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Nonsymmorphic crystals can host characteristic double surface Dirac cones with fourfold degeneracy on
the Dirac points, called wallpaper fermion, protected by wallpaper group symmetry. We clarify the charge
and spin Hall effect of wallpaper fermions in the presence of the (anti)ferromagnetism. Based on a four-
sublattice model, we construct the effective Hamiltonian of wallpaper fermions coupled with the ferromagnetic
or antiferromagnetic moment. Both ferromagnetic and antiferromagnetic moments induce an energy gap for the
wallpaper fermions, leading to quantized (spin) Hall conductivity. The ferromagnetic wallpaper fermion induces
the Hall conductivity quantized into e*/h, which is twice that for a single Dirac fermion on the surface of
topological insulators. On the other hand, the spin Hall conductivity decays and reaches to be a finite value as
the antiferromagnetic coupling increases. We also show that the results above are valid for a general model of

wallpaper fermions from symmetry consideration.
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I. INTRODUCTION

Topological insulators (TIs) host a single Dirac fermion
on their surfaces, gapless surface excitations protected by
time-reversal symmetry (TRS) [1-9]. In recent years, there
has been growing interest in characteristic topological surface
states that arise from nonsymmorphic space-group symmetry
[10-14]. One is the surface states protected by two glides,
called a wallpaper fermion [15-17], which has a fourfold-
degenerate Dirac point accompanied by linear dispersions.
Therefore, a wallpaper fermion potentially exhibits phenom-
ena distinct from those in TIs, and can be a platform for a
highly efficient device with novel functionality, such as spin-
tronics.

A single Dirac fermion on the surface of TIs yields unique
spintronic properties, thanks to its topological and spin-
momentum-rocking natures [18-20]. On the other hand, one
promising direction of spintronics is to use an antiferromagnet
[21-24], owing to their varieties and high-frequency response
[25-29]. Differently from a single Dirac fermion on the sur-
face of TIs, a wallpaper fermion can be coupled with both
ferromagnetic (FM) and antiferromagnetic (AFM) moments,
due to the fourfold degeneracy stemming from the spin and
sublattice degrees of freedom. Therefore, a wallpaper fermion
is a candidate for the AFM spintronics with topological elec-
tronic states [30,31].

In this study, we clarify the fundamental properties of the
FM and AFM wallpaper fermions, deriving an effective model
from a four-sublattice model. Both FM and AFM couplings
are shown to induce an energy gap for the wallpaper fermions.
The Hall conductivity for the FM case is quantized into
twice the value predicted for conventional TIs. The spin Hall
conductivity (SHC) decreases with increasing the FM/AFM
coupling. In the strong-coupling limit, the SHC vanishes for
the FM case, while it remains a finite value for the AFM case.
The model is proven to be generic for wallpaper fermions
from symmetry consideration.
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This paper is organized as follows. In Sec. II, we derive
an effective Hamiltonian of a wallpaper fermion. Next, we
consider the effect of FM and AFM coupling in Sec. III.
In this section, we show the behavior of SHC and the de-
generacy of eigenvalues of the Hamiltonian. In Sec. IV, we
prove that the effective Hamiltonian is sufficiently generic
from the viewpoint of symmetry. We give some comments
about our model in Sec. V, and summarize our work in
Sec. VL.

II. EFFECTIVE MODEL FOR SURFACE STATES

In this section, we construct an effective Hamiltonian of
the wallpaper fermion on the xy surface in a four-sublattice
model [15] with space group P4/mbm (No. 127), as depicted
in Fig. 1. The obtained Hamiltonian is beneficial for calcu-
lating physical quantities such as (spin) Hall conductivity, as
discussed in the subsequent sections.

A. Bulk Hamiltonian

First of all, we review a four-sublattice model given in
Ref. [15]. The crystal structure of the model is the square lat-
tice stacking along the z axis, and consists of four sublattices
A, B, C, and D. The A and B (C and D) sublattices are located
on the z = 0 (z = 1/2) plane.

