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Chiral symmetry breaking and phase fluctuations: A QED; theory of the pseudogap state
in cuprate superconductors
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A d-wave superconductor, its phase coherence progressively destroyed by unbinding of vortex-antivortex
pairs, suffers an instability related to chiral-symmetry breaking in QHIbe chiral manifold exhibits large
degeneracy spanned by physical states acting as inherent “competitaisiiafe superconductivity. Two of
these states are associated with antiferromagnetic insulator and “stripe” phases, known to be stable in the
pseudogap regime of cuprates near half-filling. The theory also predicts an additional, yet unobserved state: a
d+ip phase-incoherent superconductor.
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Ever since the original discovery, the physics of high-symmetry breakingCSB),*? and most typically takes the

temperature superconductofdTS’s) has been one of the form of an incommensurate spin-density way8DW),

key problems in theory of quantum condensed matter. Thavhose periodicity is tied to the Fermi surface. Furthermore,
most actively pursued approads to focus on the insulating We next show that numerous other states, most notalbly a
state of Cu@ planes at half-filling and work one’s way along +ip and ad+is phase-incohererguperconductordipSC,

the doping(x) axis to thed-wave superconductor. Alterna- disSC) and “stripes,” i.e., superpositions of one-
tively, others have studied superconducting instabilities of &limensional charge-density wave€CDW) and phase-
nearly antiferromagnetic Fermi liquidFL).2 Both ap- incoherentsuperconducting density waveSCDW), as well
proaches are examples of the traditional paradigm that “on&S continuous chiral rotations among them, are all energeti-
should understand the normal state before one can undef@!ly close and competitive with antiferromagnetism due to

stand the superconductor;” the strategy that has met witlﬁrllle'_r Zequaé me_lmhperlshlp mht.hel chwg; rlr(;an;fold Olf t;vo-ﬂavor
much success in conventional, IoW-superconductors. =2) QED;. This large chiral manifold of nearly degener-

. , ate states plays the key role in our theory as the culprit be-
Recently, a different route toward the theory of HTS'’s hashind the complexity of the HTS phase diagram.

been advanced in Refs. 3 and 4. Cuprates are strongly inter- The above results place tight restrictions on this phase

actirjg §ystems, where traditio.nal approaches might be t°8iagram and provide means to unify the phenomenology of
forbidding. Insteaq, as argqed in Ref. 4, one should focus OEuprates within a single, systematically calculable “QED
the superconducting state itself, which appears as the “leasgf,ifieqd theory” (QUT). Any microscopicdescription of cu-
correlated” among its neighbors in the HTS phase diagramprates, as long as it leads to the largevave pairing
and the integrity of its low-energy BCS-like ql_JasiparticIes pseudogap withi™* >T,—0, will conform to the general re-
protected by the large-wave pseudogap. In this approach syits of QUT. In particular, all the physical states in natural
one considers the pseudogap regime as dominated by sup@hergetic proximity to ad-wave superconductor are those
conducting phase fluctuations and seeks to understand th¢habiting the above chiral manifold. Under the umbrella of
“normal” states adjacent to a superconductor by focusing onthe pseudogap, the energetics and various properties of such
the interaction between quasiparticles and vortex-antivorteXiates are explicitly calculable from the chiraBymmetric
excitations. There is considerable experimental evideanED3 theory of Ref. 4, which plays the role in the
supporting this viewpoirit.® In particular, recent Nernst ef- pseudogap state similar to that of the FL theory in conven-
fect measurementts indicate strong vortex fluctuations at tional metals.
temperatures comparable to the pseudodap T*) and far We now provide the substance behind the above asser-
above the trul;. The effective low-energy theory of these tions. Our starting point is the QB agrangian
interactions was argued tg be quantum electrodynamics in
(2+1) dimensions (QEE). .

