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We propose that the enigmatic pseudogap phase of cuprate superconductors is characterized by a hidden
broken symmetry ofl,>_,.-type. The transition to this state is rounded by disorder, but in the limit that the
disorder is made sufficiently small, the pseudogap crossover should reveal itself to be such a transition. The
ordered state breaks time-reversal, translational, and rotational symmetries, but it is invariant under the com-
bination of any two. We discuss these ideas in the context of ten specific experimental properties of the
cuprates, and make several predictions, including the existence of an as-yet undetected metal-metal transition
under the superconducting dome.
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[. INTRODUCTION temperatureT, first grows and then retreats as doping is
reduced. Let us consider the generic zero-temperature
In this paper we argue that much of the strange phenomGinzburg-Landau free energy
enology of the cuprate superconductors may be simply ex-
plained as the disorder-frustrated development of a new or- F=M\(y?+2*)?+ yy*[z|?— ay*— a'|7]?, (1)
der parameter. There are a number of potential candidates fa
this order, but the one we favor on phenomenologicalt

grounds is orbital antiferromagnetidnor d-density wave Fig. 1(b) we plot the values of andz that minimizeF for

2,3 . . . _ )
(DDW) order, .Wh'Ch IS charactenzed by. a local order P3- the case oh =1 and v=—0.8 as a function of the abstract
rameter that distills the universal physics underlying the

g tuning parametep. The variablesx and o’ are the simple
e scsaeod s o e, oy papepliea uncions fp shown i g 10" One sees T
The essence of our idea is that the pseuddgéserved in develops ap=0.3, y develops ap=0.2, and that 0.1 p

. ) . < 0.2 is a coexistence region in which the growthyofup-
underdoped cuprates is an actual gap in the one-particle e>Ej'resses and eventually eliminatesThus if we imaginez to
citation spectrum at the wave-vectotr,0) and symmetry-

related points of the Brillouin zone associated with the de—be the magnitude of the order parameter danave super-
P ) o o . conductivity andp to be doping, then we can understand the
velopment of this new order. It is “pseudo” in experiment

L ; .~ onset, growth, saturation, and eventual destruction of super-
only because Of e_xtreme sensitivity to se}mple Imperfect'orbonductivity with reduced doping as an effect of a monotoni-
caused by proximity to the phase transition. Moreover, the ally strengtheningl-wave pairing interaction, as opposed to
DbwW cogples weakly to common experimental probes, an ne that first strengthens and then weakens. The underdoped
's thus difficult to detect. , ... side of the superconducting dome is then fundamentally dif-

Our proposa}l has ml_jfgh in common with t_heoret|cal Idea‘Qferent from the overdoped side in that the superfluid density
already in the literatur&;*®and borrows heavily from them. is suppressed there by the development of a second order
For example, Wen and Lee have proposed staggered curre arameteny
that fluctuate but do not ord&Varma has proposed currents '
that alternate in the unit cell but do not break translational
symmetry'® Emery et al,'* and Kivelsonet al'? and Ca- IIl. d-DENSITY WAVE
praraet al.1.3 have proposed states with broken symmetries of | gt ys now consider the order parameter
different kinds. Our strategy for constructing a theory and
confronting experiments differs from most others in deem- _ :
phasizing modeling of the “strange metal” behavior and fo- y=lk2 f(K){(Cx+q,sCk.s): 2
cusing on order, low-temperature phenomenology, and ma- °
terial imperfection—all issues with sharp experimentalwhere f(k)=cosky)—cosk,). If f(k) were replaced by a
dichotomies amenable to falsification. DDW order can befunction withs-wave symmetryy would simply be the order
detected if it is present. If it is not present, the proposal isparameter of a charge-density wa@DW)—hence, we calll
disproved. this state a,2_y2 density wave(DDW) state? For the par-

ticular case ofQ=(, ), which we think most relevant to
Il. COMPETING ORDER the cuprates, the equivalence @fand —Q enforced by the
underlying band structure requires the sum to be imaginary.

Order-parameter competition has always been a naturdlhus this state necessarily breaks parity and time-reversal
candidate for explaining why the superconducting transitiorsymmetry(i.e., exhibits magnetisjnas well as translation by

%scribing the development of order parameteend z in
he case that low-order mixing is forbidden by symmetry. In
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600 T T | T where €= —2t[cosk,)+cosk)] and Ay=yV[cosk,)

T —cosky)], andV is a coupling constant in the microscopic
. Hamiltonian. Microscopic Hamiltonians with short-range re-
. pulsion and superexchange are favorable for such d?dest

. are even more favorable for an antiferromagnetic state. How-
- ever, correlated hopping terms tend to tip the balance in fa-
vor of DDW order® Since the ordering occurs a®
=(r,r), it is most favorable at half-filling or low doping.
The corresponding band structure is

