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Impurity-induced ferromagnetism in a doped triplet excitonic insulator
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The theory of impurities in excitonic insulator is investigated in the light of the recent experiments on
hexaborides. First, we study the bound state around the impurity and find that the bound-state emerges when
ReA is positive. Second, we study the continuum state using Abrikosov-Gor’kov's approach. We find that the
energy gap is reduced strongly when Aw 0. Finally, we solve Bogoliubov—de Gennes equations for exci-
tonic insulator numerically. We get the results consistent with the analytic ones. We also find that incomplete
ferromagnetism appears in doped triplet excitonic insulator with impurity. We make a short qualitative dis-
cussion on the ferromagnetism of doped hexaborides using our result.

DOI: 10.1103/PhysRevB.63.045113 PACS nunider71.10.Ca, 71.35:y, 75.10.Lp

[. INTRODUCTION pends on the phase of the order parameter. We also show that
in the continuum states the energy gap is strongly suppressed
The discovery of weak ferromagnetism in La-doped gaB when ReA=0. In Sec. V we solve the Bogoliubov—de
is one of the greatest surprises in the recent study ofennes equation for excitonic insulator numerically. The re-
ferromagnetisrﬁ. This material shows ferromagnetism with sults support the analytic discussion above. We also find that,
high Curie temperature abof,~600 K and with small when ¢ is close ton/2, the magnetic moment of doped
magnetic moment. Zhitomirskyet al? claimed that the electrons is reduced. In the last section, for summary and
theory of the excitonic ferromagnetism, which was originally discussion, we discuss about the application of our results to
proposed by Volkowet al.,® can account for this curious fer- the ferromagnetism in hexaborides.
romagnetism. Their proposal has brought renewed interests

in excitonic insulator, which was vigorously studied theoreti- |I. BREAKING OF U(1) SYMMETRY BY INTERBAND
cally in 1960’s. SCATTERING

After the proposal by Zhitomirsket al, some authors ) . o
tried to improve their theory. Balents and Varhand First we study the following Hamiltonian:
Barzykin and Gor'kov independently discussed that, to ex-
plain this ferromagnetism, the approximation of excitonic in- Ho=> (eﬁaf:,gak,,ﬁ GEbIr,abk,o)
sulator should be improved by considering the formation of ko

superstructure or long-range Coulomb interaction.

The effect of impurities will also be important for the +X > al bl by A
excitonic insulator. In this paper, we study the effect of im- A L
purities in excitonic insulators.

The destruction of excitonic insulator by the impurity was E E al pt a v bw, 1)
discussed by Zittart? He showed that the intraband scatter- Qe oAk Tami e

ing by impurity reduces the energy gap just as the magnetic o )

impurity in superconductor. In this paper we study the inter-Héréay , andby , are annihilation operators of electrons in

band scattering by impurity. We show that the interbandthe lower and upper bandy and e, are kinetic energy of

scattering cause the formation of the bound states and tHectrons, and/ and U are exchange and direct interaction

reduction of the energy gap. We also show that this interban@€tween two bands. The nesting of Fermi surfaces between

scattering breaks the (1) symmetry of Hamiltonian. This is two of the electron bands brings the formation of excitonic

due to the fact that the phase of the order parameter is deteprder parametef.

mined by the difference of phase between conduction and We introduce the interband scattering by imputity,, as

valence bands. The reduction of the energy gap and the en-

ergy of the the bound state is controlled by the phase of order o ot h

parameter. The phase dependence of the energy gap and the Himp= 22 Vimplyi + .. @

bound state brings the ferromagnetic ordering of doped elec-

trons in a triplet excitonic insulator, because the phase of This interband scattering is important because this term

order parameter differs by betweenA, andA | . breaks thel (1) symmetry of the system. The Hamiltonian
This paper is constructed as follows. In the next section(1) for the clean system is invariant under tig1)<U(1)

we introduce the Hamiltonian and show the breaking oftransformationa;—a;e'1 andb;—bje'?2. However, the in-

