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In this work, we identify a class of topological phases protected by nonsymmorphic crystalline symmetry
dubbed “topological nonsymmorphic crystalline insulators.” We construct a concrete tight-binding model for
a lattice with nonsymmorphic symmetry and confirm its topological nature by directly calculating topological
surface states. Analogous to “Kramers’ pairs” originating from time-reversal symmetry, we introduce “doublet
pairs” originating from nonsymmorphic symmetry to define the corresponding Z, topological invariant for this
phase. Based on projective representation theory, we extend our discussion to other nonsymmorphic symmetry
groups that can host this topological phase which will provide guidance for the systematic search for new

topological materials.
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I. INTRODUCTION

The search for new states of matter, especially those with
nontrivial topological properties, is one of the main focuses of
condensed-matter physics. The recent experimental discovery
of time-reversal (TR) invariant topological insulators (TIs)
[1-4] has inspired lots of research interest and led to the rapid
development of this field. TR invariant TIs possess insulating
bulk states and metallic edge/surface states that are protected
by TR symmetry due to the double degeneracy guaranteed
by Kramers’ theorem [5]. In principle, degeneracies can also
come from other types of symmetries, such as crystalline
symmetry, etc. Therefore, it is natural to ask if one can find
new topological phases (TPs) protected by other symmetries.
Several recent theoretical works [6—17] are devoted to TPs pro-
tected by crystalline symmetry dubbed topological crystalline
insulators (TCIs). Recent experimental observations of surface
states in the SnTe family of materials confirm the theoretical
prediction of TCIs protected by mirror symmetry [18-20].

Nonsymmorphic symmetry groups possess operations
combining a point symmetry operation and a nonprimitive
translation operation which cannot be removed by changing
the origin [21,22]. It is known that nonsymmorphic symmetries
can “stick bands together” and yield extra degeneracies. Most
studies of TCIs have focused on point groups or symmor-
phic space groups and it is still unclear if nonsymmorphic
symmetries can yield new TCIs. In this paper, we give an
affirmative answer to this question by constructing a concrete
example and identifying a class of Z, TPs as a direct physical
consequence of noncommutativity of symmetry operators
in nonsymmorphic groups. Consequently, we name them
topological nonsymmorphic crystalline insulators (TNClIs).
We construct a new Z, topological invariant for this phase
which can be evaluated numerically by the Wilson loop
approach [23]. Our general discussion of nonsymmorphic
space groups will provide guidance to the search for realistic
materials with the TNCI phase.

II. TIGHT-BINDING MODEL

We start from a concrete tight-binding model of TNClIs.
The aim of this model is to demonstrate that gapless surface
states, as well as topological properties, are protected by

1098-0121/2014/90(8)/085304(9)

085304-1

PACS number(s): 73.20.At, 73.43.—f, 02.20.—a

nonsymmorphic symmetry, instead of any other symmetry,
such as TR symmetry [1-4] or other antiunitary symme-
tries [24-26]. Therefore, we need to break ALL the antiunitary
symmetries in the model explicitly. As shown in Fig. 1(a), our
tight-binding model has a layered antiferromagnetic structure
stacked along the z direction, where each layer is a square
lattice with magnetic moments on each site perpendicular to
the xy plane. Magnetic moments in each layer are ordered
ferromagnetically. However, the magnetization directions be-
tween two adjacent layers are opposite, i.e., the whole system
has an antiferromagnetic structure with two atoms in one unit
cell, denoted as A and B. The lattice vectors are denoted as
a; = (a,0,0),a, = (0,b,0), and az = (0,0,¢). In a unit cell, the
A and B atoms are shifted in opposite directions along the x
axis. The position of the A atom is 74 = (—a;,0,0) while that
of the B atom is rp = (a1,0,5) as shown in Fig. 1(a). This
configuration has Pma2-type space-group symmetry. Each
lattice site contains three orbitals, |s), |p,), and |py). The
|px) and |p,) orbitals carry the angular momentum 1 and
couple to magnetic moments through Zeeman-type coupling,
denoted as M;. The explicit form of our Hamiltonian is
shown in the Supplemental Material [27] and is written under

the basis |an,k) = LN 3, e imepy (7 — 7,,) where N is the

normalization factor, 7, = R, + 7, with the lattice vector R,
and the position ?,, of the atom n = A, B, and ¢,, denotes the
basis wave function (a = s, py, py).