Ei=+ Ve +[AT2. 4

At half-filling, there are gapless quasiparticles only at the
. nodal pointsk=(=#/2,=7/2). At finite doping, Fermi
pockets are opened, as shown in Fig. 2. While the DDW
state is semimetallic at half-filling, it is a conventional metal
[with two-dimensional2D) localization prevented by inter-
layer tunneling with a disconnected Fermi surface at dop-
5FET T T — ings other than half-filling. It is possible for the DDW to
i — discommensurate, thereby opening a full gap, as occurs with
T a traditional spin density wave, but this is not automatic be-
5 L I L I . L cause the remaining Fermi surface is not nested. Some re-
0 0.1 0.2 0.3 lated density-wave states are discussed in the Appendix.
The excitation spectrum at high energies is not generic.
FIG. 1. Top: Phase diagram constructed from experiments oThere is no reason for the quasiparticle at,@) to have
YBa,Cw0;_ 5. Ty is the Neel transition, T, is the superconducting integrity, particularly if the system is near the continuous
transition,T* is the pseudogap crossoveRef. 28, Ty is the loca-  quantum phase transition pt=0.2 in Fig. 1. This is a Fermi-
tion of the maximum in the uniform susceptibilty, afidnageis @ surface reconnection, at which the Hall conductance jumps, a

charge-ordering line recently reported by Moekal. (Ref. 40.  yan Hove singularity develops atr(0), andquasiparticles
Middle: Values of|z| (solid), y (dots, and §>+|2|*)* (solid  gcatter violently even at low energy scaté@??
minimizing the free energy of Eql) with A=1, y=—0.8, and the

linear functionse anda’ shown on the bottom. The paramegeis
hole doping. IV. d-WAVE SUPERCONDUCTIVITY

400
T (K)
200

The Heisenberg exchange nominally responsible for

one lattice spacing and rotation by/2. It is, however, sym- o
P g by y DDW order also tends to faval-wave superconductivity.

metric under the combination of any two of these operations

The order parameter is equivalent to the array of bond curTh'S is the underlying reason the band structures of the two

rents illustrated in Fig. 2 are so similar, and why the competition of these two kinds of

The excitation spectrum of the DDW at very low energiesorder is natural. If we allow the superconducting bond ex-

is generic and consists of conventional fermionic particlesxoec.t"’.Itlon valugc;,Cy ) =+ to develop, where the sign is
and holes in a band structure like that of tthevave super- positive onx bonds and negative oy bonds, the Hartree-

conductor (DSC) with which it competes. Introducing a Fock Hamiltonian becomes
mean-field ansafz[cf. Eq. (2)] we obtain the one-body

Hamiltonian HQF:HHFjLJ(E) i(zcllc}‘ﬁz* Ci1Ci)) (5)
ik

_ t t
H—kEU €(K)CsChot A(K) CCrt Qo » (3 and the corresponding superconducting quasiparticle disper-
' sion relation becomes

¢ < Exv== V(g +[ARPYD) Y2+ u]2+|A92, ()

: Lk, whereA 2S°=z J cosk,)—cosk,)] and u is the chemical po-

0 O- tential. Thus not only does this kind of interaction stabilize
' both kinds of order, it allows the two order parameters to

N evolve continuously into each other without collapsing the

FIG. 2. Left: Arrangement of bond currents in the DDW state. quasiparticle gap at the zone face. This allows us to use the
Right: Brillouin zone of the Cu-O plane. The dots show the half-ground-state expectation value &f and similar Hamilto-
filling Fermi surface, as well as the Brillouin zone boundary afternians as a sensible model for the energy functidnal.e.,
the DDW state has formed. The circles are the Fermi surface of thene that does not throw away important low-energy excita-
DDW state at finite doping. tions.
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This calculation illustrates an important feature of thebation, exactly the way the parameteranda—a’ in Eq.
mixed state that the superfluid density is not fixed by sum(1) break the rotational invariance &t
rules on the underlying Fermi surface but is rather deter- The Hartree-Fock solution, which is only approximate,
mined by the balance between the DDW and DSC ordealso has this symmetry. Allowing the expectation valyes
parameters. This is because the superfluid is primarily a con= (— 1)1(CJTTCJ.T—CLCH)/2 and z=(cj;c;,) we obtain for
densate of Cooper pairs drawn from tp@ppedregion near the Hartree-Fock Hamiltonian
(7r,0) rather than the residual Fermi surface neaf2(w/2).
This effect is not difficult to understand if the DDW order _ + g +
parameter is small, for then the semimetallic state with Fermi Hur= _tqzm ]E(, CkoClo ™ U; [(=D)y(ejrei—cjieq)
points—or away from half-filling, the conventional metallic
state with a small, disconnected Fermi surface—is not sig- +(z¢f ¢+ 2 cjic)], (10
nificantly different from the parent metal with a full F.e.rm| and for the corresponding quasiparticle dispersion relation
surface at the energy scales relevant to superconductivity. As
the DDW order parameter becomes large, however, we ha_ve Ev= = V[ (€2+|ADW2)2x 124 [ASSq?, (11)
more and more the case of a powerful attractive force excit-
ing electrons and holes virtually into the insulating part ofwhere A°®Y=yU and ASS%=zU, are the charge-density
the band structure and then binding these into superfluid. Theave ands-wave superconducting gaps, respectively. This is
result is a condensate fraction that falls precipitously as thexactly the same as E@6) with swave quantities substi-
DDW order parameter grows. An insulating ground stare  tuted ford-wave ones. Thus, as in tliewave case, the su-
in this case, nearly insulating, since there is a small disconperconducting order parameter may, at half-filling<0) be
nected Fermi surfagehat becomes a superfluid without first rotated continuously from pure superconductivity to pure
becoming a metal is unusual in solids, but perhaps not irtheckerboard charge order without closing the quasiparticle
nature, for this is the central idea behind Higgs condensatiogap. In this case, however, the rotation also leaves the

