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From Graphene to Ni,CoO,



The Hubbard model on the honeycomb lattice

H= —tZ(cicy + c;cx) + UZ(cicX —1)%, ¢ = (Cxt)r )
(xy) x

Local charge and spin operators

—

Qe=clee—1, S = g oo [2, 58] = ibryeancSS
U(1)g and SU(2)s symmetries
Q=Y Q. S=) 5, [HQ=[H,5]=0



Unbroken SU(2)s symmetric phase (graphene) at U < U,

2r 2m

Ve 375

k1

Brillouin zone Dispersion relation

Effective Dirac Lagrangian for free graphene

—f
L= Z T/fs’Yuau"‘/’g
f=a,8
S=+,—



The t-J model for the antiferromagnetic SU(2)s broken
symmetry phase (Ni,CoO,) at U > U,

H= P{ - tZ(cicy + C;CX) —|—JZ§X . §y}P.

(xv) (xy)

reduces to the Heisenberg model at half-filling
H=J)5-S,
(xv)
Effective Goldstone boson field in SU(2)/U(1) = S
8x) = (a(x), &(x), es(x),  E(x)? =1
Low-energy effective action for magnons

S[e] = /d2X dt % (8,‘5- 0;€ + éaté" 8t6>



Fit to predictions in the s-regime of magnon chiral
perturbation theory with Bc ~ L, | = (3c/L)'/3

M2L2 2
Xs = 3 : {HQ;)SCL/&(/)Jr (pCL/) [ﬂl(l)2+3ﬂ2(l)}}
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v 4680 spins R
A 3344 spins 4|
+ 2508 spins
= 1560 spins
® 836 spins

v 4680 spins,
A 3344 spins
+ 2508 spins
m 1560 spins.
@ 836 spins

Xs Ja

EJ 0 50 &0
BJ

By

M =0.2689(4), ps =0.102(2)J, c = 1.297(16)Ja
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Rotor Spectrum at Half-Filling



Effective Lagrange function in the d-regime of magnon chiral
perturbation theory with fc > L

L= /d2x Ps (p:g. 0.8+ iata-até = 98,,@ 0:&
2 c2 2

Moment of inertia

pel2 [ 3.900265 ¢ 1
— 1 < l
© c? [ Ll psL o L2

P. Hasenfratz and F. Niedermayer, Z. Phys. B92 (1993) 91




Spherical coordinates for the staggered magnetization
€ = (sin f cos p, sin f'sin , cos 0)

Effective Lagrange function

£: %&5@52

N O

[(8t0)2 + sin? H(Ot@)z]

Canonically conjugate momenta
oL oL

_ _ _ _ )

pg—éata—@atﬂ, p“"_Tatgo © sin“ 0 O:p
Quantum mechanical rotor Hamiltonian

1 )\ | $?

H=-— 2@ < ag[SIn989]+ 0890) _%



Rotor spectrum . S(S+1)
>T 20
Probability distribution of magnetization M3 = S3

M) = 2 S exp(—0Es), 7= (25 + 1) exp(—fEs)

S$>|M3| 5=0
Honeycomb Lattice, 836 Spins, BJ = 60

1x10" T T T
S,=0:0.5444 S, =0:0.5445(9)
o S,=1:0.1909 S, =1:0.1912(5)
110’ . .
S, =2:0.0338 S, = 2: 0.0336(3)
S,=3:0.00283 S, =3:0.00279(6)
"’; x10" b
=
1x10° - -
1x10° - -
I
4 2 0 2 4

Perfect agreement without additional adjustable parameters
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Rotor Spectrum in the Single-Hole Sector



Hole dispersion in the t-J model

2r 27 |

W 575

K,

Effective Lagrangian for Holes

1

DSt Dt

=3, [M¢§T¢§+¢£*th§+m,

f=a,B
s=+,—

Covariant derivative coupling to composite magnon gauge field

Dutf(x) = [0 = v (x)] 1)



Effective Lagrange function for quantum mechanical rotor

_ %25z FHTE(RY _ i 3 f _ L (t)
L= 0. ate+f§ﬁw [E(B) — i0¢ + vios]| W W(t) = o ()
Spherical coordinates for the staggered magnetization

0
€ = (sinf cos p, sinfsin p, cos§) = vf’ — sin? §at<,0

Canonically conjugate momenta .
© 8150 = Py, © 8t<,0 = m(P¢ + ’Ago)
Abelian monopole Berry gauge field

