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In this paper we systematically study a simple class of translation-symmetry protected topological orders in
quantum spin systems using slave-particle approach. The lattice spin systems are translation invariant, but may
break any other symmetries. We consider topologically ordered ground states that do not spontaneously break
any symmetry. Those states can be described by Z2A or Z2B projective symmetry group. We find that the Z2A
translation symmetric topological orders can still be divided into 16 subclasses corresponding to 16 translation-
symmetry protected topological orders. We introduced four Z, topological indices {,=0,1 at k=(0,0), (0, 7),
(7,0), and (,1) to characterize those 16 topological orders on square lattice. We calculated the topological
degeneracies and crystal momenta for those 16 topological phases on even-by-even, even-by-odd, odd-by-
even, and odd-by-odd lattices, which allows us to physically measure such topological orders. We predict the
appearance of gapless fermionic excitations at the quantum phase transitions between those symmetry pro-
tected topological orders. Our result can be generalized to any dimensions. We find 256 translation-symmetry

protected Z2A topological orders for a system on three-dimensional cubic lattice.

DOI: 10.1103/PhysRevB.80.224406

I. INTRODUCTION AND MOTIVATION

For long time, people believe that Landau symmetry
breaking theory! and the associated local order parameters>>
describe all kinds of phases and phase transitions. However,
in last 20 years, it became more and more clear that Landau
theory cannot describe all quantum states of matter (the
states of matter at zero temperature).*> A nontrivial example
of states of matter beyond Laudau theory is the fractional
quantum Hall (FQH) states.® FQH states do not break any
symmetry and hence cannot be described by broken symme-
tries. The subtle structures that distinguish different FQH
states are called topological order.*>’ Physically, topological
order describes the internal order (or more precisely, the long
range entanglement) in a gapped quantum ground state. It
can be (partially) characterized by robust ground-state
degeneracy.*® Recently, many different systems with topo-
logically ordered ground states were found.®~16

Quantum spin liquid states in general contain nontrivial
topological orders. In the projective construction of spin lig-
uid (also known as slave-particle approach),'’>3 there exist
many-spin liquids with low energy SU(2), U(1), or Z, gauge
structures. Those spin liquids all have exactly the same sym-
metry. To distinguish those spin liquids, we note that al-
though the spin liquids have the same symmetry, within the
projective construction, their ansatz are not directly invariant
under the translations. The ansatz are invariant under the
translations followed by different gauge transformations. So
the invariant groups of the ansatz are different. We can use
the invariant group of the ansatz to characterize the order in
the spin liquids. The invariant group of an ansatz is formed
by all the combined symmetry transformations and the gauge
transformations that leave the ansatz invariant. Such a group
is called the projective symmetry group (PSG).>* Thus al-
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though one cannot use symmetry and order parameter to de-
scribe different orders in the spin liquids, one can use the
PSG to characterize/distinguish the different quantum/
topological orders of spin liquid states.

The simplest kind of topological orders is the Z, topologi-
cal order where the slave-particle ansatz is invariant under a
Z, gauge transformation. According to the PSG characteriza-
tion within the projective construction, for system with only
lattice translation-symmetry, there can be two different
classes of Z, topological orders labeled by Z2A and Z2B
(a Z2B ansatz has 7 flux going through each plaquette).?* In
this paper, we will study the Z2A topological orders and ask
“are there distinct Z2A topological orders?” We find that
there are indeed distinct Z2A topological orders. They can be
labeled by four Z, topological indices {,=0,1 at k=(0,0),
(0,7), (7,0), and (7, 7). So the { characterization is be-
yond the PSG characterization of quantum/topological order
and provides additional information for translation-symmetry
protected Z, topological order.

II. GENERAL “MEAN-FIELD” FERMION HAMILTONIAN
OF Z, TOPOLOGICAL ORDERS

We will use the projective construction (the slave-particle
theory)!”?3 to systematically construct different translation
symmetric Z, topological orders in spin-1/2 systems on
square lattice. In such a construction, we start with “mean-
field” fermion Hamiltonian>*

Hinean = 2 YRl + 25 mg] + He) + 2 dhaty,
1 i} i
(1)

where u;;, 74, and a; are 2 by 2 complex matrices. The 7
term is included since our spin-1/2 systems in general do not
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have any spin rotation symmetry. We like to mention that a;
are not free parameters. a; should be chosen such that

(Wl gl o | WY = 0, 1=1,2,3, (2)

mean

where of are the Pauli matrices. In this paper, we will only
consider translation invariant ansatz uj;=uj,,j.a and 7

= Titaj+a- LHOSE states are characterized by Z2A PSG and are
Z2A topological states.”

Let |‘I’fr”fgdfl)) be the ground state of H,,.,,. Then a many-
spin state can be obtained from the mean-field state |\If(“lJ ”IJ)>
by projection

i) = PR, (3)
into the subspace with even numbers of fermion per site.

Here the projection operator is
T+ (=1)n
P= H SUAS

and n;= r//iT i is fermion operator at site i.