in electroweak theory. ground state energy invariant, and is an exact symnitéfd;.
This calculation illustrates the important feature of charge
V. SWAVE COMPETITION order that it competes easily and naturally wivave su-

perconductivity bunot with d-wave. This is because it is an
The competition between DDW and DSC has a simpleswave condensate, as per Eg).
analog in theswave cas® that is particularly instructive
because it is exaéf. The Hubbard model VI. PSEUDOGAP

A large number of experimental properties of the cuprates
7‘(=—tz > C;rnga+UZ CITTCJTLCjJ,CjT (7)  are consistent with the presence of DDW order in under-
o ) doped samples.
has the special property at half-filling that replacing the fer-

mion operator on a lattice sifec;; , by (—1)ch (a unitary A. Gap evolution
transformation at half-filling reverses the s_ign dfi. When _ The d-wave superconducting gap in the electron spectral
U>0 this model has a ground state that is an ordered antiynction evolves continuously with underdoping into the
ferromagnet characterized by the expectation values d-wave-like pseudogap without collapsing. In the top of Fig.
« + t 3 we reproduce point-contact tunneling measurements on un-
(S (cjicitegcyy) derdoped YBCO of Rennegt al?® showing the excessive
<3].y> i i<C,-T¢C,¢—CLC”> ) (8) size of the tunneling gap and its persistence above the super-
. T + conductingT., both of which are characteristic of under-
(S (Cj1C11 =64, doped cuprates. Identification of this feature with therave

gap follows from its evolution out of the simpler BCS-like
gap found in overdoped materials and its rough compatibility
with the magnitude oT .. However, its persistence aboVg

is not consistent with a traditional BCS gap, for this should

WhenU <0 the ground state is thus a degenerate mixture o
s-wave superconductivit$SSQ and checkerboard charge or-
der characterized by the expectation values

(Re(A))) <CJTTCJ'T1+CJ'1CJ'T> disappear af;, as occurs in overdoped samples, on quite
! 4y general grounds. That this gap has the correct angular depen-
(Im(Ap) | =| i{cjiey —cjici) |, (9)  dence is shown in the middle of Fig. 3, where we reproduce
(n;) (_1)J'<C;‘TC”+CLC”> angle-resolved photoemission spectra from underdoped

Bi,Sr,CaCyOg, 5 at two different points in the Brillouin
Both kinds of order occur simultaneously, are equivalent enzone reported by Normaet al?® The upper trace, taken
ergetically, and may be rotated into each other by analogfrom near the zone face atr(0), shows a large gap that
with spin rotation of an antiferromagnet. More precisely, thispersists well abov@ ., whereas the lower trace, taken from
system lies at a quantum phase transition between the twaear the node at+/2,7w/2), shows a smaller gap that is
kinds of order and can be made to acquire one, the other, atestroyed af .. This angular dependence is also seen in the
a mixture of the two by means of an arbitrarily small pertur-bottom of Fig. 3, where we reproduce the retreat of the pho-
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FIG. 4. Top: Specific heay in mJ/mol K for various doping
levels of B, 1551 g8CaCyOg, s of Tallon and Loran(Ref. 32. The
y intercepts of the curves increase with doping so that the lower
curves correspond to underdoped crystals while the upper curves
correspond to overdoped crystals; the fourth highest curve corre-
sponds to optimal doping. Bottom: Specific-heat jurinp(T,)
— (120 K)] of above samples versus doping. The doping level is
determined fronT . and the semiempirical relation between this and
dopingp in holes per Cu site shown in plusses.

measurement notably neutron scatterirf§, NMR,?° elec-
tronic Raman scatterintj,and optical reflectivity*

B. Superfluid density

_ FIG. 3. Top: Point-contact tunneling spectrum of underdoped Rapid collapse of superfluid density below optimal dop-
Bi2212 by Renneet al. (Ref. 25 at temperaturetop to bottom jng js seen in many experimerts.The zero-temperature
4.2 K, 63 K, 81K, 89K, 109 K, and 151 K. The dotted Ilne_shpws penetration depth, for example, grows rapidly in the
the spectrum aT ;=85 K. Middle: Angle-resolved.photoemssmn pseudogap regime and correlates with the suppressidn of
from Norman et al. (Ref. 26 on underdoped Bi2212 withlc  \ith ynderdoping, yet saturates at overdoping in a way remi-

=75 K at the two points in the Brillouin zone showr_l in the_ insets. niscent of a traditional BCS superconduc?t%)lln Fig. 4 we
The data were symmetrized to remove the Fermi function. The

temperatures are, from top to bottom, 65 K, 85 K, 110 K. Bottom:rBe.proéjuce Cth% heat ﬁapaCIty ¢ dm%asu_:_ewents don
Leading-edge gap from Harrist al. (Ref. 27. Left panel: T, 121550 8CaCY0g. ; recently reporte y fallon an