Our model is similar to that discussed previously by one of
the authors [26], where the antiunitary operation combining
TR with translation plays an essential role. However, in the
present model, the shift of the A and B atoms in opposite
directions breaks this antiunitary symmetry. Instead, it turns
out that two unitary operators are essential. One is the mirror
symmetry along the z direction, denoted as 7, = {rfi|é} :
(x,y,2) = (x,y, — z) where ¢ = (0,0,0), and the other is the
glide symmetry, g, = {it,|7} : (x,y,2) = (=x,y,z + §) with
T = % = (0,0,g). When restricted to the xz plane, these two
symmetry operations, together with translation in the x z plane,
give the two-dimensional (2D) nonsymmorphic space group
pmg. Direct calculation gives

M8, = {C2y| - ?} # &, = {Czyli:}’ (D
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FIG. 1. (Color online) (a) Lattice sites in the xz plane for our
tight-binding model. The lattice vectors @, and a3 are shown in the
figure and 4, is perpendicular to this plane (y direction). (b) The bulk
Brillouin zone (BZ) and the surface BZ for the xz plane.

where C, is a twofold rotation around the y axis. The
noncommutativity between g, and 71, is essential, as discussed
below.

Let us first analyze symmetry properties of our tight-
binding Hamiltonian. The symmetry operators i, and gx
act on the basis |an, k) ) loen,m k)
and 2,|an, k Z e ke 2y gl B, m)C ) where 7 is the
interchange of the A and B indices and the 3 x 3 matrix

« = Diag[1, — 1,1] in the basis [s),|p.),|py). For a sym-
metry operation U, the Hamiltonian should satisfy H (l?) =
U*(k)H(UI?)U T(/?). The details about how these symme-
tries constrain the form of Hamiltonian are shown in the
Supplemental Material [27] and we focus on the k, =2

plane here. Since |an,k + G) = €!C71|an,k), the off-diagonal
part Hamiltonian HAB(k) is not perlodlc but satisfies the
relation Hyg(k + G) = ¢/G7 H, 5 (k) where 7y = g — 7'4. At
k., = m/c, one has Hyp(k,,ky, C) = —Hpp(kye,ky, — C). Due
to mirror symmetry rit;, Hap(ky,ky, ) = Hap(ky,ky, — %),
SO HAB(kx,ky,%) = 0. There is no coupling between the A
and B layers and the Hamiltonian is block-diagonal in the
k. = m/c plane. We will denote the momentuminthek, = m/c
plane by & = (ky.k,, 7) below. If |paz) is an eigenstate
of Ha(k) with eigenenergy Ez, then |¢pn,z) = &:l¢az)
is an eigenstate of Hp(/,k) with the same eigenenergy
li.e., Hg(xi)|pp i) = Ealdpni)) Therefore, |pa ) is
degenerate with |¢p 5, z) at the k, = % plane. For two lines
K = (0,ky,%) and K = (¥,k,,Z) that satisfy s,k =k, all the
electronic states are doubly degenerate.

To confirm the existence of TPs in our model, we perform
an electronic structure calculation for a slab configuration with
finite lattice sites along the y direction. Since the surface of
the slab is normal to the y direction, the symmetries 7z, and
8, are preserved. We find that when the coupling M| between
magnetization and p orbitals is small, there are no surface
states [Fig. 2(a)]. But when M, exceeds a critical value, the
Dirac type of surface states appear around Z, as shown in
Fig. 2(b). The degeneracy at the Z Dirac point is due to two
unitary symmetry operators 71, and g,, as shown above. It is
impossible to remove the surface states in Fig. 2(b) without
closing the bulk band gap if the pmg symmetry is preserved
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FIG. 2. (Color online) Energy dispersion of a slab configuration
for our tight-binding model with the parameter (a) M; = 3.1 and
(b) M, =4.5. The corresponding evolution of Wannier function
centers in a 3D bulk system is shown as a function of k, for
(c) My =3.1 and (d) M; = 4.5. The surface states in (b) and the
winding number of Wannier function centers in (d) indicate that the
system is in the TNCI phase for M, = 4.5.

in the xz plane. We therefore expect that a topological phase
protected by the pmg symmetry exists in this system.

III. Z, TOPOLOGICAL INVARIANT

To confirm the topological nature of two-dimensional
(2D) surface states, it is necessary to construct a topological
invariant for the three-dimensional (3D) bulk system. The Z;
topological invariant in TR invariant TIs is defined by the
Pfaffian of the antisymmetric matrix of the TR operator in
the occupied band subspace [5,28]. However, only unitary
symmetry operators are involved in our model, so there is
no antiunitary operator to replace the TR operator to define
topological invariants. Nevertheless, we can still separate all
the occupied states into two sets and introduce the concept
of “partial polarization” for each set [28]. The Z, topological
invariant can be defined by tracking the evolution of partial
polarizations of doublets.