The Hamiltonian H(k) = 'H}Cy(k) + ’ny(k) + V,(k) for
bulk is given by

ky k
’H)lcy(k) = cos (;) cos (%)[fﬂx + v1,0,]

+ sin (—)COS <—y )[vltua,]
2 2 e

— Cos (—x >sin <—y )[vﬂua] (1)
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©2023 American Physical Society


https://orcid.org/0009-0004-8276-1045
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.107.235301&domain=pdf&date_stamp=2023-06-05
https://doi.org/10.1103/PhysRevB.107.235301

KOKI MIZUNO AND AI YAMAKAGE

PHYSICAL REVIEW B 107, 235301 (2023)

H, (k) = tolcos(ka) + cos(kya)]
+ Sin(kxa)[vﬂfzﬂzax + U;z/*l“zay]
U H0x], (2)

k.a k.a,
V. (k) = cos 2 Uiy + sin — U Ly

+ cos (k ){cos(k a) + cos(kya)yvy i,

. k.a,
+ sm( 5

‘){cos(kxa) + cos(kya)}vafty, 3)

+ sin(kya)[vp T 0.0y —

where 7, @, and o are the Pauli matrices acting in the
in-plane sublattice (A,B) [(C,D)], layer sublattice (A,C)
[(B,D)], and spin spaces, respectively. ’H}Cy is the nearest-
neighbor hopping in the same layer, ’Hﬁy is the next-
nearest-neighbor hopping in the same layer, and V, is the
spin-independent hopping between neighboring layers.

B. Surface state on the M point

Next, we obtain the effective Hamiltonian of the surface
states near the M point (k,a = kya = ), where the wallpaper
fermions appear. To derive the effective Hamiltonian, we first
obtain the wave function of the surface state for k.a =k,
a = . From this solution, we can construct an effective the-
ory in the vicinity of the M point by perturbation expansion.

The Hamiltonian for kya = kya = 7 in the bulk, H;; =
H(m /a, 7w /a, k), is written as

), @)

2v,. We further transform

Hiz = —2t, + A, cos ( :

k k.a,
Zzaz> + Az iy sin ( Zza“

withA; = u; —2v; and Ay = up —

the above Hamiltonian by U = eik%/:/4 a5
Hssu(k) = U'HU = =26+ R - )
with
Re=Aizd At A ), (6)
2 2
R, = 41 ;Az sin(k.a.), 7
R. =0. ®)

The above is equivalent to the Su-Schrieffer-Heeger (SSH)
model [32], which is of class BDI [33], and has the Z clas-
sification by the winding number, as shown below.

We can define the winding number v,, € Z of the parame-
ter vector (Ry, R,) wrapping the origin by

i /” dk.q aq R, — iR,
Vw = — q = —,
2w J_ ak 2 2 ®)
n /R; + R;
which corresponds to the number of surface zero modes.
Therefore, when AjA; < 0, the winding number satisfies
vy = 0. On the other hand, when A;A, > 0, the winding

number satisfies v,, = 1. From above, we can find that this
Hamiltonian is topologically nontrivial when AjA; > 0.

To obtain the concrete form of wave function for the
surface state, we solve the tight-binding model Hssy in the
semi-infinite (z < 0) space as

0
Z Z [CI’[eu,pcp,i + (cz,i_ltv,pcp',’ + H.c.)l,

Hssy =
V,0 I=—00
A —A
-2t ! 2 0 0
€=14,—-4A, 2 , t=[A1+A ol
—2t
2 ’ 2

(10)

where ¢! is the creation operator of the fermion on the

v = AB, CD layer at the ith site. The system is terminated
at i = 0 by the CD layer. The Schrodinger equation is given
by Hssu|v) = E|y). The wave function has the form

0
¥) =YY auich,l0), (11)

vV i=—00

where |0) is the vacuum which satisfies ¢, ;|0) = 0. From the
above Schrodinger equation, we can find the recurrence form
of o; = (aas., otCD,,-)T as follows:

€o + toiq +Z‘TO£,‘_] = 2pha; for i< -1, (12)
eap+1tTa_; = —2na (13)
for the state with the energy £ = —21,. Now, we assume an

exponential form o; = AMu, whereu = (u, v)Tisa two-spinor.
Equation (12) is rewritten as follows:

