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Need new physical ideas to make progress!



Classical degeneracy

Origin of guantum disordered phase;:
extended classical degeneracy at Jo=J1/2

J1 ,
HJ2:J1/2: ZH _ ZZ(SI + So + 53 —|—S4)

Chandra, Coleman and Larkin, PRL 1990

Energy is the sum of positive terms

S, S, = ground state should satisty
7 Sl—|‘SQ—|‘Sg—|—S4:O
2 ONn every square
St S S = Infinite degeneracy!

high frustration — allows several
competing phases



Tuning knob to reduce
degeneracy: ferromagnetic Js

‘ | S4 SS S4 SS
J2 J3
Pl S1 So Si So

J3<0 = shaded squares must have the same configuration

e four site magnetic unit cell
e shaded square must satisty zero-sum condition
* unshaded squares automatically satisty zero-sum condition

e free parameters: (6,¢) for just one shaded square



/ero-sum condition on a

single square
Four spins with the constraint S1 +So 4+ S35+ S4 =0

= two free parameters upto a global rotation: 8 € [0,z] and ¢ € [0,27)

(0,p) define an emergent vector order parameter!



Square Ji-Jo classical AFM

Jo/J+
Jo=J1/2
Spiral ansatz: Si =S {cos(Q - r;)2 +sin(Q - r;)y}
Jo<dq/2 Jo=J1/2 Jo>J1/2
Q, ® o (m, ) D o
4 @ #(m,0)
— Qx‘ infinite degeneracy! (0, 7)
® ® @

Selected spirals
with Js < O

® ? L




J1-do-d3 classical phase diagram
Spiral ansatz: S; = S{cos(Q - r;)& +sin(Q - r;)y}

Stripe Phase
(,0) or (0, )
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Selected Q's along
ine of interest

Stripe Phase Q1
(,0) or (0, )

gy Q2

@ ¢ Qs

® ® @

Three Q vectors
satisfy 2Q =0
= spirals can coexist

3

Villain, J. Phys. France 1977



Jo-J1/2: J3<0line

Coexisting spirals:
S; = S{cos (Q;.r;)u + cos (Qy.1r;)0 + cos (Qz.1r;)w}

Uniform spin length at every site =

This reduces to a four site magnetic unit cell with
S1 +5S2+5S3+54 =0
Q;

g Qo

Selected spirals | ' Q Three Q vectors satisfy 2Q = 0
with J3 < O 3 = spirals can coexist

PE—— Villain, J. Phys. France 1977



Jo-J1/2; J3=0 g.s. degeneracy
Jo/J+

Jo=J1/2
Spiral ansatz: Si = 5{cos(Q - 1)z +sin(Q - r;)y}

Selected Q values D

g.s. manifold composed of two sectors

/ \ Xiong and Wen 2013

single spiral states with coexistence states with

any Q on the BZ boundary Q
o Q1, Q2 and Q3
! » Qs ferroma.gnetic J3 picks
this sector

& E) B
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Jo-J1/2: J3<0line

S, Classical ground state manifold:

four site magnetic unit cell with the condition

S1+5S2+53+54 =0

S

S,

= two parameter tamily of states

parametrised by (0,p)

Some (symmetric) ground states from the manifold:

Néel Stripe Coplanar Tetrahedral



Spin wave fluctuations

b)

S a)

(0,0) (0,7) (1t,7) (0,0) (mw0) (0,0) (0,m) (1t,7) (0,0) (m,0)
k=(k,, ky) k=(k,. ky)

'wo kinds of Goldstone modes occur in every g.S.:
inear (ek ~ K) - characteristic of anti-ferromagnetism

quadratic (ex ~ k2) - characteristic of ferromagnetism




Quantum g.s. selection by
SpIn waves

Holstein Primakov spin , ~ ——
wave theory for spin-S: Estate = S Eelassical + S L L €5k
k J

Zero point energy of spin
waves (1/S correction)
- breaks degeneracy

J~/J,;=0.5

; Z
é For S=1/2, Néel state is
S ~0— Neel energy stabilised for J; <-0.1 Ji
* O~ Stripe energy
5 -0 5F -7 Coplanar energy
Lﬁ 06 -\ Tetrahedral energy

0.6



Quantum g.s. selection by
SpIn waves

Holstein Primakov spin , ~ ——
wave theory for spin-S: Estate = S Eelassical + S L L €k
k J

Zero point energy of spin
waves (1/S correction)

Zero point energy vs. (0,¢) - breaks degeneracy

-0.11

2:2 Zero point energy is
047 minimum for Néel state,
(6,0} =(7/2,0}

= gquantum fluctuations ‘select’ Néel order




Exact diagonalisation for S=1/2
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Exact diagonalisation for S=1/2

Quantum paramagnet

Stripe phase - - 1=20, (z.7) J./J,;=0.51 -
0.5 <~ 1=00, (z,0) 271 B

(7[,0) or (0 ,ﬂ:) 0.4 =2, (= -

A < L=32,(7,0)
| - Extrapolated (7, 7)
.\~ Extrapolated

Néel phase (7,7)

..........................

03 04 05 0.6 0.7
I/

Quantum fluctuations strongly prefer Néel order
= Néel order eats into classical stripe region



Plaguette factorised ansatz

Classically, magnetic unit cell has four sites
= suggests plaqguette-tactorisable guantum wavetunction
for S=1/2 case

Woar) = H Wplag.)

plaq.

Variational solution:

Wpiaa.) ~ ||0)+|2)

for J3 = -0.06 J+

Jz/J1:O.5

We find a triplon condensation
transition at Jz ~ -0.06 J+ leading to
Neel order




I'hnermal g.s. selection by spin
waves - purely classical model

Free energy due to spin wave ~
excitations at low temperatures: F' = kT L L In(€; k)
k

Free energy vs. (0,p)
i =2 Q=(x,0)

Three degenerate minima:
Néel, horizontal stripe and vertical
stripe

= system will pick one of three

= 73 symmetry breaking



Classical Monte Carlo results

e At any non-zero temperature, rotational symmetry is restored
- In accordance with Mermin-Wagner theorem

® Discrete Zz symmetry breaking persists upto some T¢

e Phase transition seen in classical Monte Carlo

e Critical exponents of 3-state Potts model universality class
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summary

* Quantum disordered phase in square J{-Jd> AFM arises from infinite
degeneracy in classical limit

* Ferromagnetic J; partially lifts this degeneracy ~ coexisting spirals or
equivalently four-site magnetic unit cell

* With J5 coupling, quantum disordered term gives rise to Néel order, as seen
from

e spin wave theory
* exact diagonlisation
e plaquette factorised variational ansatz

* Quantum disordered phase in J1-d>, model must be driven by classical
degeneracy of single-spiral states — suggests square J4-J> XY model has
the same disordered g.s.

* Classical model at finite temperatures: Zs; symmetry breaking with a phase
transition in the 3-state Potts model class



