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SrCuSrCu2(BO(BO3))2

Kageyama et al, PRL ‘99

CuCu2+2+ --> Spin 1/2> Spin 1/2

J J '' 85 K85 K

JJ’’/J /J '' 0.630.63



Magnetization of SrCuMagnetization of SrCu2(BO(BO3))2

Kageyama et al 
PRL ‘99

Plateaux Plateaux 
M=0M=0
M=1/8M=1/8
M=1/4M=1/4
M=1/3M=1/3



NMR at 1/8NMR at 1/8--plateauplateau

Many different sites BrokenBroken translation translation symmetrysymmetry
K. Kodama, M. Takigawa, M. Horvatic, C. Berthier, H. Kageyama, 

Y. Ueda, S. Miyahara, F. Becca, FM, Science ‘02



Heisenberg modelHeisenberg model

SU(2)SU(2)

U(1)U(1) spin rotation around z

++ spatial spatial symmetriessymmetries
(translations and point group)



‘‘NaturalNatural’’ plateauxplateaux

No No brokenbroken translationaltranslational symmetrysymmetry
Trimerized chain, Hida, JPSP ’94; Odd-leg ladders, Cabra et al, PRL ’97

S=0S=0

S=1S=1
S=2S=2

SpinSpin--1 1 dimersdimersM. M. UchidaUchida et et alal, PRB 2002, PRB 2002



‘‘ClassicalClassical’’ plateauxplateaux

ClassicalClassical GS GS stabilizedstabilized in a in a finitefinite fieldfield rangerange
by quantum fluctuations (by quantum fluctuations (orderorder by by disorderdisorder)) ChubukovChubukov, 1990, 1990

TriangularTriangular latticelattice

S=1/2S=1/2

ReviewReview: Honecker et : Honecker et alal, 2004, 2004



‘‘QuantumQuantum’’ plateauxplateaux

GS GS withoutwithout classicalclassical analoganalog

FM, EPJB ’98 
K. Totsuka, PRB ’98

J.J.-- B. Fouet et B. Fouet et alal, PRB 2006, PRB 2006

SingletSinglet



ShastryShastry--Sutherland modelSutherland model

Ground-state Product of singlets on J-bonds (Shastry, Sutherland, ’81)

Triplets Almost immobile and repulsive (Miyahara et al, ’99)

(Miyahara et al, ’00)Plateaux



Basic mechanismBasic mechanism

Triplet Hopping Triplet Repulsion

Frustration

Kinetic 
energy

Repulsion

Metal-insulator transition

Magnetization plateau



RecentRecent experimentsexperiments

TakigawaTakigawa et et alal, PRL 2008, NMR, PRL 2008, NMR
Translation Translation symmetrysymmetry brokenbroken aboveabove 1/8 plateau1/8 plateau

LevyLevy et et alal, EPL 2008, torque, EPL 2008, torque
New phase New phase aboveabove 1/81/8

SebastianSebastian et et alal, , unpublishedunpublished, torque, torque
Plateaux Plateaux atat 1/p (p=2,1/p (p=2,……,9) ,9) andand 2/92/9

TakigawaTakigawa et et alal, , unpublishedunpublished, NMR, NMR
Plateaux Plateaux atat 1/8+1/8+єє, 1/6, 1/4, 1/6, 1/4

TheoristsTheorists: : CalculateCalculate magnetizationmagnetization plateaux!plateaux!



Exact Exact diagonalizationsdiagonalizations

MiyaharaMiyahara andand UedaUeda, 1999, 2000, 1999, 2000

24 sites24 sites

HugeHuge finitefinite--sizesize effectseffects

16 sites16 sites 20 sites20 sites



Perturbation Perturbation theorytheory in Jin J’’/J/J
MomoiMomoi andand TotsukaTotsuka, 2000, 2000

3rd 3rd orderorder perturbation perturbation theorytheory

RepulsionRepulsion to 3rd to 3rd neighbourneighbour

Plateaux Plateaux atat 1/2 1/2 andand 1/31/3



PhenomenologicalPhenomenological approachapproach

TripletTriplet--triplettriplet repulsionrepulsion ∝∝ ee((--r/rr/r00)) beyondbeyond 3rd 3rd neighbourneighbour