32 :
—78 K Dy-BSCCO, at temperatures 13 Kliamonds, 100 K Loram> Above a hole concentration of abopt=0.19 per

(crossel 150 K (squares Right panelT,=46 K Dy-BSCCO); the Cu_the specific heat jump at the supercond_ucting trans_ition
symbols are the same as in the left panel. varies weakly withp, as one would expect if the material

were an ordinary metal undergoing a transition to BCS su-
perconductivity. Atp=0.19, however, there is an abrupt
transition and a rapid decrease of this height with underdop-
Cing, as though all or part of the Fermi surface were being
at the zone face abov&, for even slightly underdoped Sestroyed by the removal of holes. As a result of this, there
N are fewer low-energy excitations remaining to be affected by

samples. Thus it appears that the pseudogap and the SUPH{e superconducting transition. Hence, the specific-heat jump

cond_uctlng gap have identical functlonal fprms and e.VOI\/eat the transitionA vy, is reduced. All of this behavior is com-
continuously into each other as the doping is reduced, just as

expected from order-narameter rotation patible with Fig. 1 if the phase transition is@t 0.2, where
b . P P L the order parameter begins to develop, is associated with
Energetic competition as the cause of this rotation is sug

I . gwe onset of DDW order and the consequent continuous
gested by the similarity between the superconducting an . . . .
pseudogap energy scales. It may be seen in the bottom gpening of a gap at,0) in the quasiparticle spectrum.
Fig. 3 that the maximum “leading-edge” gap is 30 meV
while the retreat caused by heating abdveis between 5
meV and 10 meV, depending on doping. The pseudogap There is evidence that spin ordering—and thus presum-
scalekgT*=30 meV is also identified in a number of other ably stripe ordering—has not taken place at optimal doping

toemission “leading edge” as a function of position on the
weak-coupling Fermi surface reported by Haetsal?’ The
d-wave-like character of the gap is clear, as is its persisten

C. Spin susceptibility
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0 10 2n0 ( \%) 40 50 sum in whichxg(w) represents the susceptibility of the ideal
w (me

DDW DSC
Ak Ak

BCS superconductor characterized By, , and

FIG. 5. Inelastic neutron scattering ket () reported by ~ @s per Eq.(6), while U represents a Coulomb interaction
Bourges(Ref. 34 for YBCO at various levels of underdoping. The added to push this system toward spin antiferromagnetism.

closed and open circles correspondlite 5 K andT=100 K, re-
spectively. Higher-resolution experiment®ef. 34 have now
shown that the shoulder on the low-energy side belQus actually

One sees that ad is increased the sharp resonance in the
spectrum decreases in energy and broadens, just as occurs
with decreased doping in Fig. 5. This width is due to efficient

split incommensurate peaks. decay of the exciton into nodal quasiparticle pairs. At a
slightly higher value ofU the continuum evolves into a di-
vergence atw=0 associated with the onset of spin order.
Note that the DDW and DSC order parameters in this calcu-

jation are effectively interchangeable. Sinca”"'=
DSC

in YBCO, but only occurs at much lower doping levels. In
Fig. 5 we reproduce the inelastic neutron measureriftiats

optimally doped and underdoped YBCO at a momentu DDW DSC. a
transfer of ¢r,, ). These experiments show that the 41- ~2k+q and A" =—AFq for q=(a, ), the coherence
factor is unity and unchanged, close to the Fermi energy

meV resonance, which disappears abdyeand is presum-
PP ¥ P whether or not both gaps, or only one of them, are present.

ably associated with the superconductivity, evolves continu- .
. . ; . . For ans-wave gap the corresponding coherence factor would
ously with underdoping into the magnetic fluctuation

. . have been zero.
spectrum of the ordered antiferromagnet. Thus, we interpret

the piling up of low-frequency spectral weight in the experi-
ment at low doping as signaling the approach of magnetic
order, and conversely of showing that magnetic order is nei- Stripes and antiferromagnetic order are naturally associ-
ther present nor imminent at the onset of DDW order. Theated with the insulating behavior of the cuprates seen near
spin-fluctuation spectrum in the superconducting region rehalf-filling.3’ In a conventional doped band insulator, insula-
mains fully gapped and has no low-energy structure of anyion is caused by impurities, which trap carriers and prevent
kind. The resonance continues to be destroyed by elevatabem from moving. The system becomes a metal when it is
temperature, but the requisite temperatgr@wvswith under-  doped sufficiently that the impurity orbitals touch. One of the
doping even ag . is evolving to zero. In this way an exci- most significant characteristics of the cuprates is that they
tation manifestly associated with the superconductivity at opeontinue to insulate to phenomenally high dopings, typically
timal doping transforms into an excitation irrelevant to 5% or one hole for every 20 Cu atoms. It is very difficult to
superconductivity® understand how an insulator with an energy gap less than
This effect is simply understood as a tripestcitori® that  that of the common semiconductor GaAs should still insulate
vanishes at elevated temperature because the quasipartieethese high dopings through impurity trapping solely. But,
gap required for it to be well defined vanishes. This is quandevelopment of antiferromagnetic order with antiphase do-
tified in Fig. 6, where we plot the imaginary part of main walls, which then trap carriers and pin, is easy to un-