We note that after the projection, each site can have either
no fermion or two fermions. If we associate the no fermion
state as the spin-down state and the two-fermion state as the
spin-up state, then the projected state |\I’£”;Jn’"1 ) can be
viewed as a quantum state for the spin system. This is how
we construct many-spin state from the mean-field Hamil-
tonian. For each choice of the ansatz (i, 7;4,4;), this proce-
dure produces a physical many-spin wave function |\If o ) ).
So the ansatz (u;;, 77,J) can also be Vrewed as a set of labels
that label a many-spin state and |‘I’S“;Jn 7)) can be viewed as a
trial wave function for a spin-1/2 system, with u;; and 7;
being variational parameters.

For the translation invariant ansatz, one can rewrite the
mean-field fermion Hamiltonian in momentum space by pre-

senting

1

i x

A
-

wo=| V.
¥k

ok
and
Vi=ly Vi Bk Vo).
Note that Wy satisfy the following algebra
WiV} = 8ubaes ¥no Wi} =TS
where
(O] 0
F =0 ® Oy = . (4)
0 (o]

We also note that (W', ,W_,) can be expressed in term of

(W1, ¥y,
Vo =TV, Vv =wT. (5)

In terms of Wy, H,,.,, can be written as
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Hpen= 2 ViM(K) Wy + > WM (K) W, (6)
k=0

k#0

where —m<k,, k,<+m, and M(k) are 4 X4 Hermitian ma-
trices M(K)=M ‘(k) Here k=0 means that (k,,k,)=(0,0),
(0,m), (m,0), or (m,m). Also k, and k, are quantized: k,
—2— Xinteger and k, =2— X integer, where L, and L, are size
of the square lattice in the x and y directions. Note that on an
even-by-even lattice (i.e., L,=even and L,=even), (k,,k,)
=(0,0), (0,m), (77 0), or (77 ) all satisfy the quantization
conditions k, =27 % integer and k,=7" T X integer. In this case,
Skoo Sums over all the four pomts (ky,ky)=(0,0), (0,m),
(7,0), and (7r,7). On other lattices, 2y_y sums over less
points. Say on an odd-by-odd lattice, only (k,,k,)=(0,0) sat-
isfies the quantization conditions k —2—><1nteger and k,
——><1nteger In this case, 2y, sums over only (k,, V)
—(0 0) point.
We note that
VW, =2, Wio)® oW, =0.

Thus up to a constant in H,,,, we may assume M(K) to
satisfy

Tr M(K) =0, TiM(K)o® o3]=0. 7)
Due to Eq. (5),

I M(-K)W_ =Tr M(k) - Vi TM" (- K)['V,.
Thus, we may rewrite Eq. (6) as

Hpean= 2 VUKW + ~ E VUKW,

k>0

UK)=MEK)-TMT(-K)T. (8)

Here k>0 means that k# 0 and k,>0 or k,=0 and k,>0.
Clearly U(k) satisfy

UK)=-TU"(-K)', UK)=U"(K).

Now we expand U(k) by 16 Hermitian matrices

Mgy =0,® 05, a,=0,1,2,3, 9)
where gp=1. We have
UK) = 2 clag(W)M o,
{a.B}

where cy,g(k) are real. The 16 4 X 4 matrices M,z can be
divided into two classes: in one class, the matrices satisfy

M=-TMT.

We call them “even matrices;” in the other class, the matrices

satisfy
M=TM'T.

We call them “odd matrices.”
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There are six even matrices,

M{30}:U3®0'0, M{12}=0'1 ®0’2, M{zz}:(]'z@(fz,
For above six matrices, M{3g), M{;5}, and My, anticommute
with each other,

M 30, M1} =0,
{M 30, M50} = 0,

M2, My} = 0. (10)
M 33y, M3y, and Mg,y anticommute with each other

M3, M3p} =0,
{M 33, M5} = 0,

{M 313, Mgy} = 0. (11)

While each of M3, My, and M,y commutate with each
of M3y, M3y, and M. For the coefficients of the even
matrices cy,g(K) in the mean-field fermion Hamiltonian,
{aB}={30},{12},{22},{33}.{31}.{02}, we have

lap(K) = clap (= K).
In addition, there exist ten odd matrices:

M{OO}= (o ® 0y, M{l(]}: gy & gy, M{zo}z (o) & g,

M{03}=O'0®0'3, M{11}=0'1®O'1, M{13}=O'1®(T3,

M{23}=0'2®0'3, M{32}=0'3®0'2, M{21}= 0'2®0'1,

M{01}=O'0® agy.

For the coefficients of odd matrices c;,g (k) in the mean-field
fermion Hamiltonian, we have

clap(K) == cfap(= k).

Thus for odd matrices, c;,g(k) are odd functions of k,,k,
and are fixed to be zero at momenta (0,0), (0,m), (,0),
(7, )

C{aﬁ}(k = 0) =0.

III. CLASSIFICATION OF Z2A TOPOLOGICAL
ORDERS

For a generic choice of u;; and 7, the corresponding
mean-field Hamiltonian 1 is gapped. Note that the energy
levels of the mean-field Hamiltonian 1 appear in (E,-E)
pairs. The mean-field state is obtained by filling all the nega-
tive energy levels. The mean-field Hamiltonian is gapped if
the minimal positive energy level is finite. The gapped mean-
field Hamiltonian corresponds to a gapped Z2A spin liquid.

