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Whatis The Problemn highT¢ supgerconductes?

2 Superconductingtateappeas d,2, ,» \BCS-like”. Low energy
fermioniaquasip#iclesseento haveonly\weak" interactions.

2 |n contrast,the \normal" stateappeas strangeandnon-fermi
liquid-lile. Its fermionicexcitationsare stronglycarelated.

\Inverted" solution:

2 Today, everythingeemso be a hightemperaturesuperconduc-
tor (cuprates,Cqo's, MgBy,...). The supgerconductinground
stateis ascommorasnamal metal.

2 Traditionalpaadigm:we mustunderstanthe namalstatebe-
forewe canunderstanthesuperconducto(/Andersonkines,. . ).
We turn this paadigmaround. The\invertedpaadigm'states:
we mustunderstandhe supgerconductobefae we canunder-
standthe adjacentnormal” state. )

2 We constructa theay in whichthe carelatedBCS-BdGsu-
perconducto servesas the referencegroundstate The key
guestions:(i) how does sucha superconducto becomenon-
suerconducting?ii) what are the statesadjacentto sucha
superconductg i.e. what are its \failure mades" (Laughlin,
LT23)? (iii) whatis the theay that assumethe role of Fermi
liquidin the traditionalpaadigm?




How Doesa SuperconductoBecomeNamal?

In sugerconductis electronsform Cooper pairs: he!(r)ci(r)i »

¢(r). Theoderpaameter¢(r) isa complexvavefunctionwith
amplitudg¢ j andphaseexp(' (r)). Inthe sugerconductingtate
Cooper pairsare \Bose condensedandh¢ i 6 0.

Superconductingatexis a topo-
logicaldefectin' (seearrows).
If onegoesaroundthe vatex,

" windsby 2¥4(j 2¥aaround
antivatex). The amplitudes
unifam exceptn the cae where
jcj! 0.

If vaticesproliferate,throughthermalor quantum®uctuations,
It is this strongphasewindingthat ultimatelydestrgs supgercon-
ductingorder: lim; i, hE(r)¢®@)i! 0; hti=0



T< T, T> T,

Thermal/quantunyproliferationof vatex loops (unbound vatex-
antivatexpairs)isthemechanisraf sugerconducteto-namaltran-
sition(Kosterlitz-ThouleksVortex °uctuationsare paticulaly en-
hancedn copper oxidesdueto quasi2D structure highT. AND

Important: in carelateddSC

large ¢ ,2, ,2 but small’a Vorticesin a doped Mott Insulate:
In the underdopdregime PA Lee,Nagaosa

) smallpenaly for Franz& ZT

twistingthe phase%4(r ' )? DH Lee& Han

Ogata



Vortex Fluctuationsn Underdopd Cupates

- T < T7{ StrongSCFluctuations
ExperimentaEvidence:
UemurgColumbia),
Ong(Princeton),
Orensteir{Berleley),
Fischel(Geneva),
Odaé& Ido (Hoklkaido),

\

Belav T (» 100-20K) thereare strong°uctuationsof Cooper
pairs. These’uctuationsinvolveboth the amplitudeandthe phase
of the SC order paameter. The phase’uctuationsare dominant
whilethe amplitude’uctuationsare frozenbelov T°. Thetrue SC
ordersetsin onlyat T, ¢ T°. The strongeskevidencdor large
vatex °uctuationsin the pseudogajstate (above T, and belav
Tnernst) COmMedrom Nernste®ecexperimentdly Onget al.

Phas€uctuations

) Vorticesare respnsiblgor the SCtransitionat T
andare dominant’uctuationsbelov Tynernst




Evidencdor the pairingpseudoga)da,ldoet al. (Hokkaido)
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HTSare uniquenot onlybecauséheyhavesuchhighT,. andstrong
vatex-antivatex °uctuations. They are alsod-wavesuperconduc-
tors, in contrastto conventionad-wavesupgerconductc. )

Low energye®ectivéheay mustcontainFERMIONS! Thisisin
contrastto He-type (BOSONONLY) madelsof SC°uctuations

s-wavesuperconducts: The gapfunction
¢( k) doesnot changesignonthe Fermi
surface.The quasip#icle spectrumis
gapred:E(k) = § ("(K)i )2+ ]¢]?