D. High-field transport
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40
30
Pad a(w) 20
10
0 20 40 60 80 100
hw (meV)
p (hole concentration per Cu) . . L .
0.11 013 0.16 0.19 FIG. 8. c-axis optical conductivity of YBgCuwOg; in
—— — — O~ tcem ! reported by Homest al. (Ref. 44 for temperaturegtop
60 - BisSrs_oLa,CuOgss | to bottom T = 250 K, 150 K, 110 K, 70 K, and 10 K. Large
phonon contributions have been subtracted out.
T Yl Loty
20 s8* : instead quantum criticality associated with the development
A L of DDW order. LSCO is unique among the high-cuprates
01 '08 0.6 0.4 0.2 in having a low transition temperature, a strong tendency to

x (La concentration per Cu) stripe-order near 1/8 doping, and an extreme sensitivity to
Nd doping®® all of which suggest mechanical weakness of
FI_G. 7. High-field transport expe_rir_ner_lt of Omo al. (Ref. 47 the crystal structure.
on Bi,Sr,_,La,Cus. ;. Top: Resistivity in nf) cm versus tem- The large-field experiment also reveals another important
perature for samples with La concentratiofiep to bottom X 45nact of the cuprates, namely, the lack of evidence for
=0.84, 0.76, 0.73, and 0.39 witisircles and without(solid lines gyange metal behavior in the zero-temperature normal state.
an a.‘pp“ed magnetic f.'eld of 60 T. Bottom: The temperature (_)f theIt may be seen in the top of Fig. 7 that the resistivities on the
minimum value Of’? (d|amond§ plotted versus hole concentration. metallic side of the transition become constant at low tem-
The superconducting, (dots is plotted for reference. .
peratures and that they evolve continuously across the tran-
derstand, physically sensible, and supported experimentalf§ition into the lineai¥ resistivity characteristic of the high-
by the simultaneous occurrence in these materials of disconiemperature normal state of the cuprates. The resistivity at
mensurated magnetic Bragg peaks and x-ray satellites at ef2e transition is also about 20Q.Q) cm, a typical saturation
actly half their momentum displacemensThus our view is ~ resistivity in strong-scattering metals. Both of these proper-
that charge orderinfwhich would have an order parameter ties are consistent with the zero-temperature normal state be-
of the form(2), but with anf(k), which hasswave symme- ing a conventional metal. They do not prove this, but they
try and, in all likelihood, incommensurat@] impedes con- make the argument for a non-Fermi-liquid phase more diffi-
duction, rather than facilitating #; and moreover is charac- cult, as linear¥ resistivity is one of its key signatures.
teristic of the insulating state. Thus on the basis of these experiments we predict that in
The issue of coexistence of superconductivity with stripedarge magnetic fields there should be second zero-
and antiferromagnetism, and potential causative relationtemperature phase transition nga+0.19 associated with
among them, is still highly controversial and a matter ofthe onset of DDW order. At this transition the system should
experimental study® There is, however, increasing evidence remain a conventional metal but violently change the topol-
that the coexistence found in ,a,Sr,CuO,:Nd (Ref. 3 is  0gy of its Fermi surface. This transition should be plainly
anomalous and that the cuprates with the highest values afsible in all transport measurements and should be charac-
T, have charge ordering only at the low-doping edge of the€rized by powerful critical scattering:**??
superconducting dome. The recent neutron scattering from
YBa,CuQ,0,_, reported by Mooket al*° find the charge-
ordering line shown in Fig. 1 and no static antiferromag-
netism anywhere in the superconducting region. This is con- DDW formation provides a simple explanation for the
sistent with the high-field transport experiment onperplexing semiconducting-axis resistivity in many cu-
Bi,Sr,_,La,CuQs, s recently reported by Onet al** repro-  prates. In Fig. 8 we reproduce the optical conductivity mea-
duced in Fig. 7, which finds a metal-insulator transition atsurements on YB#&u;0O4; of Homeset al** showing the
essentially the same doping as the charge-ordering®line steady reduction of the oscillator strength below 40 meV
when the superconductivity is crushed by a large magnetibeginning at a temperature far above the superconducting
field. The phenomenology of this transition is qualitatively T.. That this reduction does not conserve fhgum rule
similar to that observed previously in £aSr,CuQ, (Ref. locally—which any mean-field theory, including that of the
42) (LSCO) except that it occurs near the edge of the domeéDDW, does—is interesting but not necessarily significant, as
rather than near optimal doping. This is important, for Cas-a mean-field description is obligated to be quantitative only
tellani, Di Castro, and Grilf? were led by this observation to at arbitrarily small energy scales. Band structure stddliefs
propose that the strange-metal behavior of the cuprates migtiese materials have shown that thexis tunneling matrix
be quantum criticality associated with the charge-orderingglement is largest at#,0) and symmetry-related points—
transition. These more recent experiments suggest that it @recisely at the points where the DDW gap is largEhe