0 .
A9 = 0, AV; = isin2 503, F9<p = 89A¢ — &PAQ = ésin@ g3



Rotor Hamiltonian in the single-hole sector

1
H = —2@{89[sm689]+

B 219 <J2_i>+5(5)

Angular momentum operators

g0~ AP |+ EG)

1 0
Jr = exp(Lip) (:I: Op +icotf O, — §tan 203) , k= —idp—@

Energy spectrum
1 1 1
6= 5 [1U+ 1)~ 3] +EGL €3

Wave functions are monopole harmonics
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1 0
= ——sin-exp(xip), Y (0,
Ly (o0) = g oelxie) Vg b9 =0
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Rotor Spectrum in the QCD Vacuum Sector



Rotor Lagrange function in massless Ny =2 QCD

c:/ﬁ&iﬂ{@M@@:?n@m@mL 0 = F21®

Rotor spectrum

g+ 1) +jrGr+1) _ 1(1+2)
: E 20

Rotor quantum numbers

ji=Jr, I=ji+jre{0,1,2,..}
Degeneracy

g=Q+1)(2r+1)=(/+1)

H. Leutwyler, Phys. Lett. B189 (1987) 197
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Rotor Spectrum in the Single-Nucleon Sector



Effective Lagrange function for quantum mechanical rotor
C) . . BA o o
L= Tr [atUTatu} vy [E(p) — B — ive — ,%‘(a : p)at] v
Gauge and vector fields composed of pion fields U = u?
1 1
Ve = 5 (u@tuT + uTatu) , ar—= 57 (u@tuT — uTatu>
Spherical coordinates for the pion field

U=cosa+isinaé, T, &, = (sinfcosy,sinbsinyp,cosh),

& = (cos B cos p,cosfsinp, —sinf), €, = (—singp,cosy,0)
Concrete form of gauge and vector fields

Vi = isin? % (08 €, —sinB Orp &) - T,

v 040 Oty -
a; = Tea—i—&na?eg—i—smozsmHTe(p - T



Rotor Hamiltonian in the single-nucleon sector

20 | sin?a

2 . (Do — Ag)[ sin0(dp — Ag)l + — 1

sin“asinf sin? avsin? 6

H = E(p) - 1 {1( Do — Ad)[ sin® (D — Ad)]

@, - A2}

Non-Abelian monopole Berry gauge field (A = ga|p|/ M)

A A
A, = iE(E- €p)€n - T, Ag=1i <sin2§ €, + 5(5- €p)sin o ég) -7,
. .2 . - A . - o
A, = i|—sin Esmﬂeg+§(a~ep)smasm9e¢ T
1— 2
Fag = 0aAg— 0gAa + [Aa, Ag] = i sina €, - 7,

1-A?
Foo = O0Ap = 0pAg + [Ag, Ag] = i=— sin®a sinf &, - 7,

1—A2
Foo = O0pAq—0aAy+[Ap Adl =i

sina sinf & - T



Rotor Hamiltonian with A = ga|p|/M

1 2, g2 3 1 3.0
H= 29<J >+2@(AC+4A>,

L . 1 1 . o
C=i(d-6) <ea8a + megag + me@f)@ — tan 2ea> T

commutes with chiral rotations
N I ey =, 3
JL:§<J—K>, JRZE(J—FK), C?=J?+ K2+

Energy spectrum
2 _

1 1 A
Ej = 2@[(J+2) ]+E(p), J=iEs

Rotor quantum numbers and degeneracies

ol (135 (i D (53
JL=JR 27 J =JLTJR 272727"‘ ) g = J 2 J 2



Rotor Spectrum as a function of A = ga|p|/M

40— :
E — j=05,+A : : B
35 -= j=05-A : : m
— j=15+A . . i

30—

— j=25,+A

Remarkably, for A = 1 the non-Abelian field strength vanishes and
Ej(£1) = 55j'(j' +2) with j/ = j & . The QCD rotor spectrum then
looks like the one of in the vacuum sector, although the system now has

baryon number one.
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Conclusions
e There are intriguing analogies between antiferromagnets and QCD.
e Fermions have characteristic effects on the rotor spectrum.

e The rotor problem tests the effective theory nonperturbatively.

e Perturbative matching of A to the infinite volume effective theory is
necessary before ga could be extracted from the rotor level splitting.
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