[A] — Ay + (A + A0 v =0, (14)
[A; — Ay + (A1 + A)AJu = 0. (15)

The solutions are obtained to be

A+ A 0
A=— , = , 16
A-4a " <1> (10
and
A — A 1
A=— , = . 17
A +a " (0> an

For AjA; > 0, the former solution decays into i — —oo,
[A] > 1. The normalized form is given by

[¥) =

VA, Z < A1+A2> chpl0),  (18)

A +Ay

which also satisfies the boundary condition, Eq. (13). On the
other hand, for AjA; < 0, Eq. (17) is a decaying function but
does not satisfy Eq. (13). This means that the zero-energy
surface state appears only for AjA; > 0, which is consistent
with the discussion based on the winding number. Note that
the zero-energy surface states in the whole system are fourfold
degenerate with respect to T and o degrees of freedom.
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FIG. 1. Crystal structure of the toy model. This crystal has a
symmetry of space group P4/mbm (No. 127) (Dy;,). The model also
has mirror symmetry in the z = 1/4, 3/4 plane.

Finally, we derive the effective Hamiltonian of the wall-
paper fermion by mapping the bulk Hamiltonian onto the
surface states at the M point. The surface states derived above
consist of only the CED, ; component, where all the states have
;= —1, then p, = u, = 0. Therefore, only the in-plane
hoppings (1) and (2) appear in the effective model. We obtain
the effective Hamiltonian

Hyp = HM'}tzz—lxMx:ﬂ,\‘:o = H\,lvp + Hvz,p, (19)
with
1 Vsl Us2
pr = —fo(kxax — kyO'y) + 7Tz(kx0'x + kyay)
v
+ TTZTO(kxO-y - kyax)a
HV%,p = %(t] T + V17,0 )kiky, (20)

up to the second order of k, where k, and k, are measured
from the M point. Here we set a = 1 for simplicity. The last
term, proportional to kk,, is derived from the first-order ex-
pansion of Eq. (1), and the second-order expansion of Eq. (2)
is neglected, assuming the band gap is sufficiently large. In
addition, the term ¢, (kf + ky2 )ooTp is also omitted in order to
reproduce only double Fermi surfaces (lines) in the Brillouin
zone projected onto the (xy) surface. This assumption can be
justified by introducing the cutoff momentum or higher-order
terms.

The energy dispersion is shown in Fig. 2. We can find
the fourfold-degenerate point protected by the double glide

|
(-10) 7 (L1)
XM MT

(b) 2Dplot

FIG. 2. Energy dispersion of the wallpaper fermion. The param-
eters are taken as t; = 0.03, v,; = 0.05, vy = 0.1, vy, = —0.2, and
v/, = 0.15. (a) Gapless dispersion around the M point. There is
fourfold degeneracy for k, =k, = 0. (b) The corresponding two-
dimensional (2D) plot along the k, =0 (XM) and k, = k, (MT)
lines. Each dispersion on the XM line is twofold degenerate due to
the glide symmetry of the system.

and TRSs for k, = k, = 0 and twofold-degenerate dispersion
protected only by the glide on the k, = 0 line.

C. Effective linear model

This section shows that the linear terms HV',p of the effective
Hamiltonian are equivalent to two independent Dirac fermions
and that the quadratic terms Hv%p give a mass term and hy-
bridize the Dirac fermions.

We define the unitary matrix V =e where
¢ = arg(vyp + iv),). The effective Hamiltonian is transformed
by this matrix as

Hy =V'H,V

—i¢t,0,/2

vy Vg1 2D
= ?Tz(kxax + kyoy) — TTx(kax — kyoy),

where v, =,/ vsz2 + v;% The effective theory has a conserved

charge X:
X = 1,0, [X.H},]=0. (22)

Here we apply the following unitary transform:

1
P=— T os |7t los |7/t ) =), (23
ﬁ(|+) [Fos [=)el=os =)l H)os [F)el=)o), (23)

TyO'Z|‘L')T|O'>(, =10|T)¢|0)s, 24)
as
P'XP = diag(1, 1, —1, —1). (25)

Therefore, using this matrix P, the Hamiltonian is decom-
posed into vap in the X = =1 sectors as

Y = purp— (e O (26)
A R W e

with
U2 Us1
H“j,:p = ?(kxax + kyay) + T(kxay + k}*ax)~ (27)

This 2 x 2 representation is useful for evaluating the Hall
conductivity in the ferromagnetic case, as discussed in the
subsequent section. On the other hand, the quadratic part H\f,p
hybridizes the X = +£1 sectors. The second-order term H“z,lD is
transformed as

2 piytg?
pr =PV HWPVP
T .
= Z[sm((S + ¢)t,0; + cos(8 + p)t.00lkiky,  (28)
where we define as v, + it} = T, exp(if).

