relevant physical susceptibility
can be expressed as

N 1 N Z2 2 2,2
Xarm (4 i) =B—VZZTT[G(k,zwn)(T o*p*n?)
x G(k + q,iwy + ivy)(T70%p*n7)],

Xian(a, ivg) = VZZ’I&" (k, iw, ) (%7 p*n?)

X G(k + q, iwn, + ivy) (1007 p7n%)],

ZZTr

X G(k + q, iwy, + vy ) (77 (0"

XArn (@ Vn) (k, iwn ) (77 (0" +i0")p*1%)
—ia¥)p*n?)],
i) =55 30 3 TG ) (P + i)
00" — wy)p(;n;))]

x G(k + q, iwy, + vy ) (T

With antiferromagnetic interlayer coupling fixed to

1 0 00

.. [0 -1 0 0] .

=g o _1 ol ina manner of the up-down-
00 01

down-up spin configuration, we focus on spin suscep-
tibility in 2D In that sense, the four susceptibility of
1\7[ are taken into account. Further
2|) reads

XAFM> XM XAFM’
evaluation of Eq. (E2

Tr[ - 3% = 16((iwn — ep)(iwn + ivy — ep4q) + Ak )
% (N (iwn ) Ny q (iwn + i) 71,

Tr[- - )5, = 16((iwn — ep)(iwn + ivn — Eptq) + A} 7q)
X (Ni (twn ) Nictq (twn, + wn))_l,

Trf - ey = 32 ((zwn — ep)(iwn + ivy — epyq) + AL )
X (Nie(iwn ) Nyt (iwn +ivp)) 7,

Tr[ - iy = 32 ((zwn — e (iwp + vy, — 5k+q + A} )

(i

(E3)
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where we have

ad _ad ad’ ad b_b bd _bd

Ajq = —ek'eiiq — el Eichq — Skflerq T Sk kg
+ eizeffiq + sf(yeiﬂq + Eﬁzefﬁq + ehehiq
e+ e+ e — e

Al =efdepd epdepd —eheb,  —ebdeld
- gi)(zsiﬁ-q o giysiiq B 5i7<z5iﬁ-q + 5k€k+q
+ 6ﬁd5fffrq €k Elrq ~ €k Elorq T Ek Elrqs

A} = —eflefd o + eh 6ﬁiq Enfriq  Eer g
- 5i)czsk+q + 6kEk—o—q skd5k+q + gfczgﬁiqa

A4 = ﬁd‘gﬁiq €ﬁd ﬁ{iq Eijcgi)drq Eijcdgfciq
+ Ek 5k+q + Ek€k+q + Ek gi(iq ElchEICcZer

o) = i~ - ()" - ()" - ()
) @) (@) (@)
) ) () (@)

= ((iwn — ) + 23 ((iwn — ) — 24), (B4)

i

with

2 A 2 2 2 2
zic= () (5) + () + () + ()
by 2 bz 2 c 2 cd 2 cx 2
HCORICIRICIIRACHIRNCYH

e\ 2 1/2

() + ()T
The replacement k — k + q and iw, — iw, + iV, in

Eq. (E4) and (E5) can yield Ny q(iw, + ivy,) and Ziq.
After Matsubara summation, we arrive at

(E5)

Xarm(Qs ivy) = % Z[

k
1 Ay 1 1
— (22 ) (G~ )
Z Zk+q Zka+q eﬁ k+1 66 kta 4 1

1 1 )
k+q Zka+q) <€[’Zli +1 eﬁzliﬂl +1

k+q

1 1
( Zka+q) (eﬁzi +1 B eﬁzﬁ+q + 1)

Zka+q) (eﬁzlil+ 1 eﬂzrﬁjq T 1)}
(E6)

k+q

The replacement of n in Ay | with n =1,2,3,4 and the
proper choice of constant factors of 4 or 8 can give us all
kinds of physical spin susceptibility defined in Eq. (| .