The success of this approach hinges on its ability, by us- Lqeo= ¥nCun¥uDptnt Lolap]+ () @
ing thed-wave superconducting state as its starting point, tashown in Ref. 4 to desribe the low-energy effective theory
reconstruct the general features of the HTS phase diagrarfor fermions in ad-wave superconductor interacting with dy-
Amongst these, none is more prominent than thelN@ti-  namically fluctuating vortex excitations of the Cooper pair
ferromagnetic insulator very near half filling. In this paper fiq|q. Here ¢‘r:$ 702(7IT ’771) are the four-component
we first show that ad-wave superconductor whose phase_. o rart el e t . 1
coherence has been destroyed by the unbinding of quantufiac SpTIHOI’S with 7= (IN2) ¥ (1+ion), 7,
vortex-antivortex pairs indeed becomes an antiferromanet. = (1V2)¥ o(1+i04), and ¥!=(y],,4¥,). Fermion
The antiferromagnetism arises naturally through an inhererfields «,,(r,7) describe “topological fermions” of the
dynamical instability of QED, known as spontaneous chiral- theory and are related to the original nodal fermions
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Cyo(r,7) Vvia the singular gauge transformation detailed in a

salls7) gular gauge tra tion de . oS fasc

Refs. 4 and 13. Index labels (1,) and (2,9 pairs of

nodes, while « labels individual nodes,u=7,X,y b

CSBY dSC

(=0,1,2).D,=4,+ia, is a covariant derivative;, ,=1,
Cy,1=Cy2=Vg, Cx2=Cy 1=V, . The gamma matrices are de-
fined as y,=o03®(03,—01,—0,) and satisfy{y,,v,}
=24,,. The Berry gauge fiela, encodes the topological
frustration of nodal fermions generated by fluctuating quan-
tum vortex-antivortex pairs and, is its bare Lagrangian. (CSB)
The loss of superconducting phase coherence caused by the X
unbinding of vortex pairs is heralded in EQ.) by a, be-
coming massless,

FIG. 1. Schematic phase diagram of a cuprate superconductor in
QUT. Depending on the value df; (see text, either the supercon-
1 1 ductor is followed by asymmetricphase of QED, which then un-
Lo— _2(‘”( a)i_,_ 2 _2(’9X a)iZ ; 2) dergoes a qua_ntum CSB _transmon at some lower do_mnagel(a)],

i or there is a direct transition from the superconducting phase to the

m,# 0 phase of QER[panel(b)]. The label SDW/AF indicates the
here, e2,e7(i=x,y), as well as the velocitiesg(,), are  dominance of the antiferromagnetic ground state-as0.
functions of doping« andT. Along with residual interactions

between nodal fermions, denoted by the ellipsis in 69,  generated?the chiral massng, is generated if the number of
these parameters of QUT arise from some more microscopifermion specied is less than a critical valul, . It is found
description and will be discussed shortly. _ that N~ 3 for isotropic QED,,'*>® but as we shall discuss
First, however, we focus on the general propertie€ldf  ghortly, anisotropy and irrelevant couplings present in La-
The Berry gauge fiela,, is the main dynamical agent in our grangian(1) can change the value &f.. FurthermoreN
theory and plays a spe_a_al rple in th_e above expression. If Wfiself, while equal to 2 for a single CuQayer, could change
seta, =0, all the remaining interactions among nodal fermi-1, 46, or an even larger value in bilayer and multilayer
ons are short ranged, including those arising from the '”te(:uprates, thus enhancing the possibility of a symmetrjg
gration over the Doppler gauge fieiq“4 and irrelevant in - _ phase.
the renormal_ization-group sense. They can impact the low- | ot us now assume that we are in the part of the phase
energy physics only through symmetry breaking and freiagram(Fig. 1) characterized by the parameters such that

quently first-order transitions. Consequentlyajf were ab- N<N,: CSB occurs and the mass temy ;. is gener-

sent or massive, such as in the superconducting state, tré?ed. We wish to determine what is the nature of this chiral
effective theory of the pseudogap state would be that of free

massless Dirac fermions. In contraa, is relevant in the |hstability in terms of the original electron operators. Tp