III. MAGNETIC WALLPAPER FERMION

In this section, we consider the wallpaper fermions coupled
with a FM or AFM moment, as shown in Fig. 3. In general, the
gap opening in a gapless topological state can trigger a tran-
sition to a distinct topological phase [34,35]. A representative
example of the transition is the surface of three-dimensional
(3D) TIs; a single Dirac fermion on them can be coupled
with only a FM moment in the long-wavelength limit £ >~ 0
and opens the energy gap. In contrast, a wallpaper fermion
can be coupled with both FM and AFM moments, owing to
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(a) FM coupling (b) AFM coupling

FIG. 3. Schematic of the FM (a) and AFM (b) moments perpen-
dicular to the xy surface.

double degrees of freedom originating from a nonsymmorphic
sublattice structure. The resulting charge and spin Hall effects
are discussed as below.

A. Ferromagnetic wallpaper fermion

Ferromagnetic moments induce an energy gap in the
wallpaper fermion, resulting in the quantization of Hall con-
ductivity, as in a single Dirac fermion on the surface of a
topological insulator. In this section, we verify that the Hall
conductivity is quantized into double that in a single Dirac
fermion. Furthermore, we point out that the linear model
derived in the previous section exhibits a singular behavior,
the plateau transition without gap closing. On the other hand,
the plateau transition disappears in the model, including the
second-order terms. These results imply that the linear model,
often used in Dirac systems, is inappropriate for the wallpaper
fermions.

First, we consider the FM case as in Fig. 3(a). The Hamil-
tonian of the FM coupling is written as

HF = MO'Z‘L’(), (29)

in the original basis adapted in Eq. (20). This Hamiltonian Hg
is decomposed into the X = =1 sectors

H = Mo,. (30)

The eigenvalues of the Hamiltonian ijp + HY are given by
+FEx (k) with

Ei(k)z\/ Z L2  vyvgikoky + M2, (31)

and are shown in Fig. 4. The FM moment M induces an energy
gap.

02 F d

_ 01 F -
5

g 0 7

Mooa k 4

—02 [ ‘ -

(-1,0) M (1,1)

XM MT
(a) 3D plot (b) 2Dplot

FIG. 4. Energy dispersion in the presence of the FM cou-

pling around the M point with #; = 0.03, v,; = 0.05, v, = 0.1,

v = —0.2, v}, =0.15, and M = 0.1. The twofold degeneracy on
the line k, =0 (XM line) remains.

Next, we show the Hall conductivity from the linear re-
sponse theory. The Hall conductivity is written as

e (271)2 Z , —Em)2
X (n|®x|m><m|f)y|n)7 (32)
1
FE)= E—IT 11 (33)

where E, and |n) are the nth eigenvalue and eigenvector of
Hy,, + Hp, respectively. The Fermi distribution function is
denoted by f(E) and ¥; is the velocity operator defined as
oH
b= —. (34)
a(hk;)
When the Fermi level is in the energy gap, the Hall con-
ductivity is rewritten in terms of the Berry curvature of the
occupied bands [36];

e? d*k x
oy =" / Eg[vk x AX (L., (35)

AX (k) = —i(y X | Vily¥). (36)

For the calculation, we solve the eigenvalue problem of
HE,, = Hy, + Hy as

Fwp
prhp > —SE)(H[fX), (37)

where s = %1 and Ex is given in Eq. (31). The above equa-
tion is rewritten in the matrix form as

M — sE. U2 et £ i Bt o
2, i Vsl _ig v ’
?ke k + l7k€ k —-M — SE;t

(38)

with k, + ik, = ke'% . Therefore, we obtain the eigenstates as

()-| (+%)