1. RPA calculation with sublattice degree of
freedom

In this section, we present results for the magnetic
nesting instabilities within the tight-binding random
phase approximation(RPA) model including the sublat-
tice and Jepy = 1/2 degree of freedoms. We thus provide
the sign and factor in front of U for the RPA calcula-

J

XAB q7

p,k 01,01 02,05 Q1,0 61751
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tion of the spin susceptibility. With the final result in
Eq. below, we can determine the critical value of
U when the denominator satisfies the divergence condi-
tion for example, 1 = Uxo(q) with the perfect nesting
vector q. The obtained critical values of U as a func-
tion of the rotational angle 6 enable us to determine the
phase boundary of the magnetic phase diagram in the
main text. Let us first write down spin susceptibility in
AB-sublattice system.

Z Z Z Z Z (T Cli ;001,01 )( +)U1,Ui (sz)aha,l Ck"'q’o‘/l"’/l(T)

X Cp+q7ﬁ1,02 (O) (07)02 ol (sz),@hﬁ{ Cp,ﬁ{,oé (O)>

23D IDIDIDIC

p.k 01,01 02,04 a1,a] B1,B]

% (T Cp 1,04 (0)C}

ka1,01( )Ck"‘q’o‘,l)”l( )CTJrq,ﬂhUz(O»

0'1 o4 2)01170/1 (07)0'2,0'& (Sz)ﬁlﬁi

(E7)

where aq, o}, 1, 8], denote the sublattice indices and o1, 07, 02,05, the spin indices. Here 7 serves as the imaginary
time not sublattice index as in main text. We formulate the equation of motion for RPA susceptibility. The derivatives

of ©(7) function in the braket gives §(7) function

6(0)<CP7517‘72( )Ck o1, 01( )Ck+q’a/1*”/1 (O)C:>+q7617<72 (O>> -

Employing Wick’s theorem, Eq. (E8) becomes

i i
—{Ck.o1.01 Okt a,04,00 ) Cpiq1,00Op.81,05) —

(E8)

T T
—(Cx 01,00 Okraiat.0t Cpig 1.0, Ol o)

l i
<Ok7a1,01 Cpaﬁ170§><cp+q,61,az Ck+q7a/17‘7/1>

T
<Ck yQ1,01 Op—i—q,ﬁl ,02> <Ck+qva/1»‘7/1 CP15170'§>

where only the second term in first line contributes to
the last line accounting for matrix element of o+ and o~
and (CTCT) = (CC) = 0. Implementing o+, 0~ and s*

Eq. (E9)) reads

< k,a1,01 p’ﬁiﬁé>(a+)

51000 )oto (5% ) arar (57) ot g

< p+q,B1,02 CkJrq’a/l,a’l ) (U+)cf1a{ (07 )os0n (32>a1a’1 (8%)Bron

_<nk¢0«T> + <nk+q,a,¢>a (ElO)

where we reach the last line when the spin index sum-
mations are applied. Next, we should evaluate the

2 C’li .0 (7). The Hamiltonian is given by
H = Ho + Hint

= E e’:‘k/Ck/ a, UCk o0

’
k’,a,0

U
+ 5 > oal,.ol

p,1,q1,0,07,b

CI+Q1,b J/CP qi,b,09

(E11)

- _<Clt70417<71 Cp,ﬁi,Ué)ép,kdﬁl,aiéaz,a' + <CT+OI,/31 UzckJrq 0‘1"71>5p kaﬁlﬁo‘légzvgl’

(E9)

(

with b the sublattice index. There is no inter-sublattice
mixing term in Hubbard interaction due to the nature of
on-site interaction. We obtain

[HO? Cvk , 1, 01](7—) = EkClT(,ozl,al (T)7
[H07 CkJrq,a'l,ai](T) =

[Hinta Cli,al ,0'1}(7—)

u i
- N (Ck+Q1 1,01 01706170'01""‘1170‘1"7/
p.l,q1,0,0,b

70}17017 Clt—ql,al,alcp—ouﬂha)) (T)a
[Hint, Cxtq,a),0)(T)
NZ( p,a) aCk+q+Q17a1,<TiCp qi,a),0

t
—O ot 0/ Ortar a0t Ckra—as o 0) ) (7)-

_51<JrquJrq,o/1 4 (7—)7

(E12)

