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Abstract: <p>We classify quantum states proximate to the semiclassical Neel state of the spin S=1/2 square lattice antiferromagnet with two-spin
near-neighbor and four-spin ring exchange interactions. Motivated by a number of recent experiments on the cuprates and the iridates, we examine
states with Z_2 topological order, an order which is not present in the semiclassical limit. Some of the states break one or more of reflection,
time-reversal, and lattice rotation symmetries, and can account for the observations. We discuss implications for the pseudogap phase.</p>
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- ZZ | att|ce gauge theory - (Wég;n"er, | 97|)

| We = H -

C

Deconfined phase
We ~ Perimeter Law. Confined phase
We ~ Area Law

C

> g
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| V, and V, which commute with the Hamiltonian:
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Deconfined phase. Coonfined phase
4-fold (vlt?g(?ll(?l“rl-t.‘(" ground Ht.-z'l.t‘(‘.: '\-'_,. = %1, V, = £1. Unique ground state
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cigenstates with W, = +1, W, = £1. No topological order

Topological order
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On a torus, there are two additional independent operators,
| V, and V,, which commute with the Hamiltonian:

: [H,V,] =[H,V,] =0

Topological quantum

, _ Confined phase.
field theory describes

Unique ground state

degenerate states with has V, =1, V, = 1
W Vo 3 1y .
Z> flux W = +£1 through No topological order
(N.Read and S.S., 1991 the holes of the torus
Freedman, Nayal¢, Shtengel,
Walker,Wang, 2003) > g

This criterion can distinguish the phases when
dynamical (or even gapless) matter fields are present
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Compact U(1) lattice gauge theory
(Fradkin and Shenker, 1979)

1 _ _ _
S =— 6 Z cos (A,a, — Ayay,)

Z cos (A0 — 2a,,)

by

Same phases as
Z9 gauge theory

Deconfined phase

Confined phase

Monopoles suppressed.
Deconfined 7 (mod 27)

Monopoles proliferate

Aux vortices

> (
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Néel order parameter n(x;, 7) = 1;S;(7), where n; = +1 on two sublattices.
O(3) non-linear sigma model:

: 1 [ . - .. _.
S = - / d”xdt (d},,_n)‘3 . n’=1.
29 . |

8 l ¢ — . p
CP" model: use n = 27,323 with o, 8 =1, ], and then

b’ = — / (]z;f-'dl- |(();; - 7"”‘“)-3(\7’2
g .

where a,, is an emergent U(1) gauge field.
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Theory for S = 1/2 antiferromagnet also has spin Berry phase terms

S = a | d?xdt 1(0,, — -z,(:z,ﬂ_)_z(.,_f]‘z -+ Z | / dt n;a;s

A —>—<<—»
——F—F | &= <—>»
F—F—F—+ —>—<—>

Higgs phase with (z,) # 0
Néel order wih Nambu-Goldstone

Confined phase with (z,) = 0

Loy
i . .
(spin-wave) gapless excitations. VBS order
> U

(N.Read and $.5,, 1989; 5.S.and R. Jalabert, 1990)
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To obtain a Zy deconfined phase, we need to condense a Higgs field
with U(1) charge 2. The simplest route is to condense spin-singlet
pairs of long-v f%l&’(‘](?]lf.,th spinons, z,. There are two candidates for

such Higgs fields, corresponding to the operators

P ~ Eap 3(}-{)f 3 (1,)(1 ~ Eap Zn-dn! ZB

with a = x,y. By gauge-invariance and symmetry, we obtain the
following effective action with additional tuning parameters s; and so

r I ' ) ;i . ) . X
S == [ d°xdt|(0,, — ia,)z,|* g Itn;a;
.f/./( A Oy = i)zl . ./( s

(f‘_‘)f(“ ‘((),” — ._;I'(I!, I)‘ | 27;'(-1-;1 )(2”“2

[}

* 9 *x . ~ ) A \
+ Al ]) t"("t"if.;""""(l"()f a_,J“’ + A‘g(/g” * ﬁ,.(--‘_.fr‘}'4;,“.-()(-1..&,.-/} + H.(..