=y (39

where @i = arg(Fke™ F i%ke ™). We define
[YyE) = e +|+);. The Berry connection Af‘/H(k) =
—i(YX|Vi|yX)in of the valence band of s = —1 defined
by [¥*); (Jw*)n) has the singularity at the origin (k = 0)
for M > 0 (M < 0). Using the Stokes’ theorem, therefore,
the Hall conductivity is obtained by the contour integral for
k — oo as

2w X
do, Aj(k), M >0,
f il eg -1 N (40)
A7 (k), M <O.
The Berry connection is asymptotically given by
1 8<pX
Jir Af(k , 41
im Ay (k) = 35 2, % (41)
1 3<PX
Jir Af(k : 42
1m 11( )= 2 89 €, (42)
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FIG. 5. Vector field d* mapping onto the (i, ky) plane.
(a) Meron-like structure for tan~!(vg /v,) = 7 /8. (b) Anti-meron-
like structure for tan~' (vy; /v,) = /3.

As a result, the Hall conductivity is obtained to be

T d Gk
oy = ——sgn<M>

e n(M)
s

0 oPx
80k

o do; 0 2i6) 2 —2ib
X A Ea—ek(—l)ln (U2€ +vsl€ )

2
—ngn(M)sgn(

vy — v). (43)

From this expression, one finds that the Hall conductivity
changes its sign at v, = v without gap closing, which is
not seen in the surfaces of topological insulators. This change
of sign is understood from the vector d* defined as H, pr =
d”* - ¢. The half-quantized Hall conductivity is equivalent to
the winding number of the vector d* in the k space. For
v} > v?, the vector d* has a meronlike structure shown in
Fig. 5(a), resulting in the winding number +1/2. On the other
hand, for v% < vfl, the winding number is —1/2 because the
vector dX has an anti-meronlike structure shown in Fig. 5(b).
These two configurations are continuously connected since
d” is a three-dimensional vector. Note that these configura-
tions break the fourfold-rotation symmetry of the system. In
fact, for each sector the Hamiltonian HY  contains the term
(vs1/2)(kcoy + kyoy), which is fourfold-rotation odd, breaks
the symmetry. The total Hamiltonian restores the symmetry as
HFt«p and Hg,,, are swapped by the fourfold rotation, allowing
the sign change of the quantized Hall conductivity without gap
closing. This is a consequence of nonsymmorphic structure of
glides.

In addition to the analytical calculations limited to the
first-order terms of the wave vector, we also numerically com-
pute the Hall conductivity from Eq. (32). Figure 6(a) shows
the verification of the plateau transition without gap closing
discussed above. Within the energy gap (|E | < O 1), the Hall
conduct1v1ty is quantized into —e? /h for v2 > v and e? /h for
v% < vsl, reproducing Eq. (43).

This plateau transition does not occur in the system with
the second-order terms. Figure 6(b) shows the quantized
Hall conductivity of oy, = —e? /h irrespective of the sign of

v} — v?, implying that the plateau transition is an artifact of

Energy
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1500

-1.0 -08 -0.6 -0.4 -0.2
ny[ezlh]

(b) Hy, + Hy

FIG. 6. Density of states (DOS) and the Hall conductivity for
M = 0.1 as a function of the Fermi energy. (a) DOS and Hall con-
ductivity in the linear model for t; = v,; =0, v, = 0.5, vy =0.8,
and v/, = 0.6 for the case of v3 > v2, while fort; = v,; = 0, vy =
1.0, v = 0.3, and v/, = 0.4 for the case of v3 < v%. (b) DOS and
Hall conductivity in the model including the second-order terms for
v = v, =0.0, #, =0.05, vy =0.3, and vy, = 0.2 for the case
of v3 > v while for v,y = v/, =0.0, #, =0.05, vy =0.2, and
vy = 0.3 for the case of v} < V7.

the model. If we consider a slab system with FM coupling
instead of the effective surface model, the Hall conductivity is
equivalent to the Chern number; hence no plateau transition
without gap closing occurs. Therefore, linear terms alone are
not sufficient for the minimal model of a wallpaper fermion,
and at least second-order terms must be included.