No No kinetickinetic energyenergy

⇓⇓
ManyMany plateauxplateaux

Not Not predictivepredictive

MiyaharaMiyahara andand UedaUeda, 2000, 2000



ChernChern--SimonsSimons theorytheory

G. G. MisguichMisguich, T. , T. JolicoeurJolicoeur, S. , S. GirvinGirvin, PRL 2001, PRL 2001

J/JJ/J’’=1.5=1.5

Plateaux Plateaux atat 1/2 1/2 andand 1/31/3



ChernChern--SimonsSimons revisitedrevisited

SebastianSebastian et et alal, 2008, 2008

Plateaux Plateaux atat 1/p (p=2,1/p (p=2,……,9),9)
andand atat 2/92/9

NB: J/JNB: J/J’’=2.2=2.2



WhyWhy isis itit soso difficultdifficult??

HighHigh commensurabilitycommensurability

LongLong--rangerange triplettriplet--triplettriplet
interactions interactions 



HighHigh--orderorder perturbation perturbation theorytheory

DegenerateDegenerate perturbation in Jperturbation in J’’/J /J to 15th to 15th orderorder
effective effective modelmodel withwith '' 1515’’000 000 termsterms

PadePade approximantsapproximants coefficientscoefficients
MapMap hardhard--corecore bosons onto spinbosons onto spin--1/2 1/2 

bb++=S=S--, b=S, b=S++, n= , n= ½½ -- SSzz MatsubaraMatsubara--MatsudaMatsuda

TreatTreat spins as spins as classicalclassical vectorsvectors
HartreeHartree approximation for bosonsapproximation for bosons

J. J. DorierDorier, K. Schmidt, FM, PRL, in , K. Schmidt, FM, PRL, in presspress



Triplets as hardTriplets as hard--core bosonscore bosons

S=0: S=0: emptyempty sitesite

SSzz=1: boson=1: boson
Isolated dimer



HighHigh--orderorder expansionexpansion

Extrapolation:Extrapolation: reliablereliable upup to Jto J’’/J=0.5/J=0.5

Alternative: Alternative: CORE CORE (A. (A. AbendscheinAbendschein, S. Capponi, PRL, in , S. Capponi, PRL, in presspress))

VeryVery goodgood agreementagreement upup to Jto J’’/J=0.5/J=0.5



MagnetizationMagnetization plateaux plateaux ofof
ShastryShastry--SutherlandSutherland modelmodel

J. J. DorierDorier, K. Schmidt, FM, PRL, in , K. Schmidt, FM, PRL, in presspress



TypicalTypical plateau structuresplateau structures

Effective Effective hardhard--corecore boson boson modelmodel (boson (boson ≡≡ triplet)triplet)
but canonical transformation but canonical transformation 



ComparisonComparison withwith experimentsexperiments

1/6 plateau1/6 plateau: : veryvery robustrobust in in ourour calculationcalculation,,
possiblypossibly observedobserved in in severalseveral experimentsexperiments
1/8 plateau1/8 plateau: : notnot presentpresent in in ourour calculationcalculation

residualresidual interactions?interactions?
magnetizationmagnetization notnot preciselyprecisely determineddetermined??

2/15 plateau2/15 plateau = 1/8 + = 1/8 + εε??
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Conclusions/PerspectivesConclusions/Perspectives

MagnetizationMagnetization plateaux in SrCuplateaux in SrCu22(BO(BO33))22

VeryVery challengingchallenging, , bothboth for for theoriststheorists andand for for 
experimentalistsexperimentalists
CommonCommon trendstrends: more plateaux : more plateaux thanthan previouslypreviously
assumedassumed
StrongStrong predictionprediction ofof theorytheory: : plateau plateau atat 1/61/6
FurtherFurther workwork: : 

ExpExptt: : BetterBetter calibration calibration ofof magnetizationmagnetization
TheoryTheory: : IncludeInclude residualresidual interactionsinteractions
BothBoth: : UnderstandUnderstand intermediateintermediate phasesphases
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