As we change the mean-field parameters u;; and 7, the
mean-field energy gap (and the corresponding energy gap for
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the Z2A spin liquid) may close which indicates a quantum
phase transition. Thus if two gapped regions are always sepa-
rated by a gapless region, then the two gapped regions will
correspond to two different quantum phases. We may say
that the two quantum phases carry different topological or-
ders.

In the following, we introduce topological indices that can
be calculated for each gapped mean-field ansatz (u;;, 7;). We
will show that two gapped mean-field ansatz with different
topological indices cannot be smoothly deformed into each
other without closing the energy gap. Therefore, the topo-
logical indices characterize different Z2A topological orders
with translation-symmetry.

A. Topological indices

In the Sec. II, we obtained the mean-field fermion Hamil-
tonian in momentum space 1, which has a form H,,
=H(k>0)eant H(k=0),cn- Let us diagonalize the mean-
field fermion Hamiltonian at the points k>0 as an example.
Presenting

g
W)W, = o
la |
Bl
where
(k) 0 0 0
i _ - Sl(k) 0 0
WEK)UK)W'(K) = 0 0 ey(k) 0 ,
0 0 0 - &,(Kk)
(12)
£,(k)>0, and &,(k)>0, we find
H(k > O)mean
= 2 {sl(k)altak + Sz(k)ﬁlﬁk
k>0

- Sl(k) a_kaik - Sz(k)ﬁ—kﬁik}'

We note that both @~ and 8. will annihilate the mean-field

ground state |V .
aik|q,mean> = O’ ﬁtk|qjmean> =0.

At the four k=0 points, only the even M, ; appear and we

diagonalized the Hamiltonian differently. The four eigenval-
ues of U(Kk) are given by

e.r(k)= = \/0{230}(k) + 6{212}(k) + szz}(k)

x \/C{233}(k) + cfyy(K) + ¢y (),

and
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H (k = O)mean

= _2 {er (K apay + &,_(K) BB + e__(K) ey
2420

+e_ (KBBY
= E {er(k) a’lia'k + 8+—(k)ﬁltﬁk} + Const.,

k=0
where
6,.(k) 0 0 0
o -g,(k) 0 0
W(k)UK)W'(k) = 0 0 g,(k) 0
0 0 0 -&,(k)

(13)

We note that W(k) diagonalizes the linear combination of
Mz, My1py, and My in Hypyepn:

Wi(cpoMpoy + cigMypny + conMpy) W'

= VC?30} + 0{212} + C%zz}MBo}- (14)

W(k) also diagonalizes the linear combination of Mss),
M{31}, and M{OZ} in Hmean:
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W(cpM 33+ canyMny + copM o) W'

=\ C%33}+C{231}+C{202}M{33}. (15)

So W(k) changes Ms;=04® 03 to
W(k) (o3 ® o3) W' (k) =a(k)o; @ o3+ b(K) o
® o+ c(K)o3 ® 0. (16)
where (k) +b5*(K)+c2(k)=1.

The energy spectrum at k=0 motivates us to present ¢ as
the four topological indices, one for each k=0 point:

f=1-0[e, (K],

=1 - O[cfy(k) + 1K) + ¢y (k) — 33y (K)
- 0{231}(k) - 0{202}(1()], (17)

where ®(x)=1 if x>0 and ®(x)=0 if x<0. If two topologi-
cal ordered states have different sets of topological indices

(8k=0.0)» Gk=(m.0)» S=0, m)» k=(m,m))» then as we deform one
state smoothly into the other, some ¢} must change. { can
only change when

\/0?30}(1‘) + C?l2}(k) + 0{222}(1() = \/0?33}(1‘) + 6%31}(1() + C{zoz}(k)-

At that point, the topological ordered state becomes gapless
indicating a quantum phase transition. Therefore, there are
16 different translation invariant Z2A spin liquids labeled by

$k=(0,0)» Lk=(0,m)> Lk=(m0)s

Lk=(m.m=1111,1100,1010,1001,0101,0011,0110,0000, 1000,0100,0010,0001,1110,1101,1011,0111.

B. Topological degeneracy

Let’s calculate topological degeneracies for different to-
pological orders through the projective construction. Now

(m n) (mn

we use |m,n)= |‘If(" 7hj ))>(|m n)=
|1,1)) to denote four degenerate ground states on a
torus. Here (ulmm) | plrm) is defined as
(=)@ =y, (<)o ()@ ap). s, (i) have values
0 or 1, with Sxy(lj)—l if the link ij crosses the x=L,, or y
=L, hne(s) and s, ,(ij)=0 0therw1se 2425 In fact, the four

mean-field states |m ny= |‘I’I(n j 7 > are obtained by giv-
ing the fermion wave functions glr(x y) different boundary
conditions:

Ylxy)= (= D)"plxy+L,),

Wx,y) = (= 1D)"x+L,y). (18)