The third and fourth commutators gives —(ni o, +) and
(Nt q,of, 1) contributions. The resultant Dyson’s equa-



tion is thus

(iwn — ek + Extk) X a5 (D iwn)

= (= (o 1) + (Merqar1)) (1+Uxhp(a,iw,)) -
(E13)

So, we have

(@ isn)o
1 - U(xh5(a,iwn))o

Xh5(Q, iw,) = (E14)

2. Tetrahedron methods in two-dimensional system

As noted in Eq. (E6|), the spin susceptibility takes the
following form

Xnn! q (E15>

1
VZE —Eo(k+q)

The susceptibility diverges when it satisfies the nesting
condition FE,(k) = E,/(k + q). Here we provide the
analytic expression for x,,/(q) by using the tetrahedron
methods. In the previous work by Rath and Freeman
in 19754 the tetrahedron methods are subjected to the
integral over the three-dimensional k-space. A variant
formula to two-dimensional k-space seems obvious but
it is worth clarifying explicit form. Let us choose the
coordinates of the corners of triangle
kl = (070)3 k2 = (Xlao)a k2 = (X27}/2>7 (E16)
and we define V; = E,/(k; +q) — E,, (k;) where i = 1,2, 3.
We then expand the energy difference linearly
Ey(k+q)—E,(k) = A+ Bz + Cy. (E17)
Here the coefficients A, B, C' can be obtained from the
energy difference at the corner of the triangle:

A=V, A+ BX, =V, A+ BXy; +CY, = V3. (El8)
The integral over the triangle can be written as
Ys G Xy x, 1
X = /0 dy ng A7 B0y (E19)

Basically, we assume V; < Vo < V5. For analytic expres-
sion, we have

v Vs ()
Vi=Vo)(Vi =V3)  (Va—Vo)(V1—Va)
V3 In(|V3])

. E20
Vs~ Vo) (Vi — V) (520)
It holds true both for Vi, V5, V3 > 0, V1, Vs, V3 < 0.
We must carefully treat the above expression in the limit
of several cases:
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HVi=Ve=V3, V1 >00r V3 <0
_ 1 (E21)
X T o
WD Vi=Va=V3=0
x=0. (E22)
i) Vi=Va A Ve, Vi £0, Vs 20, Vi >0,V > 0 and

V1 <0,V3<0

Vi = Vs + Van(|2])
X (Vi — V)2

(E23)

v-1) Vi =Va £ V3, V1 #£0,V3=0,V; >0,11 <0
—i (E24)
X_Vl'
lV—2)V71:‘/27é‘/3,V1:‘/2:O7‘/3750
x = 0. (E25)
V)W#VQZVg,V&#O,‘/},#O,V]>0,‘/3>Oal'ld
Vi<0,V3<0
Vi + Vs + Viln(|$])
= : E26
X (Vi — V)2 (E26)
Vi) Vi £ Ve =Va, Vi =0, V3 20, V3 > 0,V3 < 0
_ 1 (E27)
X—V3~
vi-i2) Vi#Vo=V3, V1 #0,Vo=V3=0
x = 0. (E28)
Vll)Vlzoa‘/Q?é‘/é7‘/27V3>0
In(] )
= —23" E29
Voa—Vs (£129)
vili) V3 = 0,V1 # Vo, V1,V2 <0
In(| )
= . E30
VoV (E30)
ix) Vo=0,V1 #£V3, V1 <0,V3 >0
In(| )
= . E31
VW, (E31)

With this exact form of susceptibility one can prop-
erly capture the logarithmically diverging feature as in
Fig. [f[d) in the maintext.



