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We propose that the recently observed violation of the Wiedemann-Franz law in the normal state of under-
doped cuprates is caused by spin-charge separation and dynamical chiral symmetry breaking in a
(2+1)-dimensional system consisting of massless Dirac fermions, charged bosons, and a gauge field. While
the d-wave spinon gap vanishes at the Fermi points, the nodal fermions acquire a finite mass due to strong
gauge fluctuations. This mass provides a gap below which no free fermions can be excited. This implies that
there is not a residual linear term for the thermal conductivity, in good agreement with experiments. Other
physical implications of the chiral symmetry breaking are also discussed.
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The Wiedemann-Fran@VF) law is one of the basic prop- d,._,. symmetry and vanishes at the four Fermi poirks

erties of Landau’s Fermi-liquid theory. It states that at VeIY— (+ 7/2,+ 7/2). Owing to this peculiar symmetry, even at

low temperatures, where elastic collisions dominate, quasi-r_>07 a sizeable population of fermions, called nodal fermi-

particles have the same ability to transport heat and charggns’ should exist and contribute a linear termciaas in the

leading to a universal relation between the thermal conducz,qe of 4. \yave superconductdf. Thus spin-charge separa-
tivity « and the electrical conductivity,

tion alone cannot explain the violation of the WF law. A
P residual linear term for the thermal conductivi¢ystill exists
after the spin and charge degrees of freedom are separated.
In this paper we propose that the above inconsistency can
Although this law has been shown to be valid in a wideP€ Overcome by the inherent chiral symmetry breaking
(CSB) in a spin-charge separated system. Once CSB occurs,

range of materials, recently Hit al® reported a violation of o i . T
the WF law in the normal state of a copper-oxide Supercon'ghe originally massless nodal fermions acquire a finite mass

ductor P5_,Ce,Cu0,_, (PCCO atT—O0. Later, it was veri- via strong gauge interaction. This finite mass Fs actually a
fied that the violation happens only in the underdoped an@aP below which no free fermions can be excited. In fact,
optimally doped regioR. In particular, while the charge due to the confining potential for the massive fermions, the
transport of PCCO at low temperatures is that of a fairlyfermions appear only in the form of stable fermion-
good metal, no residual linear term for the thermal conducantifermion pairs, which are composite Goldstone bosons
tivity is observed. This lack of a relationship between thearising from CSB. The low energy excitations are all bosons,
charge and heat transporting behavior, together with othewhich contribute a~T* term to the thermal conductivity.
experiments, strongly suggests that the spin and charge deThus there is no residual linear termT®t-0, in agreement
grees of freedom may be separatéih underdoped cuprate. with experiments.

At low temperatures, scanning tunneling microscopy However, at present spin-charge separation in two dimen-
(STM) experiment3observed a pseudogap in the vortex coresions is still an issue of great debate. To test whether it exists
which scales as the superconducting gap. While it is difficulin underdoped cuprates, a vison-memory effect was proposed
to account for the pseudogap inside the core in conventiondly Senthil and Fishéf: In a recent experiment, no sign of
weak coupling theorietfor a review, see Ref.)6these ex- such an effect was observed, which challenges all the spin-
periments can be understood within several spin-chargeharge separation theories that predict the Senthil-Fisher
separation theoriés® that take strong correlations into ac- effect’*®Instead of involving in the intricate details of this
count. This is additional evidence for the existence of spinexperiment, in this paper we choose to begin with the stag-
charge separation. As the magnetic field increases, the vortijered flux phase of the $P) formulation of the t-J
ces begin to overlap and eventually suppress thenodel*~!° because it does not exhibit the vison-memory
superconductivity completely &t.,. In this state, the holons effect and naturally leads to a stablec/2e vortex inside
are not Bose condensed and have the same ability to tranghich a finite pseudogap existdn this phase, the spinon
port charge as that of free electrons in metals. Their contrigap has al,2,2 symmetry and vanishes linearly at the Fermi
bution to the thermal conductivity at T—0 is proportional  points, so the low energy excitations from this condensate
to T3, and hence can be neglected. The spinons all fornare massless Dirac fermiohs:*® To describe the under-
stable pairs, which prevent single spinons from movingdoped cuprates more quantitatively, the gauge fluctuations
freely. However, the spinon gap of PCCO has a rather purewust be included. Of the three components of the(23U
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gauge fields, two become massive via the Higgs mechanismhereA , is the external gauge potential amds the mass of

and hence are ignored, leaving a massless gaugeaf,;eljt‘f holons.b= (b, ,b,) is a doublet of scalar field$.The mini-