d-wavesuperconductie The gapfunction
¢( k) changesignonthe Fermi
surface.The quasip#icle spectrumis
gaplesmea the nodes,where¢(k)! O
E(k)= 8§ ("(K)i 2)Z+e(K)i2» § K]

)  Massless Dirac Fermions !l (




Superconducto \Normal"

t

A A

X X

In carelateddSCwe mustconsidetwo typesof degreesf freedom:
°uctuating vaticesand nodal quasipeicles(varticesin k-space)
andtheirmutualinteractiongeneratedy the pairingtermin H o

Hio ) Hea ) G(r)ci(r)cir) + (¢o9

where¢(r) = ¢qexp( (r)). The physicalcouplingshouldbe
through @ , dueto the globalU(1) gaugeinvaiance. But, to
extract@ , we musttake a \square-rat" of exg(i' (r)).




SomeNotaiousSguae Roots

a2+ bP=c ) Pythagoas' Theaem
(p 5i 1)=2 )  PenroseTiles
P )  Complexinalysis
P

pZ+ m2=®¢P+ m ) DiracequationS= 3

f(2) ) Riemanrsheet

Whatis the squae-rat of expf' (r)) appeaingin exp(i' )c'c} ?
exp(' (r)=2) looksnicebut it introduceshalf-vaeticesandleadso
branchcutsandnon-singleraluedwavefunctions.

|sthereanothemay of takinga \squae-raot" of exgi' (r)) which
doesnot leadto branchcutsandkeepghc=2e) vaticeswhole?




FT Singula GaugeTransfomatiorY

Eliminatethe phase (r: ;) fromthe pairingterm €'

o/l exp(i ) i ci! exp(i B)ch ;

At B! ,exp(’ ) = expl' a)expl B)

a@)(r; ¢) Is the singula pat of the phasedueto A(B) vatex
defects.A andB are a convenienbut arbitrary divisionof vatex
defectanto two equivalengroups.

The gure shavsa convenient

+ ® A choiceof setsA andB for
® + O °uctuatingvatices. ("; #)
PN symmetrys restoed after
+ ® B summatioroverall vartex
< - con gurations.

YM. FranzandZT, Phys.Rev.Lett. 84, 554(2000);0. Vafek,A. Melikyan, M.
FranzandZT, Phys.Rev.B 63, 1345092001)



Quasipdicle-\ortex Interactiond

An (hc=2e) vatexis seerby a quasipeicle asa con nedstate
of aU(1) \doppleron"anda Z, \b erryon":

Dopplershift:
—> L1 10=1 4 w(r) CKR
2e
vortex ap (€) ¥s(F) - sugercuidvelaity
A Volovik('93)

2 Honever,Dopplershift providesonly\half" of the phase:

Berryphasé
suppliesadditional
—> ¢ = Y; Berrygauge
o o () “eld describstopological
A frustrationexperiencedy

BdGquasipsiclesin
presencef vatices

YM. FranzandZT, Phys.Reuv.Lett. 84, 554(2000)



Quasipdicle-\ortex Interactiongl|

We call new,singuldy gaugetransfemed,quasipeiclesTopo-
logicalFermions Interaction®f TFswith vaticesare describedby
the BdGHamiltoniarfor d-wavesuperconducto

éf(p P VA2 2 5 §

| om0 mVE)+ 2

5= Pl S04 VRN 0 V)

and vg= I(hr A SA); 3= A;B:

2 Dopplemgaugeeldv: = 5(@' o+ @' g) coupledo \charge"
of topologicafermiong* = x;y;¢) (Meissnecoupling).

2 Berrygaugeeld a: = (@ A i @' g) couplego \spin" of
topologicafermiong! = x;y;¢) (minimalcoupling). )

) Dopplergauge eld is massivadueto Meissnee®ectof
TFs. Berrygauge eld mustremainmasslessinced-waveSCis
spinsinglet. The onlyway to male a: massives to bind vatices
Into nite loops{ thisiswhathapgensin the supgerconductingtate