Appendix F: Self-consistent mean-field calculations

The divergent susceptibility due to dispersionless DLN
indicates that the metallic state has an instability to a
gapped phase which breaks the crystal symmetry lead-
ing to AFM state. The specific ordering pattern sug-
gested by the susceptibility calculation is the ab-plane
canted AFM rather than c-axis collinear AFM as shown
in Fig. (c) To verify the magnetic ground state, we
have performed the numerical analysis by means of self-
consistent mean-field calculations. We allow the order
parameters to describe any type of magnetic ordering

patterns, thus we set m* = (m2, m§17 m2) for sublattice
A and m” = (mZ,mf,mP) for sublattice B within a

monolayer. The other order parameters in the remaining
three layers are chosen by assuming the well-known “up-
down-down-up” ordering pattern for net ferromagnetic
moments. 2> The chemical potential  is determined it-
eratively to ensure the half-filling condition. The toler-
ance factor for the numerical iteration is fixed to 1075
to ensure the convergence of the order parameters and
chemical potential for given (6,U) during several hun-
dreds of iteration times. The resulting phase diagram
is shown in Fig. e). In the regime for the ab-plane
canted AFM phase, due to the spin anisotropy originat-
ing from interlayer-coupling, the arbitrary initial value
including the c-axis AFM converges into the ab-plane
canted AFM as a final solution. We also have confirmed
that the total energy of the ab-plane canted AFM is lower
than that of the c-axis AFM. The critical interaction U,
from self-consistent calculation agrees well with that from
RPA-corrected susceptibility calculations. Convergence
to ordered phase is tricky near critical rotational angle 6,
within our mean-field calculation scheme. More sophisti-
cated numerical calculation may be needed to elaborate
the results near the critical rotational angle. However,
the overall tendency of the critical interaction U, as a
function of the rotational angle € is consistent with each
other as shown in Fig. [5f(e).

Appendix G: Localized line states

We have introduced the diagonal line states in Eq. (5
providing us the basic building blocks to formulate the
localized wave functions in the square lattice. Here, we
will show that appropriate linear combinations of such lo-
calized diagonal line states with positive (negative) slope

J
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correspond to the degenerate eigenstates along the BZ
boundary satisfying k, +k, = 7 (k; —k, = 7). From the
localized diagonal line states in Eq. , using the Fourier
transformation cf (r) = we find

1 —ik-r
/AN 2 Zk e Ck,,o‘

1 N
|\IJ>a _ - 12m¢ _
A,o (¢) \/Nmz::l |\I/>£ =2m,o
1 N
Raks e

)’ eiik"“c};g [0y, (G1)

7,2m¢
w3

where r = (rp,ry +2m —1) (r = (ry, —r, +2m — 1)) for
a=p (a=mn) with r, =1,2,...,2N. For a diagonal line
with positive slope, we obtain

LTS 35 35

k m=1ry=1
~ eiZmd)(_l)rz672k~(rz,rz+2mfl) T |O>
)

—QNQZZZ

kE m=1r,=1

ei[rm(‘“'_km_ky)+2m(¢7_ky)+ky]CL " ‘0> , (GQ)

which, in the thermodynamic limit, becomes

1 .
)50 (0) = NG Z 50,7771@171@50,¢7kyelkyc,t,o |0),
k
1
= e 0) (G3)

2t Clka=n—oky=0).0

In this way, we obtain the Bloch state [¥)", (¢) which
is defined along BZ boundary satisfying k, + k, =

The same property holds for |U)S (4) by changing sub-
lattice 7, pseudo-spin ¢ and slope a indices with the
wave number ¢ defined along the BZ boundary satisfy-
ing ky + ky = 7 (kg — ky = m) when it comes to positive
(negative) slope. Finally, the explicit form of the critical
rotational angle from the condition to = 2t3 is given by

Lo 1

V5Vads — 8Vaas: + AViaar — 16Vaan + 3Vado

0. = - tan

Appendix H: AFM domain wall in-gap states

In this section, we analyze the in-gap states localized in antiferromagnetic domain wall of SroIrQy4 system.

