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New superconducting state of the Anderson-lattice model
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We discuss the possible existence of a new superconducting state, the two-component supercon-

ducting (TCSC) state, of the Anderson-lattice model, when the antiferromagnetic Heisenberg ex-

change energy JH generated by the hybridization between the conduction band and localized or-

bitals exceeds a constant multiple of the Kondo energy k8T&. In this new state, holes in both the

conduction band and localized orbitals exhibit two-particle off-diagonal long-range order, and the

condensate wave function is a coherent mixture of both types of singlet pairs. We propose that

the TCSC phase is a possible candidate for the superconducting phase in the high-T, copper ox-

ides.

The Anderson-lattice model' (which consists of local-
ized orbitals with strong on-site Coulomb repulsion, a free
conduction band, and hybridization between the two) cap-
tures the essential physics of a class of strongly correlated
electron systems. For example, its solution obtained from
slave-boson techniques2 successfuBy describes a large
class of low-temperature experiments on the heavy-fer-
mion materials. The arising physical picture can be sum-
marized as follows: Below the invariant Haldane level, 3

charge fluctuations associated with the localized orbitals
are strongly suppressed and local moments are formed. A
single energy scale Ttr marks the crossover to the low-
temperature regime, where hybridization between the
conduction electrons and the localized ones quenches the
magnetic moments through the formation of singlets. The
resulting low-temperature phase is a Fermi liquid with
enhanced effective mass, spin susceptibility, etc. , and a
Fermi volume which encloses both the localized and the
conduction electrons. The same low-temperature physics
is present in the Kondo or Coqblin-Schrieffer4 models,
which can be obtained from the Anderson-lattice model
by eliminating the charge fluctuations via the canonical
Schrieffer-Wolff transformation, and stopping at the
second order in the dimensionless hybridization parame-
ter.

The recent discovery of high-T, copper-oxide supercon-
ductors and the consequent identiflcation of strong
Coulomb correlations as the primary feature of these ma-
terials renewed the interest in the searching of supercon-
ducting phases of the Hubbard and the Anderson-lattice
models. A key consequence of the strong correlation is the
appearance of localized antiferromagnetism in the insulat-
ing copper oxides. The studies of this limit and the metal-
lic phase created by doping lead one school of thought to
emphasize the differences, and another the similarities
between the two models. The latter, in particular Zhang
and Rice, argue that the Anderson-lattice model can in
fact be reduced to the Hubbard model if the binding ener-

gy of the Kondo singlet far exceeds the typical kinetic en-
ergy of the oxygen holes and the antiferromagnetic ex-

change energy between the copper moments. Their argu-
ment becomes invalid if the oxygen bandwidth is appre-
ciable. In that case, the singlet binding energy is greatly
reduced and for a large parameter range the Heisenberg
exchange energy Jtr can actually exceed the Kondo bind-
ing energy. In this regime, the reduction of the An-
derson-lattice model to the one-band Hubbard model does
not occur and one must retain both types of carriers. We
propose that in this case the ground state is supercon-
ducting, induced by the "Josephson hybridization" be-
tween the copper and oxygen pair states. At Gnite temper-
atures three distinct regions can be identi6ed. In all of
them the dynamic charge Auctuations on the localized or-
bitals are strongly suppressed. For T) JH/ks, like the
T & T~ regime of the heavy-fermion systems, copper local
moments Auctuate paramagnetically. A crossover occurs
at T=JH/ktt. Below this temperature the local copper
moments form a singlet spin liquid' and the conduction
band remains a normal Fermi liquid (which is decoupled
from the spin liquid on the mean-fleld level) and the Fer-
mi surface encloses only the oxygen holes. This coexisting
spin and Fermi liquid (CSFL) is a new phase on the
mean-6eld level, but becomes analytically connected to
the paramagnetic phase in the high-temperature regime
once fiuctuations are included. These Quctuations frus-
trate the antiferromagnetic correlation via the Ruder-
man-Kittel-Kasuya-Yosida interaction and give a 6nite
lifetime to the conduction carriers. The novel supercon-
ducting phase appears at a real phase transition at T,.
For T(T„ the one-particle hybridization remains
suppressed and only singlet pairs hybridize between the
localized orbitals and the conduction band. This super-
conducting phase exhibits two-particle off-diagonal long-
range order in both bands, and is characterized by two
coupled U(l. ) order parameters. "This two-fluid nature of
the superconductivity is refiected in the difference between
the excitation spectra of the quasiparticles as well. We
propose that this two-component superconducting
(TCSC) phase is a possible candidate for the supercon-
ducting phase in the high-T, copper oxides.
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Although it is still a controversial subject, we shall base
our discussion on the assumption that the holes created by
doping in the cuprate superconductors go to the oxygen 2p
orbitals that point toward the copper d„2 p2 orbitals.
Moreover, although the purpose of this Rapid Communi-
cation is more general, we shall restrict ourselves to the
bonding topology of the Cu02 planes in the following dis-
cussions. The picture we arrive at is a square lattice of
copper sites, each capable of accommodating only one
hole due to the large Udd. Associated with each copper
pair is an oxygen in between. The direct oxygen-oxygen
hopping tpp (=0.5 eV) broadens the relevant oxygen lev-
els into a band of width W (=4 eV). This band hybri-
dizes with the localized copper orbitals via tpd (=1.5 eV).