Thus we finally arrive at an effective two-dimensional modelmum of Ly is located atb)=0, so the Bose condensation
that consists of massless Dirac fermions, charged bosondpes not happen. Since spin-charge separation is supposed to
and a U1) gauge field. As we will show below, CSB is an exist there is no Yukawa-type coupling term.

inherent phenomenon in this system. Next we will show that CSB still occurs in the presence of
In the absence of the holons, the effective Lagrani§ith the holon&® by considering the DS equation for
is 3 (p?)/A(p?). To obtain a gauge invariant result, we use a
nonlocal gauge propagator
N
Le= 2 Yoo u(3u=18,) 7,00 (D) q,0,
= e e Dyl )= ———| 8u—(1—8 5~ ()
q°I1(g%) q

The Fermi fieldy,, is a 4<1 spinor. The 44 vy, matrices
obey the algebrdy, ,v,}=24,,, and for simplicity we let

Vep=1 (#,v=012). Lagrangian (1) is the
(2+1)-dimensional massless QED (QBDwhich is invari-

with £ a gauge parameter addi(q%) the vacuum polariza-
tion. The one-loop vacuum polarization from the massless
fermions isI1g(g?) =N/8|q|. To the lowest order, we as-

) - _ sume that th@nly contribution of the holons to the DS equa-
ant under chiral transformationg—exp(6yss)¢, With y3  on is the one-loop correction to the vacuum polarization
and ys two 4x4 matrices that anticommute with,, (#  17(g?), and that thenly effect of A, is to suppress the Bose
=0,1,2). A fermion mass terrmy ¢ will break the chiral  condensation. A simple Feynman diagram calculation gives
symmetries. One of the most interesting properties of QED

is that the massless fermions may develop a finite mass via , 1 2m  ¢?+4m? 2 12
the interaction with strong gauge field, called dynamical Ilg(q%)=——{——F+ arcsi

20-22 - - A 2 ?|q| 24 4m2
CSBr"7““ CSB is a nonperturbative phenomenon and any 4 a’lg 4

calculations based on perturbation theory fail to obtain it.

The standard approach to this problem is to solve the DysorFor calculational convenience, we set=0; thenIlg(g?)

Schwinger(DS) equation for the fermion self-energy. In gen- =1/8q|. Using the fact that the total vacuum polarizatidn

eral, the inverse fermion propagator is written S‘sl(p) is the sum ofll andIlg, we have

=iy-pA(p?)+3(p?), A(p? the wave-function renormal-

ization and2 (p?) the fermion self-energy. If the DS equa- 5 N+1

tion has only trivial solutions, the fermions remain massless 11(q) = W ®)

and the chiral symmetries are not broken. If the mass func- )

tion develops a nontrivial solution, the fermions then acquire his expression is rather simple, so it can lead us to an ana-

a finite mass, which breaks the chiral symmetrias dis- lytical result. After performing calculations parallel to that

cussed below, this is not always truéppelquistet al2®  presented in Ref. 21, we find tha(p®)/A(p?)=p" with

found thatS (p?) can have a nontrivial solution only fad  t(t+1)=—32/37%(N+1), from which we obtain a critical

<32/7?. In their calculationsA(p?) was simply ignored, fermion number

which leads to a gauge-dependent critical fermion number.