U(1) symmetry by the interband scattering. In Secs. Ill anderband scattering term reduces this symmetry to the diago-

IV we investigate the effect of impurities on the bound andnalU(1) symmetry because th#(1)xU(1) transformation

continuum states. It is shown that the bound states emergdhanges  the  impurity — term  as Vigal,bi,

only when Re\ is positive and that the binding energy de- —>Vimpafgbioe'("’2‘¢l), unless¢q+# ¢,. This means that to
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discuss the impurity effect, we must take the phase of exci-

tonic order parameter, which corresponds @db), into ac-
count.
Here we note that in real materials thig1) symmetry is

generally broken even without impurities due to other inter-

actions that are not included in the Hamiltoniéh). The

interband pair scattering terky al(,al,_obk,_gbko is one of

such interactions. Therefore we suppose the pliase de-
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—A -1

w— €t u

Gopr(kw)=|

50’0” . (6)

w—EE-i-,u,

Assuming the impurity potential as pointlike, we can cal-
culate the Green’s functiorG,, (k,»,k'.®w) using the
T-matrix approximation,

Gyo(K,o,K' w)

termined by such a term. It is interesting to study the stable

phase¢ and discuss the phase dynamics, however, this is

beyond the scope of this paper.

Volkov et al, noticed that localized states with uncom-
pensated spin appears in the doped triplet excitonic

= GS’(}" 6kk’ + 2 Gg(ﬂr(k! w)ro'”o'"Gg'”O"(k, ,w),

insulator® They concluded that the bound states appears only

. L. . __\/imp imp 0 ’
whenA is positive. Their result means that the phase of the F(,(,/—VM,JrVM,,%: G oK', @)T gy,

order parameter determines the existence of bound state.
However, they assumé to be real, which needs to be jus- and
tified by further study. In this paper, we treat the order pa-

rameter as the complex variable. Here we introduce the ex-

citonic mean-field order parametar,,, and write down the
mean-field Hamiltonian in pure excitonic system

+
2 (A(ro’bk(r’akt)’

!
o,0’ k

— a,t b T
HMF_Ek €4y Ak T €D, D~
g,

©)

T T T T
+ Aa'a"aka"bk(") - MEK (akaak0'+ bkzrbko') .
o,

When we use the Hamiltoniaii), the order parametex, .,
is defined as

Ao’o” - V% <alu_bka.r> - U E 50.0.r<alo_,,bkg.n>. (4)
k,o’”

This Hamiltonian is invariant under the transformatian
—a;e'?, bj—b,e'%2, andA, . —e'(?27 %) It is convenient
to assume the order parametey,,, to be real by choosing

the appropriate gauge. In this case, the impurity scatterin%s

term (2) shows phase dependence,

Himp= 2 Vimpe'%al,bi,+c.c. (5)

In the following two sections, we use Hamiltonia(® and

(5).

Ill. BOUND-STATE FORMATION AT AN IMPURITY

First, we study the bound state around the impurity in
excitonic insulator. We here consider the one-impurity probwhere V= 7NgV;

lem. For simplicity, we assume the order paraméig, to
be diagonalA ., =A,d,, . In the singlet excitonic insula-

tor this assumption is correct. We note that in the triplet—

)
®)
_ 0 Vimpe'?
imp _ _ )
Vo’o” ( Vimpe7| 1) 0 oo (9)

After some calculation with the assumptiog?(k)
=—€®(k) and constant density of states, we get

. ) -1
Fm,r=V',§‘35[1—E cwovm| L o
k
and
S Gokvime=s, , —TNEVime
X 77 JAZ— (0+p)?
Ae”? (—o—pe?
X ) .
(_w_lu)eild) Aael¢ ’
(12)

whereNg is the density-of-states at Fermi energy.
The determinant of matrip =1—3,G2_(k)V™ is given

detn—| 1 VA e i L VA e'¢
e — — —
VAG— (ot w?/ | VAT (0t p)?
V2(w+p)?
A= (w+p)?
- VA, cos
=1+V2-2 ¢ (12