To obtain a physical state from the mean-field ansatz
| W)y one needs to project [Wi) into the subspace
with even numbers of ¢ fermion per site. So the mean-field

state must have even numbers of ¢ fermions in order for the

projection to be nonzero. The total ¢ fermion number has a
form N=Nyo+Ny=o Where Ny.5=2o( i+ ) and
Ni=0=Z k=0 i ic-
We note that, for k>0,
(- )lﬂ,k‘ﬂl ,k+'/’§,-k'/’1,-k“@,k%,kwg-k‘/fz,-k
= (= )bt ] e i o,
=(- )‘ﬂi,ki//l.k+¢1,—kﬂ,-k’f‘ﬂ;k‘//z,w%—k@,-k
=(- )a-liak+3iiﬂk+a—ka1—-k+ﬁ—kﬁik
= (= ) ecHBLBcra e BBy (19)
Hence we have
(=)ada
=(- )akak+l3ﬂﬁk+%ka-k+ﬁikﬂ_k|\]fg“iej"{;7ij)>

aklﬁa ) —kVax) |‘If(”g n.J)»

= [ W)y, (20)

mean

for k>0. We see that the total number of the ¢ fermions on
all the k# 0 orbitals is always even.
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So to determine if the mean-field ground state contain
even or odd number of ¢ fermions, we only need to count the
number ¢ fermions at the four special points: (0,0), (0, ),
(,0), and (7, 7). For k=0,

(- )ﬂ,k‘/’l,k“f’;k%,k =(- )’//}L,k‘lll,k_‘/’;,k'JJZ,k =(- )(I/ZWIT(Ua@Ua‘I’k_
21
Using Eq. (18), we find

lqﬁ ) =l k T T _ paf i
5 k03 ® oWy 261( ) (g e — ey — By By + BiBr)
b0 (B — Bl + Blak - Bra)
+ > Py — ay By + By — Bray

1 . .
+izo(k) (- apf— i+ Ban+ Frewy)

= a(k)(a:{ak - ,311131() + b(k)(altﬂk + ,Bltak)
+ic(k) (= oy By + Brano)- (22)
We see that
(=)
— pmilatk)(agar-BL B +b(K) (af BB +ie W) (—af Bk Byan)]
(23)

If we treat (o, By) as an isospin-1/2 doublet, then the above
operator generates a 27 rotation since a’(k)+b?(k)+c%(k)
=1. This is consistent with the following relation:

a (- )¢T,k¢1,k+¢;,k’ﬂz,k =—(- )‘ﬂi—,k‘pl.k*'w;sz,kak’

Bul=) itk = — (- )y baadaxpy - (24)

Since the operator (—)‘)‘lt“kJrﬁLBk has the same algebra as
h :

(=)ixbhxtdoxdok and the two operators are equal when

a(k)=1, b(k)=c(k)=0, we have

(=)t ok = (= ) ket B (25)

Thus, the total fermion number at the four points, k=(0,0),
(0,7), (7,0), and (7, ) satisfies
(= Vet = (=) 2 enewr B, (26)

For a given point of k=0, the energies for the particles a and
B are &,,(k) and ,_(k). There are two situations:
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(1) For &,_(k) >0, the k-orbital will be filled by 0 par-
ticle: zero « particle and zero S particle.

(2) For &,_(k) <0, the k-orbital will be filled by 1 par-
ticle: zero « particle and one f3 particle.

We find that the total number of ¢ fermion at the k=0
points and at all k are given by

Ny mod 2=Nmod 2= 2, £ mod 2.
k=0

(27)

Note that on even-by-even (ee) lattice, all the four k=0
points k=(0,0), (0, ), (7,0), and (7, 7) are allowed. In this
case N mod 2 is the sum of all four {j_, mod 2. On even-by-
odd (eo) lattice, only two k=0 points k=(0,0), (7,0) are
allowed. In this case N mod 2={ o)+ {(7,0) mod 2.

Let us use the topological order 1000 as an example to
demonstrate a detailed calculation of the ground-state degen-
eracy. There are four degenerate mean-field ground states
|m,n>=|\I’r(1'1‘£j:1;")"7i(J'm’n))), m,n=0,1. On an ee lattice, the state
|0,0) has periodic boundary conditions along both x and y
directions. Among the four k=0 points, only k=(0,0) point
has {i =1 as indicated by the first 1 in the label 1000. As a
result, the ground state |0,0) contains an odd number of
fermions and is unphysical: P|0,0)=0. For the states |0, 1),
1,0), and |1,1), the k=(0,0) point is not allowed. Conse-
quently, N=0 mod 2. Hence |0,1), |1,0), and |1,1) are all
physical states. This gave rise to three-degenerate ground
states for the topological order 1000 on an (ee) lattice.

Second, we calculate the ground-state degeneracy on an
eo [or odd-by-even (oe)] lattice. For the state |0,0), only two
k=0 points are allowed: k=(0,0) and k=(,0). Due to
Lioo=1, |0,0) is forbidden, 7|0,0)=0. For other states
0,1),]1,0), and |1,1), k=(0,0) is not allowed on an (eo) [or
(oe)] lattice. For the same reason, one obtains three-
degenerate ground states |0,1), |1,0), |1,1) on an (eo) [or
(oe)] lattice. Third, we calculate the ground-state degeneracy
on an odd-by-odd (oo) lattice. For the state |0,0), there is
only one k=0 point: k=(0,0). As a result, |0,0) is not per-
mitted by the projection operator, P|0,0)=0. However, with-
out the point k=(0,0), other states |0,1), |1,0), and |1,1) are
all physical. One also obtains three-degenerate ground states
0,1), |1,0), and |1,1) on an (0o) lattice.