2 V2 /=2Vaas + 5Vaas — 4Vaar + 4Vddﬂ/(+ ?))Vdda’ .
G4
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1. The Full Hamiltonian

The tight-binding (TB) Hamiltonian of a single-layer strontium iridate is given by

H(k) = (e2(k,0) + e3(k,0))oomo + €1(k, 0)oo7s + €1a(k, 8)0.7y, (H1)
where
ea(k,0) = 4t2(0) cos ky cos ky,
es(k,0) = 2t3(0)(cos 2k, + cos 2k,)
e1(k,0) = 2t1(0)(cos ky + cosky)

e1a(k, 0) = 2t14(0)(cos ky + cos k).
Or, rewriting the above equation in matrix form, we have

H(ky, ky) = (4t cos ky cos ky + 2t3(cos 2k, + cos 2ky))ooTo+

0 2(t1 — it1q)(cos kg + cos ky) 0 0

2(t1 + it1q)(cos kg + cos ky) 0 0 0 (H2)
0 0 0 2(t1 + it1q)(cosky + cosky)
0 0 2(t1 — it1q)(cos kg + cosky) 0

When we introduce a magnetic ordering into the system, the Hamiltonian becomes

H(ky, ky) = (4t2 cos ky cos ky + 2t3(cos 2k, + cos 2ky))ooTo+

0 2(ty —it1a)(cos kg +cosky)  mz —im;) 0
2(t1 + it1a)(cos kg + cos ky) 0 0 mb —imp (H3)
ma 4 im;4 0 0 2(t1 + it1q)(cos kg + cosky)
0 mE +imf  2(ty —it14)(cos ky + cos k) 0
For the sake of convenience in later calculations, we choose a new set of coordinates (Kx, Ky ) = %(k:erky, ky—Fky).
Then the Hamiltonian reads
H(Kx,Ky) = (2ty(cos V2K x + cos \@Ky) + 4¢3 cos V2K x cos \/ﬁKy)UOT(H—
0 o 4ty — itld)cosf{jx COj/f;Y mit —im;} 0
Aty + ityq) 5 20 0 0 mZ —imp (H4)
i+ i) 0 0 Aty - it1) S e
0 m% +imf A(ty — ityq) R Ry 0

2. The Low Energy Effective Hamiltonian

We already know that the band structure of the Hamiltonian (2) has a four-fold degenerate nodal line, close to
the Fermi energy, along the Brillouin zone (BZ) boundary. Since we are interested in the low energy physics near
the Fermi level, we expand the Hamiltonian around a certain point on the BZ boundary (Kxo, Kyo). As we set

(Kx0, Kyo) = (0,7/v2),
H(5Kx,5Ky) +4t30’07’0 =

0 —2v2(t; — it14)6 Ky mit —im;}! 0
—2V2(t + it14)0 Ky 0 0 mf —imp 9
mZ +im;} 0 0 —2V2(t1 +it14)0 Ky +O(K"). (H5)
0 m% +imP —2V2(t; —it14)0 Ky 0

The 4tz007p term does nothing but just give a constant shift to the band structure, so we neglect it from now on.
Then, up to the first order of d K;’s, the effective Hamiltonian is written as

0 —2V2(t; —it14)0Ky mg — img! 0
—2\/5(251 + it1d)5Ky 0 0 mB —imB
H(0Ky) = z Y H
(0Ky) ma + im} 0 0 —2V2(ty + it1q)0 Ky (H)

0 m8 +imp —2V2(t1 —it14)0 Ky 0



3. A Single Domain

To consider a single domain with the net ferromagnetic
moment in +Y direction, we put

mf = mcosq, m;;l =msina
B _ : B _
m, = —msina, m, = —mcosaq, (HT7)

where m and « are positive real constants which denote
the magnitude of the magnetic ordering and the angle
between m” and z-axis, respectively. The Hamiltonian
with such configuration has several local symmetries: G,
C, and M.