B. Antiferromagnetic wallpaper fermion

AFM moments induce an energy gap in the wallpaper
fermion, which is a notable feature that distinguishes it from
the case of a single Dirac fermion on the surface of a TIL
Here we focus on the SHC, which is nonzero for both the FM
and AFM cases. The SHC is not quantized in the presence of
spin-orbit interaction but partially characterizes the nontrivial
topology of the surface state through the partial Chern number
[37]. We show that in the strong-coupling limit, the SHC
remains finite for the AFM case while it vanishes for the FM
case.

The Hamiltonian of the AFM coupling shown in Fig. 3(b)
is written as

HAFM = M‘L’ZO'Z. (44)

In Fig. 7, we show that the energy spectrum of the AFM
wallpaper fermion Hy,, + Hapwv is gapped.
Next, we calculate the SHC. The spin current operator is

defined by
A ho
Ji= 10, — 1. 45
; {v 2} (43)
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(-1,0) M (1,1)
XM MT
(b) 2D plot

(a) 3D plot

FIG. 7. Energy spectrum of the AFM wallpaper fermion for
t; =0.03, v,y =0.05, vy =0.1, v, =0.2, v, =0.15,and M =
0.1. (a) The gap is induced by AFM coupling. (b) Energy spectrum
is not degenerate except for k = 0 (M point).

Note that ff = 0 for the linear model. The SHC is written as
) d%*k
oy = ieh / a7 ;n[f(En) — F(Ep)]

(n|JZ|m) (m]y|n)
(En - Em)2
Ji= %(tl 1,07 + U Ty ky. (47)

, (40)

We show the SHC in Fig. 8. As shown in Fig. 8(a), the SHC
has a plateau within the energy gap which takes a parameter-
dependent value. The value of the plateau decreases as the
FM/AFM coupling increases, as shown in Fig. 8(b), reaching
to be a finite value and zero in the strong-coupling limit,
respectively, as shown in Fig. 8(c). On the other hand, since
the AFM case has a magnetic-reflection symmetry, the Hall
conductivity is zero for the AFM case.

C. Degeneracy of energy spectrum

We showed the energy spectrum of the model with the
FM (AFM) coupling, in which doubly degenerate bands (do
not) appear along the XM line, as reshown in Fig. 9. These

—_— FM —— AFM — FM  —— AFM

o —Z
> 0.11
o
o 0.0
=
w _g1 i

-0.2 T T T T

0 100 200 0.090 0.095 0.100
DOS o lel
(a)
— M —— AFM — FM —— AFM
107!

0.10 A O EEEEE—

3 5] g
> Y 7 >

& 0.07 - 6 1073

0.06 -

0.05 : : : T T

-1.0 -05 0.0 05 1.0 10° 10! 102 103

FM/AFM coupling FM/AFM coupling

(b) (c)

FIG. 8. Spin Hall conductivity as a function of the Fermi en-
ergy (a) and the FM/AFM coupling (b and c) for r; = 0.1, v, =
0.0, vy =0.3, v, =0.4, v, =0.3,and M = 0.1.

02 F ] 02 k ‘ g
. 0.1 1 0.1 F R
g 0 degenerate 1 & 0 mon-degenerate
H_o1 | 4 HMoo1 L 4
02 [ | ] o 7‘?

(-1.0) M (L1) (-1.0) M (L.1)
XN NIT pevs MT

(a) FM coupling (b) AFM coupling

FIG. 9. Comparison of degeneracy on the XM line for the FM
(a) and AFM (b) cases.

behaviors are understood by TRS ® and the glides g, , the
system holds, which are shown in Fig. 10.

In the nonmagnetic case, the degeneracy along the XM line
is protected by Og, for k, = 0 and ©g, for k, = 0 [15]. This
symmetry is retained for the FM case and broken for the AFM
case because the glide exchanges the sublattices A and B and
reverses the z component of spin, and TRS ® also reverses
the z component of spin but does not exchange the sublattices.
Therefore, the FM case shows the degeneracy on the XM line
by the symmetry ®g, and Og, while the AFM case does not.

