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Abstract: We aim to provide a concise review on theoretical background on emergent quantum electrodynamics in pyrochlore quantum spin ice. We
first introduce elementary excitations in quantum spin ice using a simple model and then extend the discussion to more realistic systems.
Implications to experiments are also discussed.
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Minimal Model: Quantum Spin Ice
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Electrostatics for Classical Spin lce
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Electrostatics for Classical Spin lce
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Electrostatics for Classical Spin lce
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Electrostatics for Classical Spin Ice
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Electrostatics for Classical Spin Ice
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Electrostatics for Classical Spin Ice
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Quantum Spin Ice

M= My W
T
’ i€t
2/ __.L(ﬁZ(G‘*S Fh.c.)
= <‘.>' D
g
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Quantum Spin Ice

H = H;+H
J: A AV U z
Hp = 52D (87) Si =2 _Si
Tt i€t

J. > Ji  degenerate perturbation theory
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Jring = 123 1.1
Hermele, Balents, Fisher (2003)
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Connection to Quantum Dimer Model

Hy = —Jring ¥ (5185 S5 Sy STS5 + he) dimer kinetic energy

O on diamond lattice

two dimers touch each site on diamond lattice
[2-in/2-out on pyrochlore lattice]

“flippable” hexagon

Hermele, Balents, Fisher (2003)
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Connection to Quantum Dimer Model

Hy = —Jring ¥ (5185 S5 Sy STS5 + he) dimer kinetic energy

O on diamond lattice

two dimers touch each site on diamond lattice
[2-in/2-out on pyrochlore lattice]

add dimer potential term by hand I.

‘ ~
H vV = VN f l w
exactly solvable point: RK model |

[’:r - Jr ing

- “flippable” hexagon
Spin liquid: equal superposition of
all dimer configurations Allin J. > J, limit !

Hermele, Balents, Fisher (2003)
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Quantum Electrodynamics

Quantum rotor variables 7y € Z ¢ € [—7,7)
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Quantum Electrodynamics

Quantum rotor variables 7y € Z ¢ € [—7,7)
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Quantum Electrodynamics
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Quantum Electrodynamics
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Quantum Electrodynamics
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Quantum Electrodynamics

Quantum rotor variables 7y € Z ¢ € [—7,7)
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b

——

(curl a)g

| (curl a)n

(curl a)g

by ~ (curl a)g

rr’ link connecting centers r and r’ of two
nearby cubes

r defines the dual cubic lattice

rr’ links penetrate the centers of square surfaces
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What about “magnetic” field ?

by = (curla)o r “dual” diamond lattice sites

U 9 . y
‘HP = ? Z Cop! — K Z(t()h‘ ((curl (IA)Q)
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What about “magnetic” field ?

by = (curla)o r “dual” diamond lattice sites

U 9 . y
‘HP = 5 Z Cop! — K Z(t()h‘ ((curl (IA)Q)

f)—>b+2 me[*],l)

(div b), =7
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(curl a)g

b~ (curl a)g (div b)cube ~ Z(curl a)o
]
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b

——

(curl a)g

(curl a)

(curl a)g

b~ (curl a)g (div b)cube ~ Z(curl a)o
]

a’ would cancel out

|C‘

This is naively zero as al

But “b”—»‘'b+2"” and the net sum is generally
an even integer
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What about “magnetic” field ?

by = (curla)o r “dual” diamond lattice sites

U 9 . y |
H, = oY Z erpr — K Z(t()h‘ ((curl (IA)Q)

(rr’) O

b—b+2 by el-11)

(divb), = 2n, n, = 0,%£1

gauge theory is compact = periodic in “magnetic” flux

“magnetic charge” is quantized

“magnetic’’ monopole is allowed
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Confinement ?

M, = [)jr Z es., — KZ(:{)S ((curl (I)Q)
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Confinement ?

M, = [)jr Z es., — KZ(:{)S ((curl (I)Q)

(rr’) O

if U/K is small electric charge is deconfined

cos ((curla)o) (Coulomb phase)
~ 1 _l,( (curla)o )?

-
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Confinement ?

M, = [)jr Z es., — KZ(:{)S (((‘.111“1 (I)Q)

(rr’) Q

if U/K is small electric charge is deconfined

cos ((curla)p) (COUIomb phase)

~ | l)( (curla)o )?