QED; in Cupates

M. FranzandZT, PRL87, 2570032001)

The low energyquasipeiclesare locatedat the four nodal points

of the d-wavegapfunctiondenotedas(1; 1) and(2; 2). Lineaizing

the spectrumnea the nodesleadsto the e®ectivéagrangian:
Loep = ®:1;1a ¥D;i iVEDx¥si iveDy%]? e

" ®=X2.za alD.i VeDy¥i iveDy¥%P ot Loy (1)

a ¥ istwo-compnentspino, ® isnodeindex,D: = @+ ia: and:
Lofa] = K (@E a);=(2V%) + K4(@E a)g=(2¥%) :  (2)
Keypaametersfthetheayareve, ve , N andK ,.q/ »dX; T) .

E®ectivd.agrangiaril,2) for low energyquasip#iclesinteracting
with °uctuatingunboundvatices(h¢ 1 = 0) )

Anisotropi&uclideaguantunelectralynamicef mass-
lessDiracfermionan (2+1)-dimension§QEDs).




Electron(Quasip#icle) Propagato

G(x; X9 ¥ hexp(i % as ds: (1)) = (X)=Y(XYhai , wherex = (r; ¢).

2 Therealelectromropagatocanbe computedromthe TF prop-
agate in a gaugan whichhexp( Rfjodsl a:. )i = 1 (FranzandZT):

Realelectronpropagato (FranzandZT):

= P
© = 16=34N 2 0:27(N = 2) is the anomalouslimensiomf real
electrony” ¢ 1). The Fermiliquid descriptiorof quasipeicles
breaksdovn ) Non-Fermiliquidin the pseudogaptate!!

Phase | Vortex Loops Berrypns Nodal Fermions
dSC Bound Massive  Free{ Coherent
Pseudogap Unlound | Masslesdnteracting{ Incoherent




ARPESN Cupates

ARPESmeasurethe spectralfunctionof electrons:

1 P
)= — |
Alk:t) =gl m [Ge(k:! )/ I'm VEKZ + v2Kk2| 17t (=)
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—— MDC [ g
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/
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Algelraic Fermiliquid

Spectral function exhibitsLuttinger-lile
behavio in the \normal" (pseudogapgtate{ §2tk;! ) nite only
insidethe conede nedby ! #> vgks + vg k{

M. FranzandZT, PRL87, 2570032001)
Coherentd-wave quasip#icles (°

0) appea only in the true
phase-aleredsuperconductingtate (ZX Shen | T23)




BdGChiralSymmetnnandHTS PhaseDiagraml

In L gep We cangroupfour nodal
fermions(1$ 1), (2% 2), into two
four-compnentmasslesBiracfermions

) N=2QED; )

LQED: /&nCl;n °1 DlAn + L()[a.l]+ (¢¢(D :

n labels(1; 1) and(2; 2) pairsof nodes,c;n = 1, Cc1 = G2 = VE,
Cx2= Cy1= Vg, and’o = ¥3- ¥, °1= i ¥a- %,°2= i ¥a- Y2,
fe. , Oog = 2+o .

2 Loep hasa U(2) globalsymmetryfor eachpair of nodes
generatety 1- 1, °3,j i°5 and%[°3; °s], where®3 = % - 1 and
°s = I¥p- 1 anticommuteavith all °.'s. ThisBdGchiralsymmetry
IS broken by two \mass" terms:

MgAnAn and  mptAnd[° 3 °5lAn



BdGChiralSymmetrnandHTS PhaseDiagramilY
@ .

CSE\__(dsc We beginwith
r(b) ~ mCh = mPT j— O_
CSB\ /dsC Honevermg, 6 O canbe

generatedpontaneously
(but notmpt 6 0 1) )
ChiralSymmetry

Breaking CSB) )

Three Phases of our QED 3 :

2 Superconducto a: Is massiveA, is massless.

2 Chiral SymmetricQED;: this phaseexhibitsnon-fermi liquid
behavio and is the referencesymmetricstate of the pseudogap
regime{ This Algelnaic Fermiliquid plays the role of the \Fermi

liquidtheay" for thepseudogastate Botha. andA,, aremassless,

2 CSBOQED;: nite mg, is dynamicallgeneratedhroughspon-
taneouschiral symmetrybreaking(CSB) and A,, gainsmass. a:
remaingnasslesandcon nesspinongtopologicafermions).