.s:||1"\2 -S:‘z\QuF "NJ||P|;1 ] 'f-‘*2(|Q~-‘2)2 -

g o

Page 14/41



Pirsa: 17050081

To obtain a Zy deconfined phase, we need to condense a Higgs field
with U(1) charge 2. The simplest route is to condense spin-singlet
pairs of long-v f%l&’(‘](?]lf.,th spinons, z,. There are two candidates for

such Higgs fields, corresponding to the operators

P ~ Eap 3(}-{)f 3 (1,)(1 ~ Eap Zn-dn! ZB

with a = x,y. By gauge-invariance and symmetry, we obtain the
following effective action with additional tuning parameters s; and so

r I ' ) ;i . ) . X
S == [ d°xdt|(0,, — ia,)z,|* g Itn;a;
.f/./( A Oy = i)zl . ./( s

(f‘_‘)f(“ ‘((),” — ._;I'(I!, I)‘ | 27;'(-1-;1 )(2”“2

[}

* 9 *x . ~ ) A \
+ Al ]) t"("t"if.;""""(l"()f a_,J“’ + A‘g(/g” * ﬁ,.(--‘_.fr‘}'4;,“.-()(-1..&,.-/} + H.(..

.s:||1"\2 -S:‘z\QuF "NJ||P|;1 ] 'f-‘*2(|Q~-‘2)2 -

g o

Page 15/41



Pirsa: 17050081

Phase diagram at large g with (z,) =0

GEA . {0 =

(X.Yang and FWang, 2016; -
X.-G Wen, 2002 ) .

(A) Z> topological order

2 (PY=0 |,

B - -

*—..---,—énr

(Q«’i-) =0

and all symmetries preserved (D) Valence Bond Solid (VBS)
51
i | or
((}El,llg(? invariant ) 13 Il
e .
order gm'emle(,_(;rs \* gl
|QJ"H = |Qy’~ il

\jSQy - Q:Q, y

(P)=0,

le/d ’ g k- 0
(B) Z topological
and Ising-nematic

order
(N.Read and $.5. 1991)

<Q(l-> % 0
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Phase diagram at large g with (z,) =0
Three phases with Z, topological order

(P)#0 , (Qa)=0 192 Py =0, (Q.) =0

(X.Yang and EWang, 2016;- kS - L —
X.-GWen, 2002 ) > il : : i

PR

Gauge invariant
order parameters |

* *
| QP QP
(A) Zs topological order

and all symmetries preserved / (D) Valence Bond Solid (VBS)

or

11 ¢ .
\/HT . _
(C) Zs topological &< < (B) Zsy topological . '

and current loop order and Ising-nematic order _
(N.Read and $.5. 1991)

(P)#0 , (Qq) #0 (PY=0 , (Q.)#0
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Phase diagram at large g with (z,) =0

Three phases with Z, topological order

.- A !S's -
(P)#0 , (Qa)=0 o (P)=0 ., (Qa)=0
(X.Yang and FWang, 2016; - . : -
X.-G Wen, 2002 ) e | i i
—s--+—e(r e
——a
(A) Zs topological order o
and all symmetries preserved (D) Valence Bond Solid (VBS)

The broken symmetries co-existing with Z; topological order are

precisely those observed in the pseudogap phase of the cuprates

E ’
A2

+

F 3

¥

S

L . *

(C) Z, topological (B) Z, topological .
and current loop order and Ising-nematic order

(N.Read and $.5. 1991)

(PY#0 , (Qa)#0 (PY=0 , (Qu)#0
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Broken inversion symmetry below 7* in YBa,Cu,0
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L. Zhao, C.A. Belvin, R. Liang, D.A. Bonn,W. N. Hardy, N. P Armitage, and D. Hsieh, Nature Physics 13,250 (2017)
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Phase diagram at large g with (z,) =0