By this method, we obtain topological degeneracies on
different lattices for the 16 topological orders. The results are
given in the following table:

1111 1110 1101 1011 0111 1100 0011 1001 0110 1010 0101 1000 0100 0010 0001 0000
(ee) 4 3 3 3 3 4 4 4 4 4 4 3 3 3 3 4
(e0) 4 3 3 3 3 4 4 2 2 2 2 3 3 3 3 4
(ce) 4 3 3 3 3 2 2 2 2 4 4 3 3 3 3 4
(00) - 1 1 1 1 2 2 2 2 2 2 3 3 3 3 4

C. Crystal momenta

Next, we calculate the crystal momenta for 16 topological
ordered states. Because the spin Hamiltonian is translation
invariance, the ground states carry definite crystal momenta.

To calculate the crystal momenta k, we note that the fermion
wave function satisfies the (anti) periodic boundary condi-
tion.

The crystal momenta are given by
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K|\I,spin> = 2 k¢£¢k|\l,spin>
k

= 2 k¢£¢k|\lfspin> + 2 kwiiwkl\l}spin>' (28)
k=0

k#0

(m,n) _(m,n)
The ground state |\I',(1'fgan i)y at k#0 has a form
M=o BiBil0), where |0), is the state with no ¢ fer-
mion. Thus, the total crystal momenta k are obtained as

I€|\Pspin> = E k¢li¢k|q}spin> = 2 k§k|q}spin>a (29)
k=0 k=0

where we have used (at k=0)

i mod 2 = .

Thus, to determine the crystal momenta, we only need to
focus on the cases at k=0.

By this method, we obtain the crystal momenta on differ-
ent lattices (ee, o, oe, and 00) for 16 topological orders. The
following tables show the crystal momenta of different
ground states:

PHYSICAL REVIEW B 80, 224406 (2009)

K (0000) (ee) (eo) (oe) (00)
(00) (0,0) (0,0) (0,0) (0,0)
(01) (0,0) (0,0) (0,0) (0,0)
(10) (0,0) (0,0) (0,0) (0,0
(11) (0,0) (0,0) (0,0) (0,0

K(0011) (ee) (e0) (oe) (00)
(00) (0, m) (0,0) (0,0)
(01) (0,0) (0,0) (0,0
(10) (0,0) (0,0) 0,m)

(11) (0,0 (0,0) (0,0)
K(1100) (ee) (eo) (oe) (00)
(00) (0, ) (0, )
(01) (0,0) (0,0)
(10) (0,0) (0,0) (0,0) (0,0)
(11) (0,0) (0,0) (0,0) (0,0)

K(1111) (ee) (e0) (oe) (00)
(00) (0,0) (7,0) 0,m)

(01) (0,0) (7,0) (0,0)
(10) (0,0 (0,0) (0,m)
(11) (0,0) (0,0) (0,0)

K(0101) (ee) (eo0) (oe) (00)
(00) (,0) (0,0) (0,0
(01) (0,0 (7,0) (0,0)

(10) (0,0) (0,0) (0,0)
(11) (0,0) (0,0) (0,0)

K(1010) (ee) (eo) (oe) (00)
(00) (7,0) (m,0)

(01) (0,0) (0,0) (0,0) (0,0)
(10) (0,0) (0,0)
(11) (0,0) (0,0) (0,0) (0,0)

K(0110) (ee) (eo0) (oe) (00)
(00) (7, ) (0,0
(o1) (0,0) (0,0)

(10) (0,0) (0,0)
(11) (0,0) (0,0) (0,0) (0,0)

K(1001) (ee) (eo) (oe) (00)
(00) (7, 7)

(01) (0,0) (0,0) (0,0)
(10) (0,0) (0,0) (0,0)
(11) (0,0) (0,0) (0,0)

K(1000) (ee) (eo) (oe) (00)
(00)

(01) (0,0) (0,0) (0,0) (0,0)
(10) (0,0 (0,0) (0,0) (0,0)
(11) (0,0 (0,0) (0,0) (0,0)

K(0100) (ee) (eo) (oe) (00)
(00) (0,0) (0,0)
(01) (0,0) (0,0)

(10) (0,0) (0,0) (0,0) (0,0)
(11) (0,0) (0,0) (0,0) (0,0)

K(0010) (ee) (eo) (o€) (00)
(00) (0,0 (0,0)
(01) (0,0) (0,0) (0,0) (0,0)
(10) (0,0) (0,0)

(11) (0,0 (0,0 (0,0) (0,0)

K(0001) (ee) (eo0) (oe) (00)
(00) (0,0) (0,0) (0,0)
(o1) (0,0 (0,0) (0,0
(10) (0,0) (0,0) (0,0)
(11) (0,0) (0,0) (0,0)

K(0111) (ee) (eo) (o€) (00)
(00) (0,0)
(01) (0,0) (7,0) (0,0)

(10) (0,0) (0,0) 0,m)
(11) (0,0) (0,0 (0,0)
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K(1011) (ee) (eo) (oe) (00)
(00) (7,0)
(01) (0,0) (0,0) (0,0)
(10) (0,0) (0,0) (0,7)
(11) (0,0 (0,0) (0,0