YZT, O. VafekandM. Franz,PRB65, 180511(R}2002)(cond-mat/0110253)



QED; Uni ed Theay (QUT) of HTY

In mg,A,A, the\mass"my, actsas

orderpaameterfor bilineas h&,A,i

of topologicafermionsA,. If Ve 6 vq,
the chiralmanifoldof thesebilineas
hasa U(1)E U(1) degenerachpr each
pair of nodes.

What are the statesin the BdGchiralmanifold?

heCoi CleCiel + hiC (cosSDW)
idgCei CleCel + ("# ) (sin SDW)

Thisis anincommensurateDWV at wavevects 8 Q 3 and8 Q .
It isthe dominantstateasx ! 0 dueto umklappprocesses.

) QUT predictsantiferromagnetisiat low doping (
) dSC! \strangemetal"! SDW (AF) (

YZT, O. VafekandM. Franz,Phys.Rev.B 65, 180511(R)2002)(cond-
mat/0110253)j. F. Herbut,Phys.Rev.Lett. 88, 0470062002).




QED; Uni edTheay (QUT) of HTS

SDW is a 2D incommensuratanti-

ferromagneticsulato. In QED; theay
its spinonexcitationsre con ned

l This SDW is a progenito of Neel(Mott-

-Hubbad) antiferromagnedt half- Tling.

Thetwo join smapthlyasx ! O.

BdGchiralsymmetry
breakingeadsto the
openingof a smallgap
In the nodesof the large
dy2, 2 pairingpseudogap.




Spinandchageorderingnea a vatex within QED; theay:

M. Franz,D. SheehyndZT,
al_spin magnetization bLspin magnetization FT PRL 88 . 257005(2002)

alLcharge density bLcharge density FT

0.68

0.66
0.64
0.62

cLintegrated LDOS dLintegrated LDOS FT
30

25
-

2 EEn
15 mEm
0 E NS

Coexistencef SDW/CDW anddSCorders:

IncommensurateDWV at Qspy = Y418 +spw; 18 Fspw) With +spy =

1
4

IncommensurateDW at Qcpw = Y48 tcpw; 0); Y40; 8 +cpw) With +cpyw = %

CDW patternconsistentvith Ho®maret al.



QED; Uni edTheay (QUT) of HTS

Otherstatesin [U(1)E U(1)F (ve 6 v¢) BdGchiralmanifold:

iMoo Aelua + hiC (dipSQ
This is a d+ip phase-incoherestugerconducto It is written in
termsof topologicafermionssg(r ; ¢) insteadf the originalnodal
quasipdiclescsg(r; ¢). Thisstatebreakspaity but preserveme
reversaltranslationainvaianceandsugerconductingy(1) symme-
tries. All continuouhiralrotationsbetweenSDW anddipSCare

alsoincludedaswell as\diagonal strip es" { combination®f
(1;1) SCDW and(2; 2) dipSC.

Whenve = v¢ theBdGchiralmanifoldsenlagedto U(2)E U(2):

p%mY10-2+ sy + hici + ("# ) (CDW)

1 - - - .
PPAesAig + A + hici + ('$# ) (SCDW) )



QED; Uni edTheay (QUT) of HTS

Theseare superpositionsof one-dimensiong-h and p-p states,
an incommensurat€ DNV accompanietty a non-unifomn phase-
Incoherensuperconducto(SCDN) at wavevects S Q 12 andS Qs

) QUT \strip es"

iPA- 1Ay + AAg + hicii + (1! 2)  (disSC)

Thisis a phase-incoheredtis sugerconducto

Large U(2)E U(2) BdGchiralmanifoldof nealy degen-
eratestatesprovidesmeando unifythe phenomenolog
of cuprateswithinthe universalramewark of QED3 the-
ory andemergesasa likely culpit behindcomplexy of
the HTS phasadiagram.

Y