VAL (0+p)?’

imp- From this expression, we find that
when Rel/A cos¢) is positive,D ! has poles atw=—pu
+(1— (4V2 co2 $)/(1+V2)?)A,, and two bound states ap-

excitonic insulator we can justify this assumption if the pear. On the other hand, when Re( cosg) is negative,
three components of the triplet order paramet4y there exists no bound state. We conclude that the phase of

=3, (07 upl ap (i=X,y,2) are degenerate. In this case, we the order parameter controls the energy and existence of
can treat up spin and down spin separately. Then from Eqbound states. If we Sﬁjea' and~positive, there exist bound
(3) the Green’s function in the mean-field theory is given bystates atw=—u*(1—V?)/(1+V?)A, when ¢=0. Here
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we note that this bound state exists evew;if, is very weak. 4
As ¢ changes from O tar/2, the energies of bound states
approach tow=—u=*A and at¢=m/2 the bound states
touch the edges of the continuum.

It should be noticed there exists a great difference in the Z
effect of impurities between the singlet excitonic insulator F2t
and the triplet one. In the singlet excitonic insulatdr, Q
=A | and both up-spin and down-spin bound states have the
same energy. On the other hand, in the triplet excitonic in- 17
sulator,A;=—A, and the bound states of up-spin and down-
spin electrons cannot exist at the same time. Therefore spins

— 40
------ ¢=rt/a
- ¢=n/2

; . L 0 e ' '
of the electrons doped into the triplet excitonic insulator 0.8 1 1.2 1.4
align ferromagnetically. Fosp= 7/2, marginal bound states Energy(/A,)
exist for both spin states and the excitonic insulator remains .
paramagnetic. FIG. 1. Phase dependence of density-of-states wi¥eh00.
V2 i ™NE
IV. REDUCTION OF ENERGY GAP BY IMPURITIES S (Kw)= —
oo 1 — 2 — 2
In the previous section, we studied the formation of a VIA|* = (w0t )
bound state around an impurity. We found that a bound state ~ Tk i
~ . . wtpu —Ale
appears or_lly wherj R¥A cosg) is pogmve. However, the x| _ _ | 8,0, (16)
impurity will also influence the continuum state. For ex- Ae % —w+u

ample, it is well known that magnetic impurities in a super-
conductor reduce the energy gap. Zittartz discussed the effe¢ihere we assumed?= — €2 and constant density-of-states

of intraband scattering by impurities in excitonic insulator a5 pefore. After some calculations we get the following equa-
and found that it reduces the energy gap in exactly the same. < for o andA -
o

way as magnetic impurities do in a supercondu€tbr this
section, we consider the reduction of energy gap by an inter-

band scattering term. N 1 o+
To study the suppression of the energy gap, we use the w=wt——— = ' 17
same technique as Abrikosov and Gor'Rassed for a super- TNIA P (0+p)?

conductor. For simplicity we again assume that the order
parameter is diagonal in spin space. We introduce the renor-

~ AN* a—2i¢
malized Green'’s functio®s ZU:AU_E = Ase = . (18)
TV[A P~ (0t p)?
. w— €t -A, o ) .
G, (kK,w)= - -~ 8,50 (13 Here 7= 1N NeVin,. If =0, these equations are the
—A7 o= et u same as those for magnetic impurities in a superconductor.