Later, NasR! considered the DS equation far(p?)/A(p?), N/ _ 128 1 ©

and obtained a gauge invariaN, which is very near to ¢ gp2

32/m2. In the case of cuprate®N=2<N,; therefore, the

massless fermions obtain a dynamically generated mass.  This critical numbem/, is gauge invariant since it is in-
This critical behavior, however, might be changed by thedependent of. It is larger than the physical number 2, so

holons. Generally, it is believed that CSB occurs only in thethe DS equation has nontrivial solutions in the presence of

gauge theories those are asymptotically free, such as QCRblons. However, while CSB is described by nontrivial solu-

and QER. But an additional scalar field might destroy the tions of the DS equatiomot all nontrivial solutions lead to

asymptotic freedom and hence the CSB, as the Higgs fieldgsB. It is known that the breaking of a chiral symmetry is

do in the standard model. To examine whether CSB eXiStSajWayS accompanied by a Goldstone boson, which is a pseu-

we will reanalyze the DS equation in the presence of a scalajoscalar bound state composed of a fermion and an antifer-

field. Unfortunately, the behavior of the holons are at presengnjon. If CSB occurs, there should be a nontrivial solution for

poorly understood and it is difficult to derive a microscopic the Bethe-SalpeteiBS) equation of this bound state. In ad-

theory for the holons; therefore, proper assumptions and agtition, the bound state wave function must satisfy a normal-

proximations should be made. In practice, previousization condition, which can be converted to a sufficient and

treatment¥’ simply neglect the holons and consider La- necessary conditidf for the nontrivial solutions of the DS

grangian(1) only. In this paper, we assume that the effectiveequation to signal CSB. It gives a constraint on the form of

Lagrangian for the holons is that of the {2 )-dimensional 3 (p?)/A(p?). In the case of QER the solutions found in

scalar QED, Ref. 21 satisfy such a conditidfi,so do our solutions since
they have the same asymptotic form. Therefore, our
Lg=|(d,—ia,—ieA,)bl>+m|b|?, (2 2(p?/A(p?) does correspond to CSB solutions. As a result,
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the nodal fermions become massive. This mass provides the instanton effect is significant the massive gauge field is
finite gap that should be overcomed before free fermions aranable to mediate a long range interaction. Using the propa-
excited. At the same time, the BS equation develops a norgator,

trivial solution corresponding to a truly bound state which is

a fermion-antifermon pair. The absence of free fermions at q,9,
low energy can also be seen from the potential for fermions, D,(q)= W wr = M—Z ,
which behaves ke a g

we obtain the following DS equation:

In| x|

V(X)~ s—F——= 7 K3 (k?)
0™ 2afi+TI(0)] " S00= | e
(N+1)7p ke+34(k%)
in the infrared region. In the symmetric phasH,0)—x; so x| p+k—|p—K - r;ln( pt+k+y . ®
there is not a confining potential between the massless fer- lp—Kkl+7

mions. In the CSB phase, when the finite fermion mass is o ) o

taken into account1(0) becomes finite, leading to a con- Here, for simplicity, we seA(p“)=1 (Note this will lead to

fining potential for the massive fermions which binds the@ gauge-dependet;; however, since thifl is very near

massivie fermion into stable pairs. This striking result indi- ©© the gauge invariant orfé equation(8) is expected to be a

cates that while thed-wave spinon gap vanishes at four good appro_ximatioh In the strong coupling limit _the instan-
nodes, there are no free fermions at low temperatures, ifPn effect givesa,, a very large mass, say> A with A the
sharp contrast to the case oflavave superconductdf.This ultraviolet cutoff. In this limit, the DS equation becomes
can explain why there is not a residual linear term for the
thermal conductlv@y of PCCO af—0. o s arctar( E) :E(l— 7). (9)

In terms of spin-charge separation, other possibilities, 8% 8
such as the spinon localization and the existence of a com- _ _ . .
plex order parameterd(z2+idy, or dyz,2+is) for the Obviously, this equation has no physical solutions; thus, a
spinon pairs, may also explain the absence of the residud#rge mass of, can suppress the CSB. The large gauge
linear term for the thermal conductivity. However, we be-boson mass also causes spin-charge recombinatieortu-
lieve our proposal is more natural since it is intrinsic andnately, as we discussed above, extensive experiments suggest
material independent, while the spinon localization depend#at spinons and holons are actually well separated. Based on
on samples and a complex order parameter is inconsistefflis, we expect the system is actually in the weak coupling
with experiments. limit, implying a very small gauge boson mass if it is indeed