E. c-axis conductivity
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functional form is rougthtL~(coskx—cosky)2.45] Thus the slightly incommensurate short-range antiferromagnetism
opening of the DDW gap suppresses thaxis transport be- With strongly suppressed scattering intensities along one
cause the remaining Fermi surface does not conduct efferthorhombic axis—behavior consistent with unpaired Cu
ciently in thec direction due to small tunneling matrix ele- spins pointing in the plarfé and inconsistentwith DDW
ment. The above matrix element holds for simple tetragonamagnetism. However, numerous incursions of this magne-
materials(Hg1201,TI1201, etg. For body-centered tetrago- tiSm into the superconducting phase have been reported, in
nal materials(LSCO, TI2201, Bi2212, etk, the maxima of one case deepfy, and this has always been difficult to un-
t, are shifted towards the zone center, and the effect oflerstand from the point of view of traditional magnetic mod-

opening the DDW gap at’T(,O) and Symmetry-re]ated points els. It |mp||0|t|y raises the question of whether there mlght be
is weaker. two kinds of antiferromagnetism in the cuprates—one due to

spins, which is incompatible with superconductivity, and the

other due to DDW, which is fully compatible with it and

associated with pseudogap formation. Spin-orbit coupling
The distinguishing characteristic of DDW order is the would then mix these and conceivably make them evolve

magnetic field it makes. Since the possibility of spontaneou#to each other with increased doping.

breaking of time reversal and parity in the cuprates was first

proposed in the late 1980s there have been a number of at- B. X-ray scattering

tempts to detect such fields, most of which have reported null ) )
results*® However there has always been confusion about PDW order cannot be seen in x-ray scattering. The DDW

the size of the effects one would expect, and there havarder parameter is odd under time-reversal while atomic dis-
always been mysterious magnetic signals in the cuprates, if/acements are even, so there is no first-order coupling be-
cluding a recent report of spin antiferromagnetism coexisting"/€€n them, and Bragg scattering through circular birefrin-

with superconductivity in a sample of superoxygenateogence from the valence electrons_ is toc_> Wgak. For a 10-KeV
La,CuQ, ,, with y=0.12 andT =42 K39 This fundamen- X-ray of frequencyw the Bragg intensity is down by the

DDW 2_10"16 H i
tally conflicts with a previous report of no magnetism in factor (ugB™""/#w)"=10 "= from the Bragg intensity of
Lay Sk 15CUO,.%6 We feel that the magentic experiments valence electrons—already small compared with the signal

are so contradictory that they can at present neither rule OLEj.om the core electrons. The absence of an x-ray signal is a
nor confirm the presence of DDW order. ey characteristic DDW order distinguishing it experimen-

We estimate the magnetic field at the center of a plaquetti!ly from stripes.
associated with DDW order to be between 1 and 3bThe
bond currents of Fig. 2 are roughgAPPY/7, whereAPPW C. Magnetic resonance

is the maximum DDW gap. If we take this to be 30 meV, we g giatic magnetic field of ideal DDW order cannot be
find bond currents of about wA. The large uncertainty in seen directly through NMR of Cu or O nuclei in ideal CuO
Fhe corresponding field strength is due mainly to .uncertaintsganesl as these lie at centers of symmetry where the DDW
in the current path. One can reasonably consider modelg,qnetic field is zero. However, magnetic fluctuations asso-
ranging from Cu sites connected by 1-A “wires” to split ¢iated with the onset of DDW order or a glassy state of a
current carried between adjacent O atoms. _disorder-frustrated DDW could be seen by NMR, although it
) Let us now bngfly review .the current expenm_ental situa-\yould be difficult to distinguish from antiferromagnetic spin
tion relevant to direct detection of DDW magnetism. fluctuations for the reasons stated above. Also, DDW order
canin principle be seen in NMR of ions out of the Cu-O
A. Neutron scattering planes, such as Y, Ba, La, or Sr. It has long been established

DDW order is, in principle, visible in magnetic neutron that there are unusual magnetic signals belqwin all the
scattering. Unfortunately, the signals are quite small comEUPrates, but attempts to quantify these have been plagued
pared with those from ordered spins and easily overwhelmefy the mhegrent model sensitivity of NMR analysis. Tallon
by them. The ratio of the staggered magnetic field associate@d Lorant? have recently argued using the ratio &Cu

with DDW fields to that nominally produced by an ordered and 10O spin-lattice relaxation rates analyzed with the model
array of spins is of Millis, Monien, and Pine¥ that short-range antiferromag-

netic fluctuations develop in the pseudogap regime with a

VIl. ORBITAL MAGNETISM

B eAPPW\ merdl mr? functional dependence gmtracking roughly the value of
DDW :( )( ) = ADDW. (14  in Fig. 1. This analysis is not persuasive evidence for DDW
Barm her efi h? order.