We start by identifying two sets of degenerate eigenstates
for a generic system with pmg symmetry. Since the Hamilto-
nian has 71, symmetry, one can find the common eigenstates
of H(lz) and 1, atthe k, = O and k, = 7/c plane. We consider
the k, = m/c plane and take one common eigenstate |¢,§ )
given by H(®)|¢) = Epzl¢l) and s |¢l) = m.|g}). One
can define a state |¢! .) = e'*<g,|¢!), which is an eigenstate
of H(ri,k) with the same eigenenergy E;z, but acquires a
phase shift xz. Moreover, according to (1), direct calcula-
tion shows 2.2, |9%) = i Cay|¢2) and gurit-|$) = —iCa,|6%)
(o = 1,11), so the representation matrices of 71, and g, on
the basis |¢7) anticommute with each other at the k, = 7/c
plane, which indicates that the mirror parity of |¢}’ ;) is —m_,
opposite to that of |¢,§ ). Therefore, one finds two distinct sets
of eigenstates, dubbed “doublet pairs” below.
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With doublet pairs, we can define the partial polarization
as Py(ky) = 5 f dky(¢21id,|¢%) (o = I,II). The partial
polarizations of doublet pairs can be related to each other
by

1
PII(_kx) = Pl(kx) - E(Xn/a - an/a)- (2)

Due to the single-valuedness of |¢g), the phase i can
only differ by 27 times an integer when k, is changed by
2 /a. Thus, Eq. (2) leads to two conclusions: (1) P;; at
ky € [—m/a,0] is determined by P; at k, € [0,7/a]; (2) at
ky = 0and 7r/a, P; is equivalent to P;; up to an integer.

The constraint on the partial polarization from Eq. (2)
indicates the possibility of defining a Z, topological invariant.
Based on the method introduced by Yu et al. [23], one
can obtain the Wannier function centers 6 of the occupied
bands by calculating the eigenvalues of the non-Abelian Berry
connection along the “Wilson loop.” The polarization is related
to the sum of Wannier function centers over occupied bands by
P = ﬁ occupied 0. The Wannier function centers of doublet
pairs 6 as a function of k, are shown in Figs. 2(c) and 2(d). One
can clearly see the different evolutions of Wannier function
centers between topologically trivial and nontrivial phases.
Wannier function centers are periodic and only well defined
by any integer times 2m. Thus, one can regard the regime
[-m,7) as a ring and consider the evolution of Wannier
function centers on this ring. Similar to the case of TR
invariant TIs [23], the total winding number of the Wannier
function centers of all doublet pairs on this ring defines a
Z, topological invariant. The pmg symmetry in the xz plane
guarantees that the Wannier function centers of doublet pairs
must be degenerate at k, = 0 and k, = 7/a. If the Wannier
function centers of all doublet pairs enclose the ring an odd
number of times, it is topologically nontrivial. Otherwise, it is
topologically trivial. Alternatively, one can define “doublet
polarization” P; = P; — P;;, analogous to “time-reversal
polarization” as introduced by Fu and Kane [28], and the Z,
topological invariant can then be defined by the difference
A = Py(w) — P;(0) mod 2.

IV. OTHER NONSYMMORPHIC GROUPS

We will generalize our discussion to other nonsymmorphic
symmetry groups. From the above model, we can see that the
degeneracies guaranteed by nonsymmorphic symmetry play
an essential role in protecting surface states. However, the
symmetry groups of different surfaces are different and not all
the 2D surfaces can possess nonsymmorphic symmetry even
for a crystal with 3D nonsymmorphic space-group symmetry.
Therefore, our strategy is to directly consider a semi-infinite
crystal with one specific surface, as shown in Fig. 3(a), of
which the symmetry group can be described by a 2D space
group. We consider an insulating material in this semi-infinite
configuration and assume that the states are doubly degenerate
at two high-symmetry momenta (HSM) K; and K, in
the surface Brillouin zone (BZ). As shown in Fig. 3(b), if
surface states switch their degenerate partners between K| and
K>, such surface states cannot be adiabatically connected to
any trivial state in a 2D system with the same symmetry group.
Due to the boundary-bulk correspondence, we expect that TPs
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FIG. 3. (Color online) (a) Schematic plot of a semi-infinite crys-
tal with one surface. (b) Energy dispersion of nontrivial surface states.
Here K; and K, are two HSM.

existin the corresponding 3D bulk systems. In two dimensions,
there are only 17 space groups, so a systematic study of TCIs
is possible. We focus on nonsymmorphic symmetry groups
here.

The above analysis has shown the importance of symmetry
induced degeneracy. The degeneracies of electronic states
in a system correspond to the dimensions of the irreducible
representations (IRs) of its symmetry group [21,22], i.e., the
group representation of the symmetry group on a set of n
degenerate eigenstates is a n-dimensional IR. In a space group,
symmetry operations at a fixed momentum form a subgroup of
the whole group, known as a wave-vector group. Consequently,
the degeneracies of electronic states at a certain momentum are
determined by the dimensions of the IRs of the wave-vector
group. For the 2D nonsymmorphic space groups considered
here, it turns out that only four HSM, T, X, Z, and U, in
Fig. 1(b) possess wave-vector groups of pmg symmetry.