masslessnonsu ercondu'ctir) tate and it generates non- make this apparent, let us consider a general chiral rotation
= b€ ICliNgs gen r— UMWy, with UL = exp( 63,75+ bsn7s). Within our rep-

trivial long-range interactions among quasipartiéi@e ef- notceh n oeh sn73 T ¥en 7l T

fective theory of the pseudogap state is QEiDd the low- resentation of Dirac spinors, EQL), the Mgy, mass term

energy physics is controlled by theteractinginfrared fixed  takes the following form:

point of its chiral-symmetricimassless fermigrphase. This

T i

is the “algebraic” Fermi-liquid normal state discussed in mchcos{ZQn)[anrgna— nT;(fy]Z]
Ref. 4.
L (1) possesses the following peculiar continuous . Osnti63n _
QED L
symmetry: borrowing from ordinary quantum electrodynam- T MersSin(242n) Q, 7a037atH.C, ®

ics in (3+1) dimensions (QEL), we know that there exist

two additional gamma matriceg;=0;®1 and ys=ioc,®1  whereQ,= \/632n+ 052n. Mg, acts as an order parameter for
that anticommute witkall y,'s. It is easy to show thafqoep  the bilinear combinations of topological fermions appearing
is invariant undery,—e'“*3y, and ¢,—ef"5y,, (a, B in Eq. (3). In the symmetric phase of QEO0m,=0), the
real defining a global (2) symmetry for each pair of nodes expectation values of such bilinears vanish, while they be-
with generatorsl®1, yz, —iys, and3[ys, vs]- In QED;  come finite,(y4,) %0, in the broken-symmetry phase.

this symmetry can be broken by two types of “mass” terms,  The BdG chiral manifold3) is spanned by the “basis” of
Mentn¥n ANAMp1hn3[ ¥3,¥s]¥n - The phenomenon of spon- three symmetry-breaking states. When reexpressed in terms
taneous symmetry breaking in QERs a mechanism for of the original nodal fermions,,(r,7), two of these involve
dynamical mass generation has been extensively studied pairing in the particle-hole g-h) channel—a cosine and a
the quantum field theory literatufé1**°Note that the chiral sine spin-density wavéSDW),

symmetry of our theoryl) is purelydynamical i.e., it is not

related to spin S(2) or any other kinematic symmetry of the <C}.QCT;_ CIQCQH H.c. (cosSDW,

underlying microscopic Hamiltonian—we call it the

Bogoliubov-deGenne$BdG) chiral symmetry. It has been o+t )

established that whilempr is never spontaneously i{C1aCia—Ci Cra) T (T—1) (siNSDW), (4)
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thisd+ip phase-incoherent superconductor can be the actual
ground state at some dopings in some of the cuprates. Its
energetics does not suffer from long-range Coulomb prob-
lems but it is clearly inferior to the SDW very close to half-
filling, since, being spatially uniform, it receives no help
from the umklapp process. Observation of such a state in
underdoped cuprates would provide strong evidence for the
validity of the physical picture proposed in this paper.

Until now, we have discussed the CSB pattern only within
individual pairs of nodes, (1)land (2,3, of a single Cu@
plane. What happens if we allow for chiral rotations that mix

FIG. 2. The “Fermi surface” of cuprates, with the positions of nodes 1 and 2r 1 and 2? A whole new plethora of states
nodes in thed-wave pseudogap. The wave vect@s;,Q,;, and  becomes possible, with the BAG chiral manifold enlarged to
Q1z, etc. are discussed in the text. include a superposition obne-dimensional fh and p-p

states, an incommensurate CDW accompanied by a nonuni-
and are obtained from E¢3) by setting(), equal tom/4 or  form phase-incoherent supercondud®€DW) at wave vec-
3m/4. Rotations within the BdG chiral manifol®) at fixed  tors + Q,, and = Q51 (Fig. 2):
), correspond to the sliding modes of SDW.