or about 0.06, withr=4 A taken for the bond length. Ef-
fective magnetic moments of this size are just barely detect-
able in the cuprate®:*’ Muon spin resonance has consistently found evidence for
It is also unfortunate that the doping levels at which DDW magnetism in the superconducting state of the cuprates for
order should be well developed lie close to the spin-glasslopings less thap=0.1. In Fig. 9, we reproduce the phase
regime?® where the system crosses over betweeelNed  diagram of Niedermeyegt al>! showing boundaries of dis-
superconducting order. The spin glass is characterized bynct magnetic behaviors observed in powders of both

D. Muon spin resonance
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] ductivity—are corrupted by the non-Fermi-liquid behavior of
] the normal staf€ evidenced by resistivities which exceed
] the loffe-Regel limit of 100} cm at T, (cf. Fig. 7 and
increase with temperature from there. However, using crite-
ria less dependent on the theory of metals, the case for
chronic disorder is easier to make: All cuprates lose oxygen

0 002 004 006 008 01 012 easily in arbitrary amounts. All of them have spin-glass

p phases at low doping$.All of them have magnetic scatter-
) _ ) ing in the superconducting regime that is sample-dependent,

FIG. 9. Cuprate phase diagram inferred py Niedermaeal.  ifficult to reproduce, and difficult to quantifi?. Al of them
(Ref. 53 from SR measurements. The solid and open symbol§,5ye anomalous widths in Cu and O NMR and nuclear quad-
refer 10 Y, _,CaBa,C0p and L3 SiCuO,, respectivelyTyis 1 hle resonanc¥. Thus our view is that all cuprates made
Ehf '\#mli temperatléreTc Is the i,_uper(;;or_nduct:::n? transition :emp;era-_ thus far have been significantly disordered, even ones show-
ure, 1 IS a secondary magnetic orgering that occurs on top o Splr?ng evidence to the contrary such as narrow superconducting
antiferromagnetism, an@, is the glass transition temperature. The transition widths. This view is supported by new scanning
dephasing time for the latter is approximately Quk. . : ) : .

tunneling microscope experiments on atomically perfect

cleaves of optimally doped BSCCO that find inhomogene-
Lay_SKCuQ, and Y;_,CaBa,CuyOg 0. They report a jties in the tunneling density of states on the scale of 20 A.
“spin freezing” transition (Ty) below the Nel transition, We note that the disorder need not occur within the €uO
and a spin-glass transitioT) that cuts in to the supercon- planes to have a strong effect on the electronic properties.
ducting dome. Below this transition, and at doping levels asrhe nonsuperconducting cuprates, which were studied in the
high asp=0.09, the muons depolarize in about Quls. In  |ate 1980s, differ from the superconducting ones only in the
the case of LSCO, the measurements extended into the ranggments that sit between planes. Substituting Hg between
of the 1/8 anomaly ap=0.12, beyond which the spin-glass the planes raise3, substantially. Substituting Nd causes
neutron signal tends to disapp&aand where no magnetism stripes®
was found in previougtSR measurement§. However, the The DDW transition is in the same universality class as
fact that both Cuprates behave Sim”arly, and that the Spinthe random-bond |Sing model. The DDW order parameter
glass temperature in Y,CaBaCuwOg is substantially preaks translational and rotational symmetries, and thus
higher, suggests that this behavior is characteristic of th@ouples to disorder as in a model with a random uniaxial
cuprates as a class. Also, the way the spin-glass line ends hasisotropy. From the Imry-Ma arguméhtis adapted to the
always been confusing. random anisotropy casé we know that this symmetry-

In a recent paper Panagopoulesal® have reported breaking transition will be spoiled by the random distribution
anomalous long-time magnetic fluctuations at temperaturesf impurities. Thus, in the presence of disorder, time reversal
just above the glass transition in 13Sr,CuQ, powders. s the only true symmetry that can be spontaneously broken
The scale of these is comparableTtpand has a functional by the DDW state. The universality class is then that @, a
dependence with doping identical to that of the paramgter symmetry preserved by the impurities.
in Fig. 1—i.e., decreasing with doping and vanishingpat  The phase diagram of the random-bond Ising model de-
=0.17. Thus they argue that the spin-glass line actually endgends critically on the disorder strength. Weak disorder is an
here, not at 1/8. The observation of the same effect in @relevant perturbation and can be ignored at the finite-
different cuprate, which seems likely in light of Fig. 9, would temperature transition to a state with broken time-reversal
suggest an intrinsic magnetic signal developing at the onsefymmetry. Such a state has a nonvanishing expectation value
of DDW order. for the staggered orbital magnetizatitthereby breaking the
disorder-averagedtranslational symmetjy On the other
hand, if the disorder is strong, and the interlayer coupling is
finite, then there can be a finite-temperature transition in the

The muon phenomenology suggests an answer to a quesame universality class as the three-dimensi¢88) Ising
tion plaguing the idea of competing order in the cupratesspin-glass transition. Due to the weakness of the magnetic
namely, why there is no evidence for a genuine phase trarcoupling between the planes, the spin-glass transition tem-
sition at the pseudogap temperat(i&, the alleged phase perature estimated from the two-dimensional spin-glass
boundary for the onset of DDW, and also why previoussusceptibility3’ X§§~T*7, v~5.3, is small. Such a transi-
searches for magnetism at optimal doping have foundion would not be possible if we could neglect the coupling
sample-dependent or null results. It is simply that the DDWbetween the planes, as the lower critical dimension of the
order is corrupted by disorder and transformed into the spinksing spin glass is known to be greater than two.
glass transition at the lower temperatt]’r@53 In very dirty In contrast to this, the finite temperature transition to DSC
samples, it is lowered so much as to be effectively destroyedemains sharp in the presence of disorder—altholighhay