The uniqueness of a nonsymmorphic group lies in the
structure of its representations [22]. Although the factor
group of a nonsymmorphic space group with respect to its
translational subgroup is isomorphic to a point group, its rep-
resentation is not identical to the conventional representation
of a point group. For an element {S|R} in a space group, the
corresponding representation matrix at a momentum k takes
the form D,;({S|I$}) = ¢/*R D(S). The matrix D(S), that only
depends on the point-group operation (i.e., the linear part
of the space-group motion), satisfies the multiplication rule
D(S1)D(S>) = @(S1,8,)D(S1S,) for two symmetry operators
{Sllﬁl} and {Szlﬁz} in the wave-vector group, where w is
a phase given by (S),$,) = ¢/®=SI'OR: and it defines a
so-called factor system [22]. The additional phase coefficient
appearing in the multiplication rules indicates that projective
representations of a point group, instead of conventional
representations, are required for a nonsymmorphic symmetry
group. The projective representations are usually classified
into different classes by their factor systems. To determine the
class for a wave-vector group, one can consider the parameter
o = o(S1,82)/w(S2,S1), where S; commutes with S,. For a
crystalline symmetry group, « can only take values of 1. If
a = 1, the projective representation belongs to a class identical
to the conventional representation, denoted as K. If « = —1,
the projective representation belongs to a nontrivial class,
usually denoted as K.

We may consider our example of pmg group. The corre-
sponding factor group is isomorphic to the D, group. The
Ky class is the same as the conventional representation,
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which only contains 1D IRs, while the K class of D, group
has one 2D IRs, which indicates the double degeneracy at
HSM In the surface BZ [Fig. 1(b)], only four momenta
K=T, X,Z,U contain all the symmetry operations in pmg
group. For the operators 71, and g, = {mxlr} we have
a = w(h,, M) /o0, m;) = AT K= K Direct calcula-
tion shows o = 1 for K = [',X and & = —1 for K = Z,U.
Therefore, all the states at Z and U must be doubly degenerate,
consistent with the analysis of our concrete tight-binding
model.

The analysis based on projective representations can be
applied to surfaces with other 2D nonsymmorphic groups,
namely pg, pgg, and p4g. The surface BZs of these groups
are the same as that of the pmg group. Thus, we can use
the same notation, as shown in Fig. 1(b), for the BZ of these
groups. The classes of the projective representations for HSM
[',X,Z,U are summarized in the tables in the Supplemental
Material for different nonsymmorphic groups [27]. One finds
no Z, TPsin pg since all HSM belong to the K class. For both
pgg and pdg, X and Z belong to the K| class, so topological
surface states can exist between X and Z. For p4g, I and U
belong to the K class of the D4 group, which contains four
1D IRs and one 2D IR. Therefore, both doublets and singlets
exist at these two momenta, similar to the case of p4m [29].
The complete study of TPs in p4g will be given elsewhere.
The generalization to spinful fermions is straightforward, as
shown in the Supplemental Material. One just needs to take
into account the additional phase factor induced by spin.

V. DISCUSSION AND CONCLUSION

The key idea to realize TIs is to find a material with inverted
band structure. From the model presented here, one can see
that a similar idea can also be applied to the search for realistic
materials of TNClIs. The band inversion in our model is induced
by the coupling M; to magnetization, a mechanism which is
similar to that in the quantum anomalous Hall effect, which has
been experimentally realized [30]. However, we would like to
emphasize that band inversion in principle can also be induced
by other mechanisms, such as spin-orbit coupling, strain, etc.
For TR invariant TIs, one requires TR symmetry. In contrast,
for TNCIs, one needs to look for semiconducting materials
that possess surfaces with 2D symmetry groups pmg, pgg,
and p4g. This is the main motivation for the group theory
classification above. It is known that 157 of the 230 space
groups are nonsymmorphic and the surfaces with the required
symmetry exist in 58 of them [27]. The possible 3D space
groups are listed in Table III in the Supplemental Material [27]
and a systematic search for TNClISs can be carried out based on
this table. In one word, one can search for TNClIs in a system
with inverted band structure and with appropriate symmetry
groups.