A simple physical picture emerges here: we started from a 1, "
d-wave superconducting phase, our parent state. As one E<CT1CT2+CTECTT+ Hc)+(1—1) (CDW),
moves closer to half-filling and true phase coherence is lost,
strong vortex-antivortex pair fluctuations, acting under the L
protective umbrella of ad-wave particle-particle [{-p) L
pseudogap, spontaneously induce formation of particle-hole E('ﬁn%z*‘ gzt He)+(T1)  (SCOW). (8)
“pairs” at finite wave vectors,= Q7 and £Q,3, spanning
the Fermi surface from node to a (Fig. 2). The glue that These same states, rotated by2, are replicated at wave
binds thesep-h “pairs” and plays the role of “phonons”in ~ Vectors =Qqy and £Q; (Fig. 2. In a fluctuatingd,z-y2
this pairing analogy is provided by the Berry gauge field superconductor, these CDW's and SCDW's run“alqngxt”he
Such “fermion duality” is a natural consequence of the @ndy axes and are naturally identified as the “stripes” of
QED; theory(1). Remarkably, we find the antiferromagnetic QUT- Note, however, these are not the only one-dimensional
insulator being spontaneously generated in the form of th§tates in QUT—among the states in the BAG chiral manifold
incommensurate SDW. As we get very near half-filling and(3) areé also “diagonal stripes,” the combination of a SDW,
Q,7,Q,5 approach ¢ = 7): SDW acquires the most fa- Eqg. (4), along=Q;7 and adipSC, Eq.(5), which opens the
vored state status within the BdG chiral manifold—this is themass gap only at nodes (3,2r vice versa. Furthermore, a
consequence of umklapp processes, which increase its cophase-incoherentd+is superconductor(disSC) is also
densation energy without it being offset by either the anisotpresent within the chiral enlarged manifold, since it results in
ropy or a poorly screened Coulomb interaction, whichalternating signs for different nodes with equal number of
plagues its CDW competitors to be introduced shortly. Itpositive and negative “masses” for the two-component nodal
seems, therefore, reasonable to argue that this SDW must lfgrmions:
considered the progenitor of the Neel-Mott-Hubbard insulat-
ing antiferromagnet at half-filling. Thus, QEtheory (1) (11 + 11t HC)+(1—2)  (disSO).  (7)
explains the origin of antiferromagnetic order in terms of
strong vortex-antivortex fluctuations in the pardnvave su-
perconductor. It does so naturally, through its inherent an
well-established chiral-symmetry-breaking instabilty.

The BdG chiral manifold3) contains also a third state, a
p-p pairing state corresponding @,=0 or 7/2 and best
characterized as @+ ip phase-incoherent superconductor,

In contrast, in ad+id phase-incoherent superconductor
ahese “masses” have the same sign for all the nodes produc-
ing a maximal breaking of thé®T symmetry* Conse-
quently, ad+id phase-incoherent superconductor is not
spontanously induced within our QgEheory.
In the isotropic (vp=v,) N=2 QED;, all these addi-
tional states plus arbitrarghiral rotations among them are
(1t | 2t ) HH.C. (dipSO). (5) completely equivalent to those diCL_Jss_ed _previ_ously. It _is here
where we confront the problem of intrinsic anisotropy in Eq.
We have writtendipSC in terms of topological fermions (1). Such anisotropy cannot be rescaled out and manifestly
U..(r,7), since the use of the original fermions leads to abreaks the U(2XU(2) degeneracy of the fulN=2 chiral
more complicated expression, which involves the backflonmanifold down to two separate U(X)U(1) (3) chiral
of vortex-antivortex excitations. This state breaks parity butgroups discussed previously. This is reflected in the general
preserves time-reversal symmetry, translational invarianc@crease in energy of the states from the enlarged BdG chiral
and superconducting () symmetries. To our knowledge, manifold. For example, the anisotropy raises the energy of
such a state has not been proposed as a part of any of tlair “stripe” states(6) relative to those of SDWipSC, or
major theories of HTS. It is an intriguing question whether“diagonal stripes.” However, when the long-range Coulomb
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interactions and coupling to the lattice are included in thesuperconducting state the anisotropy is fairly largg=10
problem, as they are in real materials, it is conceivable that- 20 This would then favor a direct transition into the
the “stripes” would return in some form, either as a ground broken-symmetry phasigpanel (b) of Fig. 1], which could
state or a long-lived metastable state at some intermediatnceivably become first order with a region of coexisting
doping.disSC is also adversely affected by anisotropy but toantiferromagnetic order and superconductivity. If, on the
a lesser extent and might remain competitive with SDW.other handN.<2 as argued in Ref. 16, there could be a
dipSC, and “diagonal stripes” This state breaks fime- |ocus of doping concentration in which ground state is non-