K(1101) (ee) (e0) (oe) (00)
(00) (0,7)
(01) (0,0 (7,0) (0,0)
(10) (0,0) (0,0) (0,0)
(11) (0,0) (0,0) (0,0)

K(1110) (ee) (e0) (oe) (00)
(00) (7,0) (0,m)
(01) (0,0) (0,0)
(10) (0,0) (0,0)
(11) (0,0) (0,0) (0,0) (0,0)

IV. HOW MANY DISTINCT Z, TOPOLOGICAL ORDERS?

We would like to point out that the four topological indi-
ces £, at k=0 really describe 16 classes of mean-field ansatz.
It is not clear if different mean-field ansatz give rise to dif-
ferent many-body spin wave functions. So it is possible that
the 16 sets of topological indices ¢} describe less than 16
classes of Z, topological orders.

On the other hand, if two Z, topological phases can be
separated through measurable physical quantities, such as
ground-state degeneracy and crystal momenta, then the two
topological phases will be really distinct.

Using the ground-state degeneracies on different types of
lattice we can group the 16 sets of topological indices {} into
7 groups: {0000}, {0001, 0010, 0100, 1000}, {0101, 1010},
{1100, 0011}, {1001, 0110}, {0111, 1011, 1101, 1110}, {1111}.
Each group has the same ground-state degeneracies. So we
have at least seven distinct Z, topological phases. If we as-
sume that the boundary condition labeling (m,n) are not
physically observable, the crystal momenta distributions can-
not further separate the above seven groups into smaller
groups. However, it is likely that the boundary condition
labels (m,n) are physically observable by moving the unique
type of fermionic excitations (the spinons) around the torus.
In this case all 16 sets of topological indices ¢ label distinct
Z, topological phases.

To study translation-symmetry protected topological order
in three dimensions, we can still use the projective construc-
tion to construct translation symmetric Z, topological orders
in spin-1/2 systems on cubic lattice, with mean-field fermion
Hamiltonian in Eq. (1). The many-spin topological ordered
state is given by |Wdi))=P|Wlii ")) where W) is
the ground state of H.,.,, and Pzﬂiﬂ_—zlw is the projection
operator. Here i=(i,,i,,i,) denotes a site in a cubic lattice.

Furthermore, using the same method applied to two-
dimensional cases, we may define eight Z, topological indi-
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ces {,=0,1 for the Z, topological orders in three dimensions
at k=(0,0,0), (0,0,m), (0,,0), (,0,0), (0,m,m),
(7,0,m), (m,m,0), (7,m,m). The values of ) are deter-
mined from the signs of the energy spectrum at the eight k
=0 points in momentum space:

k=1-0[e, (K],

— cfyy(K) = cfony(K)]. (30)

where @(x)=1 if x>0 and O(x)=0 if x<<0. Therefore, there
are totally 28=256 different translation invariant Z2A spin
liquids labeled by {k=0.0.0) Ck=(0.0.m> Ck=(0.m0) Ck=(m0.0)>
£k=(0,ﬂ',7T)’ gk:('n',O,*n')’ £k=(7T,7T,0)’ and §k=(7T,7T,1T)' Similar to the
cases in two dimensions, one cannot deform two states with
different {,} into each other without a quantum phase tran-
sition that closes the energy gap.

V. TWO EXAMPLES OF Z24A TOPOLOGICAL ORDERS

Let us discuss two different translation symmetric Z2A
topological orders studied in Ref. 25 in more detail. The first
one is described by the following mean-field fermion
Hamiltonian®* within the projective construction:®

Hpean = 2 lﬂiTuij‘zbj + 2 w;ailpia
ij i

Ujjpx = Uijiry = — X o >
_ 1

Uijrx+y = 0 + \o?,
_ 1

Uijx4y = N0 — )\0—27

a.lz‘u, (31)

where '=(,,4,). The other Z2A spin liquid comes
from an exact soluble spin-1/2 model on square lattice—the
Wen-plaquette  model.'®  Its  Hamiltonian is H
=1682,5}S},xStixeySizy- Using projective construction, one
can present a mean-field fermion Hamiltonian?* to describe

such a spin liquid:
Hmean = 2 (l:bll,lufjjlvlll,_] + 'r//},l”’]fjjl/’},J + HC) s (32)
Gij)

where I,J=1,2. It is known that the ground states for g<<0
and g>0 have different symmetry protected topological or-
ders. The ground state (Z2A topological order) for g<<0 is
described by mean-field ansatz —ni,i+x:ui,i+x:1+0'3 and
= Diiry = Uiy =1 — 0. The ground state (Z2B topological or-
der) for g>0 is described by mean-field ansatz —7;;,
=t ux= (=) (1 407) and =7,y =1ty =1-0".

We like to ask: whether the topological order for Z2A
gapped state in Eq. (31) and the topological order for the
Wen-plaquette model in Eq. (32) are the same one. The four
Z, topological variables (., can help us to answer the
question.
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For the Z2A gapped state, a mean-field fermion Hamil-
tonian in momentum space becomes

Hypoun(k) = >, W UK)W, + Hec., (33)
k

where

Uk)= >, clapt(K)M g,
{a.B8}

£, (K) = 0= \chy3(K) + cfayy(K) + oy (K)

PHYSICAL REVIEW B 80, 224406 (2009)
333 =C0S k, +cos k,,
ci1y = nleos(k, + ky) + cos(k, — k)] + v,

cfozy = N cos(k, + k) — cos(k, — ky)]_

Because M3, M3y, and Mg, make up of an anticommut-
ing basis, we have

=- \'/(cos k, + cos ky)2 +{nlcos(k, + k;) + cos(k, — k)] + v + {\[cos(k, + k,) = cos(k,— ky)]}z.