We conclude our discussion with three comments. First, in
the TCI model proposed by Fu [6], the existence of singlets
weakens the stability of surface states. For nonsymmorphic
groups, only doublets can exist at certain HSM and we expect
that topological surface states of TNCIs are more robust.
Second, our discussion has shown that TNCIs exist in both the
single and double group cases. Therefore, unlike TR invariant
TIs, this TP is not limited to fermonic systems, but can also
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occur in bosonic systems such as photonic crystals [31-33].
Third, we would like to emphasize the difference between our
work and previous works [24,26,34,35]. Unlike TPs discussed
in Refs. [24,26], which require antiunitary symmetry, TNCIs
only require unitary symmetry operators. TNCIs here are also
different from “topological orders” studied in Refs. [34,35].
In fact, TNCIs belong to the trivial class using the criterion
in Ref. [35], and they represent a new class of “symmetry
protected topological orders” [36].
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APPENDIX A: TIGHT-BINDING MODEL OF
TOPOLOGICAL NONSYMMORPHIC CRYSTALLINE
INSULATORS

The tight-binding Hamiltonian of our model is given by

H = Hj + Hp + Hys, (A1)
Hy = Z tﬁrhcaﬁncﬂmn + Zeaca”ncaﬁn
(i) in 0B
+ 25 M ( ,,,, ,Cipyn + He.), (A2)
Hin= Y (nclaacpan+He).  (A3)
(im) ap,of
where n = A,B is for A,B layers, 8,—ap) = +(—), 1=

(ny,ny,n;), m = (my,my,m;) denote lattice sites, and «,f =
s,Px,py denote orbitals. The term Hy (Hp) comes from
hopping terms within the layer consisting of only A (B) atoms
while Hyp is due to hopping between A and B layers. (iint);,
represents nearest neighbors in the xy plane with hopping

parameters ta ~ while (1im) 5 p represents nearest neighbors that

reside in two adjacent A and B layers with the parameters r, 5[ .

We take into account the o bond for the s orbitals, the o and
7 bonds for the p orbitals, and the o bonds between the s and
p orbitals. The intralayer hopping parameters are given by the
matrices

Usg  Ugps 0
Lifive, = | —Uspo Upo 0 ,
0 0 Upy
(A4)
Usy 0 Upo
tﬁ.ﬁ-&-éy = 0 Upr 0 ,
—Uspo 0 Ups

in the basis |s), |py), and |p,), where &, and &, denote
unit vectors to the nearest-neighbor site along the x and y
directions, respectively. For the hopping between two layers,
since 7y = rg — 'y is not along the z direction, we need to
decompose the p orbitals into components along the 7y axis
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and perpendicular to 7. Consequently, we obtain

PHYSICAL REVIEW B 90, 085304 (2014)

Uso Uspa)\l O
Vi fi4fy = _vspa)"l Up(r)\% + Upa(l - )\%) 0 s (AS)
0 0 Upr
where A} = ‘ ‘ is the cosine of the angle between 7 and the x axis. The M, term is the Zeeman type of coupling between the p
orbitals and the magnetic moments. In momentum space, the Hamiltonian is given by
E (k) —Diltspy sin(kea) —2ittspy sin(kya)
Hy = "Wl | ity sin(kea) E (k) —inM, v, (A6)
k 2iugps sin(kya) inM, E,, (k)
2v,, cos(k,c/2) —2V5p0 A1 cOS(k c/2) 0
Hyp =Y Wle v, costkoc/2)  2cos(k. c/z)(u,,,,(l A+ vperd) 0 W (A7)
k 0 20, cos(k.c/2)
[
where A symmetry of a Hamiltonian requires
. Hk) = U*R)HOUT (k). (A12)
E (k) = 2u,q[cos(kca) + cos(k,a)] + €,
- In particular, the mirror symmetry 7, yields
Epy(k) = 2[upo cos(kya) + upy cos(tkya)l +€,,  (A8)
- Hapy(ky ky, k) = Hapy(ky,ky, — k), Al3
E py(R) = 2[tt py cOS(kyt) + ttpy cOs(kya)] + €. ap(keky k) = Ham ko ky, =), (A1)
HAB(kxakyvkz) = HAB(kkayv - kz) (A14)
Here W = (cin(lz),.cj,m(lz),c;y,,(lz)), and k = Yisv o ki€ The glide symmetry results in
Next we would like to analyze the constraint on the form of
Hamiltonian due to symmetry. In the main text, we have shown Ha(ky,ky,k:) = myHp(—ky,ky,k)my, — (AlS)
how the operathns m, and g, a.ct on the.bas1s wave functions. Hap(ky,kyk;) = myHpa(—ky,ky k)m,.  (A16)
The corresponding transformation matrices are given by -
1 0 Moreover, since |an,k + G) = €% 71|an, k), one find
U(m;) = (0 1) ; (A9) . -
Hapy(k + G) = Hap(k), (A17)
, 0 eI R)1 Ty, Hyp(k + G) = %7 H o5 (K) (A18)
Ug:) = e iBEy 0 - AL0 ith 7 = (241,0,%). Equations (A13)~(A18) determine the
form of our tight-binding Hamiltonian that respects the pmg
symmetry group.
where The coupling M, between magnetic moments and p orbitals
plays an essential role in inducing topologically nontrivial
1 0 O phases, as shown in Ref. [26]. To see this, we may consider
my=10 -1 0 (A11)  one layer with the effective Hamiltonian (A6) and change the
0 0 1 basis from |p,) and |py) to |py) = —%fz(lpx) +ilpy)) and
. 1p-) = Z5(Ip+) = ilpy)). On the basis |s), [p4), and [p-),
and T = 5 =1(0,0,5). the effective Hamiltonian (A6) is rewritten as
|
E (k) V2 2itspo[sin(kya) + i sin(k,a)] —V2i zuv,,a [sin(kca) — i sin(kya)]
Hﬂ = _ﬁiuspa [sin(k.a) — i Sin(kya)] 2[pr(k) + Ep\ (k)] + an Z[pr(k) p» (k)]