IV. SYMMETRY-ADAPTED MODEL

So far, we have worked on a concrete lattice model. In this
section, we stress that the results from the model are irrelevant
to the details of the system, constructing a general effective
Hamiltonian from symmetry consideration.

We construct an effective model for a wallpaper fermion
on the (001) surface of a crystal with the space group P4bm
(No. 100) symmetry. The surfaces where a wallpaper fermion
emerges have either pgg or p4g wallpaper-group symmetry.
We concentrate on p4g, which corresponds to the P4bm space
group without (001) translations. This implies that analyzing
the irreducible representation of the M point in the P4bm
space group is adequate. The wallpaper fermion is realized on
the M point as a four-dimensional irreducible representation
(irrep) that is the MM irrep [38—42]. The MgM; irrep of the
generators is given by

1 1
D({48,,10,0,0}) = 50T Hisom, (48)

1 1
D({m 1/2,1/2,0}) = ——opt, — —0,1T,, 49
({mo1011/2,1/2,0}) ﬁo ok (49)

and time reversal

® = —io, oK. (50)

gz = {m100[0,1/2,0}
gy = {mo10[1/2,0,0}

FIG. 10. Schematic of glide symmetry of the model. The glides
g and g, flip the spins and exchange the sublattices A and B.
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TABLE I. Irreducible decomposition of matrices on the M point of P4bm.

E 2C, 2¢, Basis TR even TR odd
Ay 1 1 1 z 00 To 0,7y
A, 1 1 -1 xy(x? —y?) 00T, 0.7,
Bl 1 —1 1 .X2 —y2 Oy Ty, OxTx
B, 1 -1 —1 Xy 0xTy, Oy T,
(0.7, + 00Ty, 0:Tx — 00 Ty)
E 2 0 0 ()C, y) (UOTx + 0Ty, 00Ty — ozty) (0).‘L'Z + 0. 7o, oyT; — UxtO)

(0,1, — 0y79, 0, T, + 0yTp)

By using these representations, we take the irreducible de-
composition of 16 matrices o,7,, u, v =0, 1, 2, 3, which is
summarized in Table I.

The effective Hamiltonian is given as a totally sym-
metric representation. Two-dimensional momentum (k,, k)
belongs to the TR-odd E irrep and is coupled with the same
irreps (0,7, + 00Ty, 0.7 — 00Ty), (0yT; + 04 Tp, Oy T; — OxT0),
and (0,7, — 0,70, 0T, + 0yTp) as

ky k,
— (o7 + Uofy) + _}(szx - UOTy) = keoy + ky(x2a (628

V2 V2

ky k
—=(0yT; + 0,70) + —=(0yT; — 0, 70) = k3 + kyaa, (52)

V2 V2

and

ky

NG

ky
V2

(0xT: — 0y70) + —=(0xT; + 0yT0) = ketts + kyat, (53)

resulting in the Hamiltonian

Howp = vi(keoy + kyara) + va (ko + kyars)
+ v3 (ks + kyog), 54

where v; is an arbitrary real number. In this basis, the z
component of the FM moment, which belongs to the TR-odd
A, irrep, is represented by Mt,0, and the z component of
the AFM moment, which belongs to the TR-odd A; irrep, by
M1yo,. On the other hand, the x and y components of the mo-
ments cannot be uniquely determined only by the symmetry
consideration.

We verify that the Hamiltonian (54) reproduces those of
Eq. (19). The nonmagnetic case [Figs. 11(a) and 11(b)] hosts
the fourfold degeneracy on the M point (k = 0), while the FM
[Fig. 11(c)] and the AFM [Fig. 11(d)] cases host a gapped
spectrum with and without degenerate bands on the XM line,
respectively. Therefore, the Hamiltonian (54) reproduces that
for the wallpaper fermion. Note that the model derived here is
generic since it is constructed solely based on the symmetry
of the system.

The second-order terms of momentum is also derived in
the same manner. (kf — kyz) is the TR-even B, irrep and does
not appear in the Hamiltonian due to the absence of matrix of

the same irrep, while kk, of the TR-even B; irrep is coupled
with 0,7y, and oy T,.