Three phases with Z, topological order
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(N.Read and $.5. 1991)
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Phase diagram of Sr,Ir, Rh O,

250 T T ‘*' T T I
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200 B < =
. A ) ¢\ {1 @ DC magnetic
-~ " susceptibility ( Ty )
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100 F A diffraction ( Ty, )
Néel Order SHS J. P. Clancy et al., PRB 89, 054409 (2014)
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(pseudogap present)
& LRO
Y. Cao et al.,, Nat. Commun. 7, 11367 (2016)
O 1 | 1 .
0 0.05 0.10 0.15 P.olarlz'ed neutron
diffraction
Rh concentration, X J. Jeong et al., arXiv:1701.06485 (2017)

L. Zhao, D. H.Torchinsky, H. Chu,V. Ivanov, R. Lifshitz, R. Flint, T. Qi, G. Cao, and D. Hsieh, Nature Physics 12,32 (2016)
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Begin with the “spin-fermion” model. Electrons ¢;, on the square
lattice with dispersion

_ § s . Al . § : ’l’
o t{-’ ((-z,w('ﬂrv,—,,a + ¢ J+‘U’, o, —H Ci + Hlm

ip i

are coupled to an antiferromagnetic order parameter $(7),
{ = x,vy

Hl‘[lf /\Z ,l,r(l) (f ”ﬁ(, (H + \r(])

where 7, = &1 on the two sublattices.

When ®¢(i) =constant independent of i, we have long-range AFM,
and a gap in the fermion spectrum at the anti-nodes.

Pirsa: 17050081 Page 27/41



Begin with the “spin-fermion” model. Electrons ¢;, on the square
lattice with dispersion

Zfﬁ ( 2, u z+'v;,_<1 + :(Jrv,, n(‘ ) o /! Z 1' rn + Hmt

1,0 1
€ Fermi surface size /+p

are coupled to an antiferromagnetic order parameter $(7),
{ =,y

Hlllf == /\Z ,lf(l) (1 ”ﬁ(, (H + \r(])

where 7, = &1 on the two sublattices.

When ®¢(i) =constant independent of i, we have long-range AFM,
and a gap in the fermion spectrum at the anti-nodes.

Pirsa: 17050081 Page 28/41



Begin with the “spin-fermion” model. Electrons ¢;, on the square
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Criticality in Fe-based and
electron-doped-cuprate

LGW-Hertz criticality materials

of antiferromagnetism

Z N\ Antiferromagmh (B) Fermi liquid with ‘ / \‘\
metal large Fermi surface
bl N /
(P) #0 (P) =0 Vo
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Can we get a stable zero temperature state
with “fluctuating antiferromagnetism’ and a

Fermi surface of size p i.e. a pseudogap metal ?

Yes, provided the metal
has topological order

\ J

T. Senthil, M. Vojta and S. Sachdev, PRB 69, 035111 (2004)
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For fluctuating antiferromagnetism, we transform to a
rotating reference frame using the SU(2) rotation R;

Cit ) _ R, (L |
Ci) Vi,

in terms of fermionic “chargons” 1, and a Higgs field H“ (i)
Cqrli:\ _ 1 ~afpra(; 5T
o ¢ (i) = R, 0c"H"(i) R)
The Higgs field is the AFM order in the rotating reference frame.

Note that this representation is ambiguous up to a
SU(2) gauge transformation, V;

S, —

- V;
Vi, —
R — R,V

c"H (i) — V; " H (i) V.

/ [/
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Fluctuating antiferromagnetism

The simplest effective Hamiltonian for the fermionic chargons is
the same as that for the electrons, with the AFM order replaced
by the Higgs field.

H'{/! -_— Z tp (l/)-"w" (/", + v,,S _+_ (/’f | ’t_?{,,.‘-a‘f(/"]'i‘:,.‘i) - !1 Z (’/’I’."ﬁl/uq‘i _+_ Hiu(,

1,0 )

Hine = =AY miH (009} 080t o + Vi
{
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Fluctuating antiferromagnetism

The simplest effective Hamiltonian for the fermionic chargons

1S

the same as that for the electrons, with the AFM order replaced

by the Higgs field.