«/Eiusp(,[sin(kxa) + i sin(kya)]

From the Hamiltonian (A19), it is easy to see that the M,
term serves as a Zeeman type of splitting for the states |p.)
and |p_), which carry the angular momentum 1 and —1,
respectively. We may consider a simplified situation when

—HE (k) —

E (k)] ME (k) + E (k)] —

(A19)

(

the parameters of this model satlsfy the condltlon |Es (k)

E,(k) — Mi| < 2|M;| where E,(k) = S5IE 6 + Epy(B)].
In this case, we can describe the low- energy physics with the
|s) orbital and |p;) (|p—)) orbital for the A (B) layer, given
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FIG. 4. (Color online) Energy dispersion of a slab configuration
at different M, values: (a) M, = 3.1 < 3.4; the system is topolog-
ically trivial. (b) 3.4 < M, = 4.5 < 5; the system is topologically
nontrivial with a single gapless surface state at Z. (c)5 < M; = 5.8 <
6.6; the system is topologically nontrivial with single gapless surface
state at U instead of Z. (d) M, = 7 > 6.6; system is topologically
trivial.

by a two-band effective Hamiltonian

Hefr p = e(k) + Z d;o;,

i=x,y,z

(A20)

where o is the Pauli matrix denoting the basis of s and
p orbitals. For the A (B) layer (n==1), e(k)=

PHYSICAL REVIEW B 90, 085304 (2014)
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FIG. 6. (Color online) (a) A structure with pgg symmetry in the
xz plane. Two lattice vectors are d; = (a,0,0) and @, = (0,0,c¢), and
the vector T = (5,0,5). A and B atoms are denoted by red and
blue colors. Taking the point between two adjacent B atoms as the
origin, two generators of the pgg group are {11, |7} and {7i1.|7}. (b) A
structure with p4g symmetry in the xz plane. Two lattice vectors are
d, = (a,0,a) and a, = (—a,0,a), and the vector T = (a,0,0). Two
generators of the p4g group are {C,|¢} and {171, |7}

F 20 sin(kya), and d, = L[E (k) — E,(k) — M;]. This
model is known as the quantum anomalous Hall model, which
has been well studied in Ref. [37]. It possesses a nonzero
quantized Hall conductance when the configuration of the
vector d = 1(d.dy.d.) (where d =/}, d?) in the whole
Brillouin zone has a nonzero winding number. By tuning
the Zeeman splitting M|, the transition between trivial and
nontrivial states can happen for each layer. This transition
exactly corresponds to the transition between Z, trivial and
nontrivial phases in our model after taking into account the
coupling between A and B layers. In the following, we will
numerically calculate the energy dispersion in a slab geometry
with the open boundary condition along the y direction to
test for the existence of gapless surface states. We choose
the following set of parameters: u;, = —0.2, usp, = 0.2,
Upe =02, upy = 0.2, v5e = 0.05, v5pe =0.3, vpe = —0.1,
Vpr =0.1, =0, ¢,=—-5,a=1, a=0.1, and ¢ =2.
Combining both slab calculations and bulk dispersions,
we find that band gaps close at three different M; values:
(I M; = 3.4; the system changes from being topologically
trivial (no gapless surface state) to topologically nontrivial
(single gapless surface state at Z). (I) M; = 5; the system
remains topologically nontrivial since the band gap closes at

TABLEI The degeneracy of HSM in 2D nonsymmorphic groups
for the single group case (spinless fermion or boson). Here “Factor
group” is for the isomorphism class of the factor group of the 2D space
group with respect to its translational subgroup and “Degeneracy” is
for the degeneracy of electronic states at these momenta. “Z,” of the
last column means whether Z, topological phases can exist in this
nonsymmorphic group.