Finally, we show that the Hamiltonians (54) and (19) are
unitary equivalent. We set the unitary matrix U as

ei7rr/8 0 0 0
0 0 0 e /8
U= 0 0 ein/S 0 ’ (55)

0 e /8 0 0

in the basis that the matrix o, 7, is represented as

0 0
%u=<3 n) mn=<n g) (56)

(0 =ity
02Ty = iTV 0 )

.0
O'3T‘,=<B —m)' (57)

Energy

2 e, W L) M1

K XN MT

(b) Energy spectrum along
the XM and MT lines

(a) Energy spectrum for the
nonmagnetic case around the

M point
0.4 : 0.4
0.2 - - 0.2 —
e} e
o0 o0
5 0 F 4 5 oFf 4
= =1
& &
02 | . 02 | .
-0.4 L -0.4 L
(-1,0) M 11 (-1,0) M 1,1)
XM MT XM MT
(c) FM case (d) AFM case

FIG. 11. Eigenvalues of the Hamiltonian for the generalized
model (54) with v; = 0.1, v, = —0.23, v; =0.25,and M = 0.1. (a
and b) Nonmagnetic case. (c and d) FM and AFM cases. (a) Energy
spectrum around the M point. (b) There exists twofold degeneracy
on the X M line and fourfold degeneracy at the origin. (c) The energy
spectrum is gapped by the FM coupling (M t,0,). Twofold degener-
acy on the line k, = 0 remains. (d) The energy spectrum is gapped
by the AFM coupling (M tyo,). There is no degeneracy except at the
origin.
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The matrices are transformed by U as

U'o.r,U = 40.19, U'o,70U = 40,1, (58)
UloyU = —o,1,, U'opU = +o,1,, (59)
U'asU = —0, T, UfauU = —0, T, (60)
UfasU = +0,70, UfagU = —0,10, (61)

U?eryU = —0,Ty, UTayryU = +0(T,. (62)

Thus, the Hamiltonian from symmetry consideration is ob-
viously equivalent to the Hamiltonian for the four-sublattice
model.

V. DISCUSSION

We note the scope of our effective model. The FM and
AFM couplings expressed in Egs. (29) and (44) are assumed
to be spatially uniform. This situation can be realized when
the system intrinsically becomes the FM or AFM insulating
phase. On the other hand, our theory can apply to the junc-
tion systems attached to FM or AFM insulators, where the
coupling constant is estimated as Z?:_OC I/I;Mil//i with the
spatially decaying function M; for proximity-induced magne-
tization.

On the other hand, we assume that the FM/AFM moments
are small compared to the band gap in the bulk. If the moments
are substantially large, the system goes into a topologically
trivial or different topological state, e.g., a gapless wallpaper

fermion in magnets [43], which is beyond the scope of the
present study.

VI. SUMMARY

In this study, we found that wallpaper fermions can couple
with both FM and AFM moments and result in the Hall
effects. Firstly, when the FM coupling is present, the Hall con-
ductivity is quantized into twice the value predicted for TIs,
contributed equally from double Dirac cones of the wallpaper
fermion. Additionally, the sign of Hall conductivity for the
linear-order model, the superposition of independent double
Dirac cones, can be inverted without closing the energy gap.
This anomalous behavior is due to the fact that each Dirac
cone breaks the fourfold rotational symmetry of the system,
while the entire wallpaper fermion remains symmetric. The
second-order terms hybridize the Dirac cones, resolving this
anomaly. Combined with the fact that such an anomaly does
not occur in the slab system, the linear-order model is im-
plied to be invalid for wallpaper fermions. Secondly, SHC is
suppressed by both FM and AFM coupling in a different way
from each other. The SHC goes to zero in the strong-coupling
limit for the FM case, while it remains finite for the AFM case.
Thirdly, the eigenvalues of Hamiltonian are degenerate on the
X M line for the FM case, while this degeneracy is lifted by the
AFM coupling breaking the magnetic glide symmetry. Finally,
the effective Hamiltonian was proved valid for general wall-
paper fermions by deriving the symmetry-adapted form of the
Hamiltonian. These results provide a basis for clarifying the
transport phenomena, including spintronics, using wallpaper
fermions.
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