For the Z2A gapped state, one has

Com=1 Com=L {amn=1 {an=1

It belongs to the 1111 type of the topological order. The
topological degeneracy is 4, 4, and 4, for even-by-even,
even-by-odd, and odd-by-even, respectively. On odd-by-odd
lattices, the state has no energy gap.

Another example of topological order is the Wen-
plaquette model. The mean-field ansatz in momentum space
now becomes

UK) = X ciap®)Map,
{e.8}

Ci30) = €08 k. +cos ky,
¢33 = cos k, —cos ky,
Cpp0) = Sin k, + sin k,

Cpp3y = sin k, —sin k.

There are two even matrices in the ansatz, M3p and M 33).
We have

&,_(k=0) = cos k, +cos k| —[cos k, — cos k|.

For the topological order of the Wen-plaquette model, one
has

£0.0=0, L(mm=0.

It belongs to the type of the topological order. The topologi-
cal degeneracy is 4, 2, 2, and 2 for (ee), (eo), (oe), and (00)
lattices. Because topological order in the toric-code model
with translation invariance!> and that in the Wen-plaquette
model are equivalent, one can use the same wave function to
describe the toric-code model.

Som=1 Lmo=1

Then when one changes the Z2A gapped state denoted by
1111, into the topological order of the Wen-plaquette model
denoted by, quantum phase transition occurs with emergent
massless fermion at k=(0,0) and k=(ar, m).

VI. NON-ABELIAN TOPOLOGICAL STATES

We like to point out that for the four Z2A topological
states described by {{,}=1000,0100,0010,0001, the corre-
sponding mean-field Hamiltonian describes a superconduct-
ing state whose band structure has an odd winding
number.?%27 So those four Z2A topological states are closely
related to the topological spin liquid state obtained by the
projection of p,+ip, SC states.?” As a result, the four Z2A
topological states have a topological order described by Ising
topological quantum field theory (which is the same topo-
logical quantum field theory describing the non-Abelian
Paffien FQH state at v=1/2).28-32 This is consistent with the
fact that those four Z2A topological states all have three-
degenerate ground states on torus and do not have time re-
versal symmetry. Therefore the four Z2A topological states
are non-Abelian states with excitations that carry non-
Abelian statistics described by Ising topological quantum
field theory.

We believe that the four Z2A topological states described
by {{}=0111,1011,1101,1110 are also non-Abelian states
described by Ising topological quantum field theory. How-
ever, 0111, 1011,1101, and 1110 states are different from the
1000, 0100, 0010, and 0001 states since they have different
ground-state degeneracy on (00) lattices. Some concrete con-
structions of those non-Abelian topological states and other
topological states discussed in this paper are given in Appen-
dix B.

We also like to point out that the mean-field Hamiltonian
is a Hamiltonian for a superconductor. The Z, topological
indices ¢, provide a classification of translation invariant
two-dimensional (2D) topological superconductors as
discussed in Ref. 33.

VII. CONCLUSION

In this paper, we study topological phases that have the
translation-symmetry using the projective approach. We con-
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centrated on a class of topological phases described by Z2A
PSG. We find that 2D Z2A topological phases on square
lattice can be further divided into 16 classes, which can be
described by four Z, topological variables {, =0, 1 at the four
points k=(0,0), (0, ), (7,0), and (7, 7). Through the pro-
jected SC wave functions, we obtain the topological degen-
eracies and the crystal momenta for those 16 classes of to-
pological states. This allows us to identify the topological
phase of the Wen’s plaquette model as the 0110 Z2A topo-
logical order. In addition, it is predicted that massless fermi-
onic excitations appear at the quantum phase transition be-
tween different topological orders with translation
invariance.

What are the effective topological field theories for those
different symmetry protected Z, topological orders on lat-
tices? In Ref. 25, it is pointed out that the continuum effec-
tive theories for all the two-dimensional Z, topological or-
ders are same U(1)XU(1) mutual Chern-Simons (MCS)
theory. However, the lattice symmetry (such as the
translation-symmetry) have different realizations in the
U(1) XU(1) MCS theory. In particular, the 1111 type and
0110 type Z2 topological orders and the corresponding real-
ization of the lattice translation-symmetry in the MCS theory
are discussed in detail in Ref. 25. We believe that the sym-
metry protect Z, topological ordered states discussed here are
also described U(1) X U(1) MCS theory with different real-
ization of lattice translation-symmetry. The results obtained
in this paper apply to any lattices (since they all have
translation-symmetry). Square lattice, triangle lattice, etc.,
have additional and different rotation and reflection symme-
tries. We can have richer symmetry protected topological or-
ders protected by those additional symmetries. Many of
those symmetry protected topological orders can be de-
scribed by the projective symmetry group.”* There are also
symmetry protected topological orders that cannot be de-
scribed by projective symmetry group as we have seen in
this paper. Those additional topological orders may be de-
scribed by different realizations of lattice rotation/reflection
symmetries in the U(1) X U(1) MCS theory.
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APPENDIX A: DEFINITION OF ANTICOMMUTING BASIS