= =3ty (W] iy, W) — D B+ Hi

'-is/'J
Hm’r - /\Z U!H” (/ Ogg’ ‘/’, 5/ + ‘H

IF we can transform to a rotating reference frame in which H“(7)
a constant independent of ¢ and time, THEN the ¢ fermions
the presence of fluctuating AFM will inherit the anti-nodal gap
the electrons in the presence of static AFM.

€ Fermi surface size p

mn

of
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Fluctuating antiferromagnetism

Je cannot always find a single-valued SU(2) rotation R; to make
W t always find a single-valued S ,
the Higgs field H*(i) a constant !

A.V. Chubukov,T. Senthil and S. Sachdey,

PRL 72, 2089 (1994);

S.Sachdev, E. Berg, S. Chatterjee,

and Y. Schattner, PRB 94, 1 15147 (2016)
» e < <
AN
\d ’ I'\

N
v\ @:tzt;z,. ; !
7

¥ Vi
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A.V. Chubulkov,T. Senthil and S. Sachdev.
PRL 72,2089 (1994);

S.Sachdev, E. Berg, S. Chatterjee,

+ and Y. Schattner, PRB 94, | 15147 (2016)

Topological order
We cannot always find a single-valued SU(2) rotation R; to make
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"
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...M R
" ¢ e N _

. ortex in

AFM order ‘T
/\

the Higgs field H*(i) a constant !

*
O

A R
/T
,)\R

4
B

ThP ng_,g_,s field € bO( ).
Vortices associated wi th m1(SO(3)) = Zs must be suppressed
‘fluctuating antiferromagnetism” has

such a metal with °
, TOPOLOGICAL ORDER and a pseudogap

=/

&
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Criticality in Fe-based and
electron-doped-cuprate

LGW-Hertz criticality materials

of antiferromagnetism

g N | (A) Antiferromagnhk (B) Fermi liquid with / \\\
metal large Fermi surface -
(DIR=CE) (P) =0 \
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Global phase diagram

LGW-Hertz criticality
of antiferromagnetism

A
2 N | (A) Antiferromagnhk (B) Fermi liquid with / \\
metal large Fermi surface -
N _ N /S
(R)#£0, (H)#0 | (Ry#0, (HY=0
@ rrrrrrrrrrs s s s s s s s a
(C) Metal with Z;
topological order and (D) SU(2) ACL eventually
discrete symmetry unstable to pairing and
N breaking confinement / \_\
(RoS=H(0 W& i =) Fom=0 N e = R
Higgs criticality: N

Deconfined SU(2)
gauge theory with
large Fermi surface
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Global phase diagram

LGW-Hertz criticality
of antiferromagnetism

A
2 N | (A) Antiferromagnhk (B) Fermi liquid with / \\
metal large Fermi surface -
N | N/
(R) #0, (H*) #0 (R) #0, (H") =0 1
(C) Metal with Z; T
topological order and (D) SU(2) ACL eventually
discrete symmetry unstable to pairing and
TR breaking confinement / \_\
iy = ), s 20 0=, U = N
L, (=0 (HY#0 A (R =0 (HY =0 >
Higgs criticality: Proposal for optimal |/

Deconfined SU(2)
gauge theory with
large Fermi surface

doping criticality in hole-

doped cuprates
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Global phase diagram

LGW-Hertz criticality
of antiferromagnetism

A
g N | (A) Antiferromagnhk (B) Fermi liquid with N

metal large Fermi surface

) £0, (E#Y A0 | (o =0 N

4
/

(C) Metal with Z; T
topological order and (D) SU(2) ACL eventually
discrete symmetry unstable to pairing and
N breaking confinement / \\
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gauge theory with
large Fermi surface

doping criticality in hole-

doped cuprates
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