The CSB is generally interpreted as antiferromagnetidoresent. Then the last term in the kernel of E8). can be
(AF) long-range order. Correspondingly, the Goldstonedropped safely, leaving a DS equation which has a critical
bosons associated with CSB are nothing but the spin wavesumber very near to ol . So the instanton effect does not
associated with AF ordéf;*>2%2"with spin waves the Gold- significantly change our result.
stone bosons. This strongly suggests that the underlying There are several other corrections that could mohlify
ground state of the normal state of underdoped cuprates than the instanton effect. In general, ;#v,, »; actually, the
actually an antiferromagnetism. But it is fundamentally dif- ratio between them is larger than 10. Recently, this issue was
ferent from the Nel state at half-filling. At half-filling, due addresset! in a physically different but mathematically re-
to strong repulsive force the number of charge carriers atated model. The result is that a weak velocity anisotropy
every lattice is exactly one and the sample is an insulatordoes not change the critical number, which suggests a stabil-
While in the underdoped region, the holons are mobile andty of our conclusion against the velocity anisotropy. In ad-
the sample has a metal-like electrical conductivity. This im-dition, the holons may have a noticeable mass-or very
plies that AF order is not necessarily tied to insulatinglargem, IIz—0, then the critical numbeN, maintains its
behavio”® However, thermal fluctuations in two- value in the absence of holons. Next we assume|p| in
dimensional systems are strong enough to rapidly restore theq. (4); now the vacuum polarization from holons becomes
chiral symmetry, so the AF order is not expected to persist iflz~0.1/8 p|, leavingN, essentially unchanged. Since CSB
the normal state in weak magnetic fields. is a low energy phenomenon, the integral over the momen-

Next we would like to discuss the robustness of bijr. tum in the DS equation is within a small interval. Therefore,
First of all, we consider the influence of a finite mass forit is very reasonable to conclude that our result is entirely
gauge fielda, . Although Bose condensation is completely independent of the holon mass, even if we do not know its
suppressed abovd.,, a, may acquire a finite masg via  exact value. Finally, in this paper we consider only the one-
the instanton effect’ Moreover, CSB in QERis known to  loop contribution to the vacuum polarization from fermions
be an essentially low-energy phenomenon because only iand bosons. Higher-order corrections were shdwhhave
the infrared region the gauge interaction is strong enough tonly a minor influence oN.. But these calculations said
cause fermion condensation. This effective asymptotic freenothing about the higher-order corrections from the holons,
dom requires fermions be apart from each other. But whemvhich will be discussed in the future.
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In conclusion, in a spin-charge separated system, we Recently, we noted that Houghten al*? also studied the
showed that the massless nodal fermions acquire a finitereakdown of the WF law in terms of spin-charge separation.
mass, which breaks the chiral symmetries and provides @heir work made a mean-field treatment of thé& model in
finite gap that should be overcomed for free fermions to bghe largeN limit. In our work, however, strong gauge fluc-
excited. This implies that while thé-wave spinon gap van- tyation plays an essential role and leades to CSB which was
ishes at the nodes, @0 there are no free fermions. Thus ot mentioned in Ref. 32. We believe CSB is necessary in
no residual linear term for the thermal conductivity can beeypjaining the violation of the WF law because if it does not
observed. Our result reveals a very interesting underlyingccyr there should be a residual linear term for the thermal

ground state for the pseudogap region of underdoped Cuson g ctivity caused by the low energy fermions excited from
prates where AF order coexists with metal-like electncalthe nodes of thelz.,> spinon gap®

conductivity. Up to now, no such observations have been
reported, to our knowledge. We expect elaborate experi- G.Z.L.thanks P. A. Lee and M. Reenders for helpful com-
ments, including neutron scattering and STM, would determunications. This work was supported by the National Sci-
mine whether such a state exists. ence Foundation of China, Grant No. 10175058.
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