In this appendix we define anticommuting basis. An anti-
commuting basis (Mg, My g, Mgrgn,...) is a maximum
set for several 4 X 4 matrices which anticommute each other

MiapMiar g} =0,
{M{a’ﬂ’}7M{a"ﬁ”}} = 0,

{M{aﬂ}’M{o/’,B”}} = O,
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If a matrix can be decomposed into an anticommuting basis,

U= 2 ClapMiap
(o}

one has the determinant of the matrix U as
2 2
det U = [C{za‘B} + C{af’ﬂ’} + C{QHBN} + - ']2.

When one add another matrix U’ =2y, 5C1ogM{qp to U, we
have the determinant as

det(U+U’")= [(C{aﬁ} + 5{0(’3})2 + (C{a’B’} + E{arﬁr})z
+ (C{a”ﬁ"} + E{auﬁu})z + - ']2. (Al)

A famous example is Dirac/Clifford algebra, of which five y
matrices, M3y, My, My, My, and My, make up an
anticommuting basis. For a matrix of the form

U= {E} ClapMiaps  {aB}={331{13}{11},{02},{01},
B

the eigenvalue of U are

2 2 2 2 2
x \/C{33} + chizy+ iy + Clon + Clonys
and the determinant of U is
2 2 2 2 2 2
det U= (0{33} + C{B} + C{ll} + C{OZ} + C{Ol}) .

M 301, M9y, and My, make up of an anticommuting basis.
For a matrix of the form

U= 2 clapMiag,  {aBh={30}{12},{22},
{a.B}
the eigenvalues of U are
+ \ 6?30} + C%IZ} + C{ZZZ}.

U can be diagonalized U= C{30}M{30}+ C{IZ}M{12}+ C{22}M{22}
into a 4 X4 matrix as

1 0 0 O
0 -10 O
2 2 2
\ + + X
Cop+ Clioy T Coy 0 0 1 0
0O 0 0 -1

M 33y, M35y, and My, make up of another anticommuting
basis. One can diagonalize U=cpyMpgy+cianMpy
+cjonM o2, into another 4 X 4 matrix as

10 0 0
0 -1 0 0
2 2 2
\ + + X
EATBTA2 M g 0 —1 0
0 0 0 1
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APPENDIX B: THE EXAMPLES OF THE ANSATZ OF
DIFFERENT Z2A TOPOLOGICAL ORDERS

In this part we give one example for each type of topo-
logical orders. The ansatz U(k) in momentum space of the
16 classes topological orders are given by

c, 0 a0
0000: , 0011: ,
0 ¢ 0 B,
o 0 o 0
0101: , 0110: s
0 B, 0 B,
1111: , 1100: ,
0 -G 0 -B,
a 0 a 0
1010: , 1001: ,
0 -B, 0 -B,.,
a 0 @ 0
1110: , 1011: ,
0 -C, 0 -G,

o 0 o 0
0111: . 1101: ,
0 -Gy 0 -C,

cos k, — cos(k +ky) +cos k,

( sin k, — i sin k,
cos k, ——cos(k +ky) -
sin k, — i sin k,

1
cos k, + cos(k, +k,) + 2cosk

sin k, —lSlIlk

cos k, + cos(k, + k) -
C4 =
sin k, — i sin k,

One can check above results by the following table:

cos k,,

1
Ecos ky

PHYSICAL REVIEW B 80, 224406 (2009)

o 0 o 0
0001: , 0100 ,
0 ¢ 0 G

o 0 o 0
1000: . 0010: .
0 G 0 C,

The parameters above are defined as
1 1
1+ —cos k,+ —cos k, 0
4 4

Oj:

1
0 —1-—-cosk,
4

i sin k, )
—cosk, /)’
isink, )
—cos k, ’

im@+@>
—cos(k, +k,)/’

- ZCOS k).

cos k,
B.=\ ..
—isink,

cos ky
B, = o
7 — 1 sin ky

B ( cos(k, +k,)
T\ sin(k, + k)

sin k, + i sin k,,

1
—cos k, + 2cos(k +ky) —

sin k, +i sin k,,

—cos k, — cos(k, + k) —

sin k, + i sin k,,

—cos k, — cos(k, + k) + cosk

sin k, + i sin k,,
1
—cos k, —Ecos(k +k,) +cos k,
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(0,0) 0,m) (7,0) (77, 7)
1+ 1/4cos k.+1/4cos k, >0 >0 >0 >0
cos k, >0 >0 <0 <0
cos k, >0 <0 >0 <0
cos(k,+k,) >0 <0 <0 >0
cos k,+cos k,— 1/2cos(k,+k,) >0 >0 >0 <0
cos k,—cos k,— 1/2cos(k,+k,) <0 >0 <0 <0
cos ky+cos(k,+ky)+ 1/2cos k, >0 <0 <0 <0
cos ky+cos(k,+k,)—1/2cos k, >0 >0 <0 >0
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