The basis of our calculation is the infinite-Udd Anderson
model:

P EpZn„+EdZni —
tpp Z Z(pt p„+H.c.)

P i &p v& e.

tpd
— Z(P„~&;) b;td; +Hc. (la)
i,p i) cr

where p„and d; are the hole annihilation operators of
the oxygens and coppers, respectively, and b;t is the slave-
boson creation oPerator;' Ep and Ed are measured rela-
tive to the chemical potential; p, v label the oxygen sites
and i,j label the copper sites; (cu, v) represent pairs of
nearest-oxygen neighbors; ji(i) denotes the four neighbor-
ing oxygen sites p of the copper sites i; n„P d„+„,
n; g p; p; . Because of the in6nite Udd associated with
the copper d orbitals, Eq. (la) is supplemented with the
constraint

btb+n; 1, all i. (lb)

As usual, we write down the coherent-state path-integral
representation for (la) and enforce the constraints (lb)
via Lagrange multipliers A,;. We perform the following
transformations: (i) Replace the local Lagrange multi-
pliers A,; by a global one, R:, (ii) anticipating A, ~ I Ed I, in-
tegrate out the slave bosons to generate an effective action
to order tpd/X This le. ads to the following Hamiltonian:

EpZn„+ edZn; —
tpp Z Z(p„t p„+H.c.)

p i &u. v&

J» dicrprc(i) crpv(i) cr'dccr' JHX+ij +ij
i,p i, v(i) &ij &

JH~ +ij+icc(i)vc(j)+rc2(i) v2(j)+ij ~ (2)
&ij& PI (l', P2(l') vl (j,v2(j )

Here, Bij (d;~dp d;tdj~)/~2, —&„, (p„~p, ~
—p„tp, ~)/

J2, sd Ed —A„J» tpd/(sd Ed ), JH J—»/(sd —Ed ).
The same low-energy effective Hamiltonian can be
reached by performing a Schrieffer-Wolff transformation
uP to fourth order in tpd/(sd —Ed). The commonly
neglected last term, however, describes Josephson tunnel-
ing and gives rise to the TCSC state.

Now we perform a mean-6eld decoupling by introduc-
1ng

Z (pp(i) crdicr) r4N i,„(i) t]d

and

Z16N &ij& p(i, v(j) J&

I +HFL) P,Pd I +o) ~ (4)

where Pd removes configurations involving doubly occu-
pied d orbitals, and P„, is the projection operator that 6xes
the average occupation number of d orbitals at nd 1—a&~ (a O(1)). I %'o) is the free-fermion state de-
scribed by a Slater determinant made of one-electron
hybridized-band wave functions. At zero temperature,
the mean-6eld solutions for ed and pi are given by

(5)
1 +ptpd/8d

where p is the total conduction-band density of states at
the Fermi level, and E, is an energy cutoff =8/p for small
doping b (n„). The Kondo temperature T» at which the
crossover from the high-temperature paramagnetic solu-
tion (pipe-'0) to the low-temperature HFL solution (pipe'0)
takes place is given by T» pd/ks.

The Hamiltonian given by (2) supports qualitatively
different phases when JH/kti T» & C [C O(1)]. One can
understand this by following Doniach'5 in observing that
for JH & ks T» the system can lower its energy relative to
the heavy Fermi liquid by forming singlets from pairs of
copper spins. This qualitative argument was recently
con6rmed by detailed studies in several special limits. For
example, in the double-impurity problem it was found
that when JH exceeds 2.2ktiT» the Kondo-singlet forma-
tion is preempted. '6 An analogous problem for the lattice
was studied by Castellani and Kotliar' assuming a zero

tpp Contrary . to the double impurity result, they find that
in order to prevent the Kondo-singlet formation, JH has to
exceed J~—a condition which cannot be satisGed if