-

if U/K— o
If errr = -

the vacuum (ground state)
would have been trivial

e =0 confinement!
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Confinement ?

M, = [)jr Z es., — KZ(:{)S (((‘.111“1 (I)Q)

(rr’) Q

if U/K is small electric charge is deconfined

cos ((curla)p) (COUIomb phase)

~ | l)( (curla)o )?

-

if U/K— o

erp = t(nege —1/2) e = +1/2 frustrated vacuum
quantum spin ice Non-trivial problem !
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Electromagnetic Duality

dual vector potential
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Electromagnetic Duality

dual vector potential aw € 7Z  [b,a] =i
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Electromagnetic Duality
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Electromagnetic Duality
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Coulomb Phase (deconfined phase)

dual vector potential me = curl
o 1 50 :
cos(mh) =~ 1 — 5T b small fluctuations

el

K ~. U 2
H' = Y Z b, + 5 (curl a)*
- (re’) -0

electric (magnetic) charges are
interacting each other via |/r
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Excitations

electric monopoles (or “magnetic monopole™):
spinons
2"A:ﬁ'pimm ~J.

<

magnetic monopoles (or “electric monopole™)

. o _ )
ﬂmnn ~ J;:/J; q+, — !Prr/

Mrr

by = (curla)g ~ ¢1 — d2 + Pz — P4 + ¢5 — P
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Excitations

electric monopoles (or “magnetic monopole™):
spinons
2"A:ﬁ'pimm ~J.

<

magnetic monopoles (or “electric monopole™)

. o _ )
ﬂmnn ~ J;:/J; q+, — !Prr/

Mrr

by = (curla)g ~ ¢1 — d2 + Pz — P4 + ¢5 — P

P
emergent photons w(k) ~ c[k| C(T) > 5T

C

C X U [\'r(ln/h.
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Spin Structure Factor

(S7(0)S7 () = (w)i(u, )Chy (r — 1)

Hermele, Balents, Fisher (2003)

o K riTs . -
CC (1) o (2 "2 —b;)  cxVUKag/h
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Spin Structure Factor

(S7(0)S7 () = (w)i(u, )Chy (r — 1)

C5(r — ') = (ex(r)e; () Hermele, Balents, Fisher (2003)

o K i . -
Ce (r) o — (2 aF (_».,,.) ¢ ox VUKag/h
: cr e ’

classical and quantum pinch point

~ f ~ } - lt" 1.}'7;;
(b-,u.(*k)bu(k)>c|assical X ((5;“, - il-*z )

v Ly

o o . k, k.,
(S, (—k)S,(K))quantum X k (o,,_,__, ’——)

Nic Shannon (2011,2012)
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Quantum Monte Carlo (SSE)

H = Hi+H
H = I—)Z(s,) ’H’——"% (S;7S5 + h.c.) Banerjee,
o = i) Isakov,
Damle,
YBK
(2007)
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Quantum Monte Carlo (SSE)

H = H;+H
N Jy o Banerjee
Hp = =23°(50)2 H =—5-) (575; +he) Iee
“ 5 < Isakov,
i ‘ 1\ / 1 Damle,
Hposon = [Z; ( ’j' { b ) +V ; (’H, - 2) (-m - 2) YBK
i; vy
| 2007
0.06, " " 003 % B=30, [=12 "«
N 0.02 | .
= 003 (19.4,1/30) <
0.01
o I 19.3QS| 0 ) ) x
0"’ 18 19 ® 20 .\ 18.6 19 19.4
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Quantum Electrodynamics

|
(]

-~ ‘.2 ’... 4 ~ 2
b Z(t‘l’"’} (I:'F"I"’ _+_ % vf“)(A,,,,-f >< (j,-r.!.;f)

2 L\

ﬁ\;"_‘?"
1 ' 3 L _ 9 - . 9
§ = 3 /” dT Z(()fu.,..,‘f Apprar ) A Z(Aw' X Ayt )”

(rr’) O

Pirsa: 17060032 Page 49/62



Quantum Electrodynamics

|
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Quantum Electrodynamics

S = 3 / A7 | (Orp — Do)+ (Dpyr X dyyr)?
< JO (ri') O
S =mn;—1/2
C* (q,7 = 0) = (na(q)n, (—q)) equal time