HEK) + E,() + M1, dy = —~2u,y, sintkya),  dy =
@ 1 () 7
N 00
5 K, T o K, T
© mr @
00 1 00¢
_K(E) K, T " 0 k. T
OF: G
00 00 ———_|
0 k T 0 k. n

FIG. 5. (Color online) Wannier center flows for our tight-binding
model characterizing three topological phase transitions (TPTs): First
TPT at M, = 3.4: (a) M, = 3.39 (winding number = 0); (b) M, =
3.41 (winding number = 1). Second TPT at M, = 5 (this TPT shows
no change in winding number because the band gap closes twice
at the same time): (c) M; = 4.99 (winding number = 1); (d) M, =
5.01 (winding number = 1). Third TPT at M, = 6.6: () M, = 6.59
(winding number = 1); (f) M; = 6.61 (winding number = 0).

2D space group HSM Class Factor group Degeneracy Z,
)24 I.X,Z,U K D, 1 no
" r.Xx Ko D, 1 e

pms 20 K D 2 Y
r,u Ko D, 1

P88 X.7Z K, D, 2 yes
F, U K() D4 lor2

p4s .7 K, D, 2 yes
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TABLE II. The degeneracy of HSM in 2D nonsymmorphic
groups for the double group case (spinful fermion).

2D space group HSM  Class Factor group Degeneracy Z,

g IX,Z2,0 K D, 1 no

pms 7,0 K D, 1 yes
F, U K| D2 2

pgs X.7 Ko D, | yes
4 o K, D, 2

P8 X7 Ko D, 1 yes

both T and U at the same time, similar to the case discussed
in Ref. [8]. So the gapless surface states that appear at Z
previously moves to U. (Ill) M; = 6.6; the system changes
from being topologically nontrivial to topologically trivial.
Besides direct calculations of surface states, we can also
extract the bulk topological invariant by tracking the evolution
of Wannier function centers in the k, = 7/c plane for our tight-
binding model. For each fixed &, , Wannier function centers can
be obtained using a gauge-independent method introduced by
Yu et al. [23]. For a one-dimensional system with periodic
boundary conditions, the position operator is defined as

X = Ze—i<2”/L>'Rf|a,i)<a,i|, (A21)
i,o

PHYSICAL REVIEW B 90, 085304 (2014)

where L = Na is the length of the system, « is the orbital
index, and i labels the lattice site. This position operator is
defined using the local basis |«,i), so its eigenvalues represent
Wannier function centers of this system. By projecting this
position operator into the occupied bands, it is easy to check
that the projected position operator is equivalent to a U(2N)
Wilson loop for fixed k.,

D(ky) = S0.181282.3 - - - SNy—2.N,~ 1SN, ~1.05 (A22)

where a series of overlap matrices S are defined using the
periodic parts of Bloch wave functions,

S,l,n,il(kx) = (maky,iakx |naky,i+l k)

2mi

—_— A23
N.a (A23)

ky,i =

Then the phases of the eigenvalues of this U(2/N) Wilson loop
D(k,) just give us Wannier centers of the occupied bands. By
letting k, evolve from O to v /a, we could clearly see whether
the Wannier centers switch partners (when the winding number
is odd and the system is topologically nontrivial) or not (when
the winding number is even and the system is topologically
trivial). As is shown in both Figs. 4 and 5, the winding numbers
of Wannier function centers precisely characterize topological
phase transitions and the appearance of surface states.

TABLE III. 3D space groups that can host surfaces with nonsymmorphic symmetries. In the brackets after the 3D space-group symbols,
we list the number of the 3D space group and the Miller indices of the corresponding surfaces with nonsymmorphic symmetry groups.

Wallpaper group

3D space groups and the corresponding surfaces

Pma2(28,(001)), Aem?2(39,(001)), Ama2(40,(001)), Ima2(46,(001)),
Pcem(49,(100),(010)), Pmma(51,(010)), Pmna(53,(010)), Pbecm(57,(100)),
Cmem(63,(100)), Cmce(64,(010)), Cecm(66,(100),(010)), Cmme(67,(100),(010)),
Ibam(72,(100),(010)), Imma(74,(100),(010)), P4/ mcc(124,(100),(010),(110),(110)),
P4/nbm(125,(110),(110)), P4/mnc(128,(110),(110)), P4/nmm(129,(110),(110)),
P4y /mme(131,(110),(110)), P4»/mem(132,(100),(010)), P4o/nnm(134,(110),(110)),
P4y /mbe(135,(110),(110)), P4> /nem(138,(110),(110)), 14/ mem(140,(100),(010)),