I tpd I ( I sd —Ed I . We have studied the lattice problem
allowing tpp & 0. The Doniach criterion is manifested in
the competition between p~ and the mean-field parameter
introduced to decouple the Heisenberg term (see below).
Solving the eigenvalue equation and minimizing the free
energy determines the mean-Geld parameters. We Gnd
that pi ~ 0, if JH & Cks T», even if the copper spins have
a gapless excitation spectrum (here C is a constant of the
order of unity). A remark is in order here about the other
possible mean-field decouplings. The Doniach argument
in general suppresses every expectation value containing

and factorize the Hamiltonian to obtain

P EpZn„+sdZn; t—
pp Z Z(P„~ P„+H.c.)

p i &pv& cr

tpd ital Z(pic(i)crdkcr+ H.C. )
i,p i)

—J»Z ($2AJ (g)„tj)8;j+H.c.)
&ij& p(i v(j)

JHZ~itj&i, + (ad Ed )Z(itri'+ 2 I e2 I

' —1 ) .
&ij &

Here pi, p2, and sd are variational parameters to be deter-
mined by a free-energy minimization. (See below regard-
ing the other possible decouplings. )

Ignoring the term proportional to JH, the Heisenberg
Fermi liquid (HFL) phase is obtained as the Pi WO, ct 2

solution. As shown by Rice and Ueda, '3 within the
Gutzwiller approximation' the ground-state wave func-
tion corresponding to this phase is given by
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an odd number of both p and d operators, and among the
remaining even-even decoupling alternatives we have used
the most singular one. For T, & T & JH/ks the stable
mean-6eld solution p~ 0, p2 0, and ad sd (the CSFL
phase) describes a metallic 02p band that is decoupled
from the spin liquid on the copper sites. For this solution,
the Fermi surface encloses the oxygen holes only F. luc-
tuations in p~ and pz recouple the oxygen holes with the
excitations of the copper antiferromagnet (AFM). This
coupling can both destroy the long-range AFM order
among the copper spins and scatter the oxygen holes. The
wave function corresponding to the fiuctuation-corrected
mean-field solution has the form

I +CSFL) Png l I +p) I +d) i (6)

where (%p) +,~ ~opkt I0& (pkt are the creation opera-
tors for quasiholes in the lower oxygen band and apk is the
corresponding energy dispersion), and P„,-~ ~%d) de-

I

scribes the copper singlet spin-liquid state. As discussed
by many authors, due to the projection operator P„,-&,
there exists a family of (4'd) which gives the same

I +csFL). The members in this family of ) +d& are related
by local SU2 transformations.

For T& T„ there exists another stable mean-Geld
solution —the TCSC phase. This phase is characterized
by p& 0, &2~0, and sd ad+0(pz). Consequently, sing-
let pairs of holes can hop in a correlated way between the
oxygen band and the copper orbitals, but single holes can-
not. This is because the singlet correlation between the
copper spins suppresses the uncorrelated single-particle
hopping but enhances the coherent singlet-pair hopping.
Triggered by this pair hopping, the TCSC phase possesses
superconducting order in hd (k) &dk ~d k~) —and hp (k)
-&PkiP -k~&.

The mean-Geld free energy expressed in terms of
nd(k) =&dk&k~), pz, sd, Ap(k), and hd(k) is

F g(epk —Epk+adk —Edj, )+ — QV2Jxyzyq[ap~(k)ad(q)+c. c.l+4JHrkqad (k)ad(q) l
k N kq

+ g(l+ yk q)ndkndq —2ksTQ[ln(1+e ~)+in(1+e ")]+N(sd —Ed)(2&z —1),2Nk, k

where N is the total number of copper sites,

yk = —,
' (cosk„a+costa),

I kq = —,
' (cosk„a cosq„a+cosk~acosq~a),

Ep, -(ap2k+ I G, I
') '~',

E» -(.8+ I G« I
') '",

and

JH
~dk sd X(i+ yk —q)ndq ~

q

Zyq~d(e),
~2J~02

Gdk= g&p(q)+ QI kqhd(q) .~2Jx42yk

q

The mean-6eld equations for dp(k), d, (d)k, and ndk are
given by the following:

Gp
&p (k) tanh Epk

2Epk

hd(k) tanh ~EdkGdk

2Edk

ndk 1 — tanh ~Edk
Edk

The free energy F expressed solely as a function of &2 and
sd can be obtained by substituting (7) into (6). The
mean-field equations for p2 and ad can be obtained by set-
ting bF/ayz -0 and bF/bad 0.

