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QCPOs In Natut

Important:

Confrontation of theory and experiment
for quantum phase transitions (criticality)

Th. | EXp.
Metallic/Non-stoichiometric QCP [?? |V
QCP in stoichiometric insulators | |??




OCleanO Insulating QC

OHan PurpleO family -- Dimerized AFM under pressure
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OCleanO Insulating QC

OHan PurpleO family -- Dimerized AFM in a H-pbeld
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OCleanO Insulating QC

Dipolar Ising. in transverse peld.
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CoNb206 : ExperimentalistOs Vi

Co?* form ferro-Ising chains along c-axis.
Isosceles triangular lattice in the basal a-b plane

ar Kobayashi et al., PRB (2001)
i (b)




CoNb20g: Neutrons

Amazing single crystal inelastic neutron scattering
experiment by Coldea 2009.To appear in Science soo

Phase Diagram & Spectrum of Coih
with external Peld in b-direction

Goal here:
Address these experiments
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CoNb20Og : TheoristOs Vie




CoNb20Og : TheoristOs Vie
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|Isolated Chain

HTFIC: Jo Sfo+1! h/J_ S,‘Z:




|Isolated Chain

HTFIC: Jo Sfo+1! h/J_ S
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|Isolated Chain

Hrpic=Jo 5757+ Y he 57
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PM
Quantum Critical Point
Q@< D=2 Ising model
universality
FM

| 1!
Quantum Phase Transitions,
S. Sachdev (1999).




|Isolated Chain

Htric= Jo JSiv1! hy ST
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- Jordan-Wigner (1928)
PM Lieb, Schultz, Mattis (196}
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|Isolated Chain

HTFIC: Jo Sf f+1! hJ_ S,f' h” S7
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- Jordan-Wigner (1928)
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|Isolated Chain

HTFIC: Jo SZ z+1 hJ_ S,f' h” S
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|Isolated Chain
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|Isolated Chain
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Fonseca & Zamolodchikov. J. Stat. Phys. (200«
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Main Question: Phase Diagra

H = Jo Z Sj;rS§+l; r hi Z SZ:;I‘
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Main Question: Phase Diagra
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Mean-Field Theor

wavefunction withR; = B, variational parameters:

o= A

! | 8
2

Emt Err (BL,B)+ Bim + | 1D,

L2y
i

(work in units ofJ,/ 2 )




Mean-Field Theor

wavefunction withR; = B, variational parameters:

o= A

(
I |

Err (AL B)+ Romi + miﬁmj

Emf 2

(work in units ofJ,/ 2 )

Main Strategy: |
What are the optimum values of thg 2
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Pertect Triangle

! EJ2/J1:1

®Co*t




Pertect Triangle

h, | ———— ... >
Jordan-Wigner (1928)
PM Lieb, Schultz, Mattis (1961)

FM Zamolodchikov (1989)

Obeld-theory integrabilityO

... 3 expansions.




Perfect Triangle

(1) ﬁ! > (O
! ! o
Emt = Err (B, Bi)+ Biomi + 1) %Tﬂj
i
_ A2 ! X
B OB = Zologh? + A7 Go'?+ Gyttt GOl

| = hy/h?

Landau theory:
Which momenta gets negative mass Prst?




Perfect Triangle

(1) ﬁ! > (O
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condensation causes SDW




Pertect Triangle

(1) ﬁ! > (
=" PP+ " mm? +$sm P+ %) +$6(1 O+ 170
hy =1 &R¢T 41 %R 1 m

Landau theory.
Optimize over® andn
What is resulting state of matter?




Pertect Triangle
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Ferri-magnet (FR) Anti-ferro (AF)
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Perfect Triangle
l =1(Ji=J2) R >0
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Perfect Triangle

(2) A< 0
| | g
Emt = Err (B, Bi)+ Biomi + 13, 77911
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Perfect Triangle

(2) A< 0
| | g
Emt = Err (B, Bi)+ Biomi + 13, 77911
[
_ 2 '
EIhFLT<O(gJ_7 gll) = g—f logf: + A7 Gi|'|+ Go|"IP+ ...

| = hy/h¢

\ Ising chains ordered. Magnetization Pnite.

Odegenerate perturbation theoryO. Effective hamiltoni
| L oo
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Perfect Triangle

(2) AL <0
| | !
H=2 !i!j!K !i—l—ea

Lij " i a

m 2

Which Ising conf. minimizes K term?




Perfect Triangle

(2) AL <0
| | !
H=2 !i!j!K !i—l—ea

Lij " i a

m 2

Which Ising conf. minimizes K term?

Ferri-magnet




Perfect Triangle

(2) AL <O
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Perfect Triangle

(S)gl =0
! ! P
Emi = Err (BL, Bi)+ Bim; + i %mj
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Err(hi he) = ;L—!lzlogﬁ!z + pio1s [—;—l2log"2+(! o+ "),
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Pertect Triangle

g! =0
| | Y.
Emt = Err (B, Bi)+ Biomi + 1) %mj
i
Epr(h b)) = z—izlogﬁ? 4 plolis [—;—!2log"2—|—(! T 2"2+...)],

N = —F]! /F]l/a

Magnetization pnite in Pel
minimize energy, Ferri-magnet




Perfect Triangle

Summary of phases
obtained
from the three expansions

2.0r
HJ_ |

1.5+

1.0

0.5+

PM

AF

FR

- [FR

1'1.0r

0.1 02 03




Periect Triangles: Phase Diagr
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|sosceles Cas

h

PM

FM

D —

Jordan-Wigner (1928)
Lieb, Schultz, Mattis (1961)

Zamolodchikov (1989)
Obeld-theory integrabilityO

... 3 expansions.




|Isosceles Triangle
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|Isosceles Triangle

ﬁ! > (
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condensation causes incommensurate SDW
... InPnitely many harmonics!
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Comm-IC Transitior

Energy for a domain wall

R =[] {e’i(QC‘“ +0(xi)) 4 c.c.} + m

|
E., = Ay /dx ['E("X#)2 F G B %COS(nSg#)}

Sine-Gordon model




1

|
E.. = Ay /dx [E("X#)2 F S Ht %cos(nsg#)}

4 + (X —
Q(X) - _ tan—l(e— Nsgy/ ™ (X XO))
N

712+ 27/ 6 O
o ®
=
@
7l 2
- (8 e,
o8 Nge Ngg




CIT

0,> 0.=4 KM

6 — x )
G2
g = —8G4h¥ %2,
mo= —3GaRE
¥
el (o)
#, = —|®]2Goh* *°,
2G2(1=") a1 5
= |9 hi 2.
$, || 3

|
E., = Ay, /dx ['E("X#)2 £ $"#+ %coSheH)




Phase Boundal
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|Isosceles Triang|
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Degeneracy lifted
at leading order

Degeneracy not
lifted
at any order
in MFT!




Degenerate perturbation theor

7 g Su! Sc
= f _ <e! SC>

Zo f e Sid

At fourth order,
effective ferro interaction!

4-fold degeneracy.
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g-vector in IC from PN
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g-vector in IC from PV
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g-vector in IC from AF
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g-vector in IC from AF
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g-vector summar
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SUMMARY




Summar

1 Columbite is a remarkably rich material -- interplay
of quantum criticality & geometric frustration

| Provides clean realization of OZamolodchikovO

physics in experiment. Confrontation with experiment!

| Quantitative global phase diagram

1 Quantitative predictions for neutron experiments

Please look at:
S. Lee, R.K. Kaul & L. Balents
http://arxiv.org/abs/0911.0038