G= %(O’x — 0y) T
1
C= %(UI +0y)7y
M=o0,1, (H8)

H(0Ky) commutes with G and anticommutes with C and
M. Using the following similarity transformiation U that
diagonalizes G (UGU'T = diag(—1, -1, 1,1)),

1—i 1
—50 0 &
0o - L o
U=| 1= o 97 ol (H9)
2 , V2
0 % 5 0
PR
we can block diagonalize H(6Ky) into
H'(§Ky) = UH(6Ky)U?
_ (H,(0Ky) 0 (H10)
- 0 H(0Ky) )’
where
_ 0 —t5Ky —m
Hu(0Ky) = (—E*(SKY — m* 0 ) '
o 0 7£5Ky +m
H(0Ky) = (—f*(SKy e 0 ) . (H11)
Here, f and m are defined as f = 2v/2(t3 — it4) and m =
me~HetT),

Eigenvalues of each blocks are given by
E.(6Ky) =+ |[t6Ky + 1|,
Ei(6Ky) = £ |t6Ky —m]. (H12)

When Ky goes to zero, the eigenvalues become +m.
Thus, we confirm that a gap with size 2m opens at the
point (Kxo, Kyo) = (0,7/4/2) in the case of the single
magnetic domain.

4. A Domain Wall Along [110] Direction

Now we think about a system with a domain wall that
separates two domains with different net ferromagnetic
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moments: one in +Y direction, and the other in —Y
direction. We can get the Hamiltonian of such system
by modifying the magnetic ordering used in the previous
section. In this section, we investigate three different
types of domain wall models: Smooth, Néel, and Bloch
domain wall.

a. Smooth Wall

First, we consider the simplest model, in which the
magnitude of the magnetic moments changes, but their
directions stay still. In such a smooth wall, the magni-
tude of the magnetic moments is smoothly scaled down
to zero in the transition region. Multiplying tanh(8Y)
to Eq. (HT7)), we have the smooth wall configuration with
the domain wall lying in the Y = 0 plane.

m2 = mcosatanh(8Y),

m;‘ = msin atanh(5Y),

mB = —m sin a tanh(3Y),

myB = —m cos atanh(8Y). (H13)

The role of tanh(8Y") here is to invert the magnetic mo-
ments as Y changes its sign, where |3| determines the
stiffness of the domain wall profile.

Under the similar transformation introduced in the
previous section of the single domain wall (Ap-
pendix , M transforms into M’ = og7,. As H an-
ticommutes with M, H' anticommutes with M’. Thus,
both of the 2 x 2 block Hamiltonians anticommute with
7,. Because H, and H; anticommute with 7,, if these
block Hamiltonians have zero energy eigenstates, the
zero-eigenstates should also be eigenstates of 7., so they
are of the form (f(gf)), or (g(%)) In the presence of
the domain wall, the periodicity of the system along the
Y direction is broken, and thus Ky is no more a good
quantum number. Therefore, we replace 6 Ky by (—idy)
to solve the Hamiltonian equation. Then we have

0 itdy — mtanh(3Y)

Hu,scale(aY) = <zf*3y — m* tanh(8Y") 0

0 ity + mtanh(BY)

Hl,scale (aY) = (@f*ay +m* tanh(ﬁY) 0
(H14)

For the upper block, (it*dy — m* tanh(8Y))f,(Y) =
0 gives a solution f,(Y) ~ cosh(BY) =" /BT while
(itdy —mtanh(B8Y))g.(Y) = 0 gives a solution g, (Y) ~
co§h(ﬁY)_im/ﬁ£. On the other hand, for the lower block,
(it* Oy +m* tanh(5Y)) f1(Y) = 0 gives a solution f;(Y) ~
cosh(BY) /8" and (ildy + mtanh(BY))gi(Y) = 0
gives a solution g;(Y) ~ cosh(BY)"™/5t Substituting
m/t to ¢, we can simply write the solutions in the follow-

).
).
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FIG. 12. Dispersion of domain wall states of the smooth wall
(a) with and (b) without zero magnetic moment atoms at the
domain wall position.

ing form

(H15)

In general, only two of these solutions are physically al-
lowed, since we must discard solutions whose norms di-
verge as Y — +o0o. Which solutions survive depends on
the signs of m, «, and 8 (and on the magnitude of « as
well).