What we 6nd is that as T~ T, , $2~0, sd
+O(yj), ap(k) -O(yz), ad(k) -Ad(k)+O(yz), and
Hdk -npk+O(y$). Here ~do(k) -&~d t A~~-k& I +d& with

I

( ed) defined by Eq. (6). Although, as discussed above,
the SU(2) symmetry of the CSFL phase makes the choice
of ( ed & ambiguous, the ambiguity is removed by demand-
ing that I +d)csFL»mq, -o I +dbcsc The suitable
(%'d)cspL turns out to be the one with maximum s-wave
component 7Ld of hd(k), where Zd I/Ng ykkLLd(k). Ex-
panding the mean-6eld equations to leading order in p2,
we 6nd that the critical temperature T, below which the
&2&0 solution exists satisfies

2(sd Ed )

In the weak-coupling limit, Eq. (8) yields the BCS result

ks T, ~1.14E,e (10)

where

I'-
I &d I 'Jx14(4 Ed) O(JH) .

We note that Eq. (8) is the same as that for the BCS
transition temperature obtained for oxygen holes with
pairing strength V. Also, as in many other theories, T,
scales linearly with the doping concentration b, because
the cuto6' energy E, is determined by the Fermi energy
sF=B/p for small doping. Although the precise form of
Ado(k) is unknown, from general arguments based on
Marshall's sign rule for the AFM spin-singlet state
P„,-~ ( %'d), we expect hd(k) to be a superposition of the
order parameters with s and d symmetries. 's Therefore,
hd (which is the s-wave component of the order parame-
ter) is nonzero. For T & T„ the s-wave component hd (k)
will increase by an amount proportional to pz, which in
turn opens up a spin gap for copper holes. This is neces-
sary in view of the anomalously short quasiparticle life-
time for T & T, due to the low-lying spin excitations since
long-range phase coherence can only be achieved by pair-
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I +d& -II[ttdk+ Udkdktd Jt» I 0&,

where

[(Et,k —a t, ) '+ I Gt, I
'j '

Epk ~pk

[(E —8 )'+ IG I'l' ' '

Gdk

[(Edk &dk) + I Gdk I

(12)

Ed@ dk

[(Edk sdk) + I Gdk I

In general, disorder introduces single-particle hybridi-
zation between bands and hence tends to smear out the
diff'erence between the two components of the supercon-
ducting state. For the TCSC state however, due to the
AFM Heisenberg exchange, the single-particle hybridiza-

ing quasiparticles with long lifetimes. The lack of k
dependence of G~ indicates that b,~(k) has s-wave symme-
try; hence a genuine gap will open up for the oxygen
quasiparticles at the superconducting transition. Thus,
above T, we predict a Korringa-like relaxation rate for
oxygen and a non-Fermi-liquid-like behavior for the cop-
per nuclear spins. Below T, however, due to the opening
of the gaps, activated relaxation rates are obtained for
both types of nuclear spins, in qualitative agreement with
the recent NMR measurements. '9

The ground-state wave function for the TCSC state has
the form

PTcsc Jng+d I PP) I Pd) 1

with nd 1 —2p$, and I%'~) and I 9'd) given by

I +,& -H[u, k+ npkpktlpjl [ I o& ~

tion term is suppressed (p~ 0); i.e., the two-fiuid nature
of the TCSC state will not be disrupted by weak disorder.

Whether or not the condition kttTx (JH holds in the
cuprate materials is a controversial issue. If one takes the
typical values tpd 1.5 eV, happ

0.5 eV, E,=sF 0.4 eV,
and sd —Ed 3 eV, one 6nds JH O(10 ') eV and
kttTg O(10 ) eV, hence the condition for the suppres-
sion of the HFL formation is likely to be realized. The
Ttt=—ad/ktt [with sd given by Eq. (4)] used here merely
gives the temperature at which the crossover from the
paramagnetic regime to the HFL regime occurs, zo and it
should not be confused with the self-consistent Fermi tem-
perature obtained by solving Eq. (2) with p2 and the
Heisenberg exchange term ignored. '

As for any slave-boson mean-field theory, it remains to
be seen whether our results survive fiuctuations. More-
over, the TCSC phase will not be stable if there is a strong
repulsive interaction between the oxygen-band quasiparti-
cles. The off-diagonal Coulomb matrix element between
the two-particle states in the copper and oxygen orbitals,
on the other hand, enhances the pair hopping and hence
acts favorably. 2

Concerning numerical evidences, we refer to the work
of Imada, who 6nds an enhancement in pair susceptibili-
ty when Jk =JH, consistent with our results.

Finally, we note that the stabilization of the TCSC
6xed point due to the AFM Heisenberg exchange and the
fact that the singlet pairs of copper holes behave as dis-
tinct entities at the TCSC 6xed point are similar in spirit
to Anderson's original resonating valence bond picture, '

and is rather diferent from the spin-6uctuation mecha-
nism suggested previously for heavy-fermion supercon-
ductivity.
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