/

52 (qyw, = 0) = [ drCo’ (q,7)  static

C(q) ~ Sequal(q) = / dw S(q,w) inelastic contribution

S(q) ~ Sstatic(@) = S(q,w =0)  elastic scattering
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Quantum Electrodynamics
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Quantum Electrodynamics
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(.'.!./> O '
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/
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C(r = 0,q) = ufeq(B/F7. Q)

Analytic expression
S(w=0,q) = ‘*Bﬁ%fﬁt(‘l) of lattice correlators

Page 53/62



Fit equal time correlator in different
lattice directions, then using the same
parameters, fit static correlator !
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Quantum-Classical Crossover

V=194 [‘:30,\/:194
4 =20 (0.285+0.005, 0.048-0.005) T i e10Vet9d | Sgalw=0) @
v =30 (0.3:0.01, 0.053:0.006) B=1.0. 4| B Cgalt=0) - @
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5 i
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a) b)
[0g0] [0q0]
FIG. 4:  (color online). a) The same values of /K7y and

¢?\/Kk/v fit data at different temperatures for fixed V/t. b)
S*(q,wn = 0) and BC*(q,7 = 0) for V = 19.4 are essen-
tially equal at 8 = 1, but not at 3 = 30.
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Heunneling = —9 3 _ [[ONO]+ [ON(O
&

Quantum Dimer Model

'H;;. . Htunneling -+ (S.H,u. Nic Shannon (20' |,20 I 2)

Hu = 1y [[ONO]+ OO g9 = i RK point
O

My = —Jring Y (S Sy S8y STSg +he) J. > J

O
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squiggle quantum isolated
order U(1) Liquid states
> ne
-0 -0.5 g g 9] + k :_LJ-ITJ._J-.I

=(06+0.1)gagh "

c~0.3meVA~50ms ! . . 1
c=(1.8+0.2)gagh
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Numerical evidence of quantum melting of spin ice: quantum-classical crossover

Yasuyuki Kato'? and Shigeki Onoda'+
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Classical to Quantum Crossover
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thermal conductivity (Yuji Matsuda)

a f:: i '2'0'r"i . o i v I""I‘
L s.heat bath heater
2t N516 ‘. -—-Iﬂ"
_ “§12 : . th- AT -.
£100F E s ermometer "
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X o T8
< 4
é + 0 0.1
~ 7
‘52 d ®
[ ] L/ ]
10 ., " QII1-10]
6F P ]
4 | [l ! 1]l
4 68 2 4 68 2 4 68
0.1 1 10
T (K)

magnetic monopoles (“electric monopoles”) ?

photons ?
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Realistic Model

Hs—1/2 = Z {-7::S.f5_ff Jy (S S+, 5}')
(i)
+Ji4 {":-',‘__,‘STS‘;F + -vf'ij,;_S_}-_]

e [S5(GST +CS7) +i e ] )

Jip = 0
. 12.J3
IHtunnelling — _.(]L lSTS;STSI_S:—S(T + h"(?'J 9= ]f)~
o) zZ
y zCz ‘;' 3‘1“
Hy, = —J3 (z): S;S; J3z = 7. >0
L]

Benton, Sikora, Shannon (2012)
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Gauge Mean Field Theory (gMFT)

Pl = e'vr [pr, Qr] = i “spinons” on the

P, = ¢ ir D, = 1 diamond lattice

Qr = "lrzsi,r+-,,rc“ constraint I/II, with 7. = +1
M

Introduce spinons explicitly using a constraint

+ R S
Sr‘r+e,, ' (I)r Sr,r+e,,_ (1)1‘4“8;:
S;,r—l—c‘.}, - S;,r—%cp
S;r’ = E"‘“’
| i A
Srrr = e+’

Savary, Balents
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(D) (s°) (s%) phase No confinement
() = (eF4) £ 0
0 0 # 0 QSL -\
0 #0 # 0 CFM
#0 | #0 # 0 k! condensation of
#0 0 £ 0 AFM “Higgs” field(s)

0.6

00 0.1 0.2 03 0.4
Jildy,
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Some Comments

This mean-field theory ignores the fluctuations of
magnetic monopoles

Misses out confinement physics

Finite monopole density at finite temperature
screens long-range interaction

Strictly speaking, the U(l) spin liquid (Coulomb phase) is
well-defined only at T=0

Subtle ... in finite temperature mean-field theory
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