m me Hotd)
C= — = —_—
t t3 — 1ty
me_i(a+%)
e
= %e—“‘”%—@ (H16)
where ¢ = tan™'(ts/ts), |fu(Y)]* = fi(Y)fu(Y) be-
comes
9 _il;(ei(a+%—¢)_e—i(f¥+%—¢))
|fu(Y)|” ~ cosh(BY) 71
~ cosh(8Y) I FE9), (H17)

Repeating the same calculation for the other solutions,
we are left with

2’? sin(a+§ —¢)

=
~
2
o
Z
=
IS
~

f3| ‘ sin(a+§ —¢)

(H18)
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Eq. (H18)) states that if % < 0, the two valid solutions
would be f, and g;, while if Qﬁ < 0 the valid solutions

would be g, and f;. For example, when m and ? are
given to be positive, and (¢ — ) < /4, |fu(Y)|” and
|gl(Y)|2 have positive exponents, so they are unphym—
cal. Meanwhile, |g,(Y)|?> and |f;(Y)]* have negative ex-
ponents, therefore g, and f; are the final solutions that
we have been seeking for.

However, numerical calculation for a finite size system
does not always give the zero energy eigenstates. Only
when the system has atoms located exactly on the do-
main wall thus there is a line of atoms with zero magnetic
moment on the Y = 0 plane, i.e. npy = 0, the doubly
degenerate zero mode appears, and otherwise, the do-
main wall states are gapped. It is similar to a situation
that happens in the case of Su-SchriefferHeeger (SSH)
model; a domain wall in the SSH model exhibits zero
modes if there is an atomic site right on the domain wall,
but does not if a bond is located on the domain wall
instead of an atomic site.

b. Néel Wall

Kx[

]
V2a

FIG. 13. Dispersion of domain wall states of the Néel wall.

When magnetic moments rotate around an axis paral-
lel to a domain wall plane in the transition region, it is
called a Néel wall. The domain wall configuration for the
Néel wall is defined by



24

m* = m(cos atanh(BY) 4 sin asech(BY'), — cos arsech(8Y) + sin atanh(BY), 0),
mB = —m(sin a tanh(BY) + cos asech(BY), — sin asech(BY) 4 cos a tanh(8Y), 0). (H19)

Then the transformed effective Hamiltonian becomes

H;Veel(éKY) =
0 —t§Ky — mtanh(8Y) 0 —imsech(BY)
—t*§ Ky — m* tanh(3Y) 0 —im* sech(BY) 0 (H20)
0 imsech(8Y) 0 —t5Ky + mtanh(8Y)
im* sech(BY) 0 —t*0 Ky + m* tanh(BY)) 0

Unlike Hy scale and Hj scqre which were totally decoupled, it is obvious that Hy neer and Hj nee; are coupled to each
other. It means that the two domain wall state are mixed and a gap opens.

c. Bloch Wall

)
V2 a

Kx[

FIG. 14. Dispersion of domain wall states of the Bloch wall.

When magnetic moments rotate around an axis perpendicular to the domain wall plane in the transition region, it
is called a Bloch wall. The domain wall configuration for the Bloch wall is defined by

mA = m(cos atanh(BY), sin a tanh(BY’), sech(3Y")),
mB = —m(sin a tanh(BY), cos a tanh(8Y'), sech(BY)). (H21)

Then the transformed effective Hamiltonian becomes

H/Bloch (5KY) =

msech(8Y) —t§Ky — mtanh(3Y) 0 0
—t*6 Ky — m* tanh(3Y) —msech(8Y) 0 ) 0 (H22)
0 0 msech(8Y) —tdKy + mtanh(5Y)
0 0 —t*§Ky + m* tanh(BY) —msech(8Y)

This time, H'

w/l, Bloch, NO MOTE anti-commutes with 7., so the zero modes do not exsist.

(

* equal contribution f [Corresponding author:|hsjin@unist.ac.kr
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