pmg 14, Jamd(141,(100),(010)), P6c2(188,(0110),(1010),(1100)),
P62¢(190,(1210),(1120),(2110)),
P6/mec(192,(0110),(1010),(1100),(1210),(1120),(2110)),
P65/ mem(193,(0110),(1010),(1100)), P65/ mmc(194,(1210),(1120),(2110)),
Pm3n(223,(110),(110),(011),(011),(101),(101)),
Pn3m(224,(110),(110),(011),(011),(101),(101)),
Fm3¢(226,(110),(110),(011),(011),(101),(101)),
Fd3m(227,(110),(110),(011),(011),(101),(101))
Pba2(32,(001)), Aea2(41,(001)), Iba2(45,(001)), Pban(50,(001)),
Pcca(54,(010)), Pbam(55,(001)), Cmce(64,(100)), Ccce(68,(100),(010)),
Ibam(72,(001)), 1bca(73,(001),(100),(010)), P4>bc(106,(001)),
I4,¢d(110,(001)), PAb2(117,(001)), 14c2(120,(001)), P4 /nnc(126,(110),(110)),
P4/nce(130,(110),(110), P4, /nbc(133,(001),(110),(110)), P42/ mbe(135,(001)),

pgs P4 /nmc(137,(110),(110)), 14, /acd(142,(001),(100),(010)),
143(206,(001),(100),(010)), F43¢(219,(001),(100),(010)),
Pn3n(222,(110),(110),(011),(011),(101),(101)),
Fd3c(228,(001),(100),(010),(110),(110),(011),(01T),(101),(101)),
1a3d(230,(001),(100),(010))

A 14em(108,(001)), P4/nbm(125,(001)), P4/mbm(127,(001)),
p3g 14/mem(140,(001)), Fm3c(226,(001),(100),(010))
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APPENDIX B: SPACE-GROUP TABLES FOR
TOPOLOGICAL NONSYMMORPHIC CRYSTALLINE
INSULATORS

Figures 6(a) and 6(b) show the example structures for pgg
and p4g symmetry group, respectively. Here we take the sur-
face normal be to the y direction and assume the lattice along
the y direction preserves the 2D symmetry group of the surface.
Thus, the degeneracies found in the surface BZ are preserved
along the whole k, line in the 3D bulk BZ, which allows us to
define a Z, topological invariant in a way similar to the case
of pmg.

The Tables I and II give the possible 2D space groups
for the surfaces that can host topological nonsymmorphic
crystalline insulators in the spinless and spinful systems,
respectively. The essential step is to determine the degeneracy
of HSM for the corresponding symmetry group based on the
projective representation theory [22]. We have shown how to
determine the factor system and the corresponding projective
representation for the single group case, which is applicable
to spinless fermions and bosons. The generalization to the
double group (spinful ferlnions) is quite straightforward. In
this case, at a momentum k the representation matrix takes the
form D,;({S|I§}) = e*RD(S)x(S) for the symmetry operator
{Slﬁ}, where D(S) is for the spatial part and y (S) is for the
spin part. Now the factor system is determined by the phase
factor w(S1,S,) deﬁned as D(S; )D(Sz) = w(81,5,)D(S;S,) for
two operators {Sl|R1} and {S2|R2} Therefore, it is easy to
see that the spin part x(S) gives an additional contribution
to the phase factor w(S;,S,). To determine to which class

PHYSICAL REVIEW B 90, 085304 (2014)

the projective representation belongs, one needs to consider
the parameter o = % Therefore, it is essential how two
operators S; and S, act on the spin part. Let us consider the
example of pmg group. For the operators i1, and g, = {1i1,|T},
since x (n1,) = io, anticommutes with x (17i,) = io, (o, and
o, are two Pauli matrices), one can show that @ = —1 for
K= I Xanda = 1 for K= Z,U for the spinful case, which
is exactly opposite to the spinless case. The results for other
2D nonsymmorphic space groups are summarized in Table II.

Table III gives the corresponding 3D space groups that can
have surfaces with the required 2D space-group symmetry.

To identify the symmetry groups on specific surfaces, we
make use of the concept of layer groups. By comparing their
symmetry operations, we arrive at the following correspon-
dence between 2D space groups and layer groups:

pmg group = Layer group 24,
pgg group = Layer group 25,
p4g group = Layer group 56.

This correspondence is such that the layer group is isomorphic
to the space group. Then Table III can be obtained with the help
of the scanning tables found in Volume E of the International
Tables for Crystallography, Ref. [38].

Finally, based on Table III, one can easily identify appro-
priate systems to look for. For example, the surfaces with
pmg symmetry group can exist in many compounds of iron
pnictides and chalcogenides (P4/nmm group) [39—42] and
some antiferromagnetic materials with the spinel structures
(Fd3m) [43,44].
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