reversall symmetry but preserves pgrity aqd the discussm&perconducting but chirally symmetfipanel(a) of Fig. 1].
concerningdipSC below Eq.(5) applies todisSC equally  gych an intermediate symmetric phase is particularly likely

well. . . .
. in bilayer or multilayer cuprates(such as YBCO or
How do we use these general results on CSB in QUT tq_| y Y prates(

address the specifics of the cuprate phase diagram? To thisgBaQCGQC%OS)’ where highly anisotropic interlayer hop-

. o ing translates into strong coupling between vortices but es-
end, we need some effective combination of phenomenolog entially no coupling between nodal fermions on constituent
and more microscopic descriptions to determine the paramz y piing

etersvg, v,, €,, € and residual interactions (-) appear- mCuOZ planes, thus raising the of QED; (1) to 4, 6, or even

ing in Lggp (1). The main task is to determine what is the higher, and above\!C. .
sequence of states within QUT that form stable phases as the The anisotropy is not th_e only fgctor that. can |nf|uenge the
doping decreases toward half-filling und@® in Fig. 1. yalue OfNc. Shprt—range mtere}cnons, while perturbauygly
While this is an extensive project, whose detailed results Wilfrrelevantl,geffectl\_/ely Increasid i stronger than some criti-
be reported elsewhetéwe outline here some of the general cal value.” Such Interactions, typlcally m_the fo”“. of short-
features. First, within the superconducting statee,—0 range three-current termigrise in more microscopic models

. y I

anda, becomes massive, thus denying the CSB mechanisis€d to deriveCoep (Ref. 17 and are prominent among the

its main dynamical agent. We, therefore, expect that the SJ_e5|duaI terms denoted by the ellipsis in Ed). Their

perconductor is in the symmetric phase and its nodal fermi-Str(?ngth generically INCreases xas. 0. These residual Inter-
ons form well-defined excitatiosAs we move to the leftin  2S1ONS play a dual role in QUT. .F|rst', they can conspire with
Fig. 1, the phase order is suppressed ane; become finite the anisotropy to produce the situation depicted in pémel

reflecting the unbinding of vortex-antivortex excitatidns. of Fig. 1, where the CSB takes place as soon as the phase

For all practical purposes, this is precisely what the eXperi_coherence is lost. Second, once the chiral symmetry has been

e mpl. Now the ey queston s whethr the QED_ DEACT, 1 e5ua ieactone e rea he Symet
remains in its symmetric phase or whether it immediatel play 9

undergoes the CSB transition and generates finite gag ( ytrL_Je ground state. A deta;led analysis of the CSB patterns
£0). will be reported separately.

One important factor in the above problem is the depen-
dence ofN; on the Dirac cone anisotropyp=uvg /v, . This The authors are indebted to I. F. Herbut and D. Sheehy for
is a technically nontrivial problem, which we shall discusshelpful discussions. This work was supported in part by NSF
elsewheré’ Our preliminary results suggest thak, is a  Grant No. DMR00-9498%Z.T. and O.V) and by NSERC
weakly increasing function ofrp (see also Ref. 1In the  (M.F).
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