There has been controversy over how much intrinsic dishe degraded. This is because disorder does not couple lin-
order cuprates possess since they were discovered. The esrly to the order parameter as a random field, and because a
sence of the problem is that the most sensitive tests ouperconducting transition in two dimensions is possible.
disorder—transport and the degradation of superconThe ultimate three-dimensional transition driven by the cou-

VIIl. DISORDER AND CROSSOVER
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pling between the layers is robust. This can be further underdiscretionary research by Los Alamos Natonal Laboratory,
stood by invoking the Harris criteridh assuming that the under the auspices of the Department of Energy. C.N. was
transition is in the 3DXY universality class. The criterion supported by the National Science Foundation under Grant
states that weak disorder is an irrelevant perturbation to thdlo. DMR-9983544 and the Alfred P. Sloan Foundation.
pure system if the specific-heat exponent is negative, whiclb.K.M. was supported by the Department of Energy at Los
is indeed the case for the 3RY model. When the disorder Alamos National Laboratory.

is so strong thakgl ~ 1, wherekg is the Fermi wave vector
andl is the mean free path, a superconductor-insulator tran-
sition will take place, and the Harris criterion will no longer

apply. ) _ ) ) There are two related unconventional density wave order
The potential presence in this system of a disorderparameters potentially relevant to the cuprdtd@e first is
sensitive, purely electronic phase ftransition involving ainat the frustration of the singlet DDW order parameter can
Fermi-surface reconnection raises the disturbing possibilityagq to incommensurate ordering, in analogy with the
that many experiments in this field may be measuring Corgerrel|-Fulde-Larkin-Ovchinnikd¥ state in superconductiv-
rupted critical properties of the DDW transition rather thanity as nesting is destroyed. As in the superconducting case,
the properties of new states of matter. The notorious nofg,is will take place for sufficiently strong frustration and at
Fermi-liquid behavior of the normal state, for example, ap-gfficiently low temperatures. Note that in this case the order
pears to evolve at the lowest temperatures and in a strongarameter is allowed to couple with lattice displacements
magnetic field into behavior of a traditional metal. A pos- and can therefore be seen in x-ray scattering. When the order

sible explanation of this is that the high-temperature behavparameter is incommensurate, it will no longer have pure
ior is characteristic of a quantum criticdkegion associated dy>_y2 symmetry, but will mix in p-wave terms. ForQ

APPENDIX RELATED DENSITY WAVES

with a nearby critical point. = (mla,mla)+q with |g| small, the order parameter will
take the form of Eq.(2), with f(k)=cosk,)—cosk,) re-
IX. SUMMARY placed by

In summary we find that most of the strange behavior of i
the cuprate superconductors is consistent evidence for thé(k):(l“L Ear
simultaneous occurrence afwave superconductivity and
bond antiferromagnetism. On the basis of this we predict that 1 .
the spin-glass transition temperature observed in muon spin N qua sin(kya).
resonance will climb to the pseudogap temperaitras the
sample quality improves, that the onset of this effect with The second interesting order parameter is the triplet ver-
doping coincides perfectly with the loss of superfluid densitysion of the DDW. This is defined by
at p=0.19, and that this transition will be found to be a
metal-metal transition involving a Fermi surface reconnec-

[cogk,a)—cogk,a)]— % gya sin(k,a)

(A1)

- -t
tion, not a transition to stripe ordét; *33"*4yhen magnetic Y—Ek f(k)E, Ts5{Ck+Q,sCh,s')» (A2)
fields sufficiently intense are available to crush the supercon- ss

ductivity at optimal doping. where is a Pauli spin matrix. If (k) were chosen to be a

function of swave symmetry, this would be a conventional
spin-density wave. The order in this case is chracterized by
broken time-reversal, translational, and rotational invari-

R.B.L. wishes to thank Z.-X. Shen, D. Pines, S.-C. Zhangances. The combination of any two of time-reversal, a trans-
and G. Aeppli for numerous helpful discussions. R.B.L.,lation by one lattice spacing, or a rotation by2 is pre-
S.C., and D.K.M. wish to thank the Institute for Complex served, however. In addition, spin-rotational symmetry is
Adaptive Matter at Los Alamos, where the key ideas for thisalso broken, which leads to gapless spin-1 excitations. The
work were conceived. R.B.L. was supported by the Nationatriplet DDW corresponds to an alternating patternspin
Science Foundation under Grant No. DMR-9813899 and byurrents analogous to charge currents of Fig. 2. Presently, the
NEDO. S.C. was supported by the National Science Foundgghenomenology of high temperature does not seem to be
tion under Grant No. DMR-9971138 and, in part, by fundsconsistent with the choice of the triplet DDW as the compet-
provided by the University of California for the conduct of ing order parameter.
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