Therefore if¢p=0, the energy gap is strongly suppressed by
impurities. As¢ develops from 0, the energy gap increases

parameter, respectively, and we recovered the translation d at¢=m/2, the energy gap becomes almost the same as

invariance of Green’s function of continuum states by aver- at of pure excitonic insulator, because/at /2 Eqs.(17_) .
aging over the impurity positions. and (18) have the same form as those for nonmagnetic im-

. L ities in a superconductor.
Using the Born approximation, we get pun . L
g P 9 The density-of-states of electrohf w) is given by

Here  and A are the renormalized frequency and order

Goor(k,@) t=G° (k) =3, (ko) (14 1 3
N(w =——IijrG K,w
(0)=—5— (kw) s
and ~
w+u
=—NgIm Y, #> (19)
RE _ 7 \A*—(0+un)?
Ea.o.l(k,a)): nimpJ 3VI(;_T]OB/GO.NOJH(k’ ,(A))VI:?,PO_, .
(27m) For some typical values ab, we plot the density-of-states in
(19 Fig. 1. From this figure, we find that the reduction of the
energy gap is a maximum g=0. This is consistent with
Integrating ovelk’ we obtain the above discussion.
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V. NUMERICAL SOLUTION OF
BOGOLIUBOV —de GENNES EQUATION

From the analysis in the previous sections, we found that
the phase of the order parameter determines the existence ¢
the bound state as well as the reduction of the energy gap [
These two effects are not independent. For example, for the 3
finite concentration of impurities, the bound states will form o2t
an impurity band. On the other hand, if the energy gap of the o1 |
continuum is strongly reduced, the energy of the bound state’ s |
present for a single impurity model may be absorbed into the
continuum for a finite impurity concentration. To study such
possibilities, in this section we solve the Bogoliubov—de
GennegBdG) equations for excitonic insulator numerically.
We confine ourselves to the triplet case, because in the triple
excitonic insulators impurity may invoke magnetic moment (@
as discussed in Sec. lll. We also show that incomplete fer-
romagnetism can appear.

We start from the following Hamiltonian:

g

H BdG— <2> ( - taa'iTUa'j o tbbiT(rbj U')
L)), o

o
w
]

RREE

= 2 (A geb! La,tcc)+ Vi (bla,

i ’
l,o,0

oooo o000

ooZ=so
- WN
T

+ C.C.) — EaE aiTgai(,— Ebz biTobi(,. . (20)
io io

The first term is the kinetic term of electrons. Here we as-
sume two-dimensional square lattice and the summation is
carried out with nearest neighb@r,j). In the theory of the
excitonic insulator, it is often assumed thédt= — €2, so we
take t®= —t°=1. In this caseer= —2(cosk,+cosk)—E,

and eE=2(coskx+cosky)—Eb. The second term is the inter- Az
action term. The order paramet&y . is determined from
the Hamiltonian(1) as

Aio’o” :V<aiTo'bio"> -u 50'0"2 <ai1‘g'”bi0'">' (21) :52 .
0.05
While for U=0 the triplet state and singlet state are degen- ;. [
erate, and positive) suppresses the singlet state. In the fol-
lowing numerical calculation we také large enough to sup-
press the singlet state completely. The third term describes
the impurity scattering and the sum is carried out on the
impurity site. The last two terms are the energy-gap term,
which determines the overlap of two bands. In the following,
we setE,= —E, . Under this assumption, the Fermi surfaces FIG. 2. Real and imaginary part of triplet order parameter when
of two electron bands coincide when we do not dope an@a ¢=0, (b) ¢=m/4, and(c) = /2.

electron. The size of the Fermi surfaces dependg pnFor

E.<—4t, ei<e, for anyk, and the system is a band insu- We repeat these procedures iteratively until the solution con-
lator. On increasind=?, the Fermi surface emerges ndar verges. We change the phagéy choosing the initial values
=(mr,m) and the system becomes a semimetal. WEgn of A, and check the phase after convergence.

>4t it becomes a band insulator again, becafse e?. We set parametersl=1.0, V=2.0, V;;,,=1.0, andE,

We solve Egs.(20) and (21) numerically keeping the =—E,=0. The calculation is carried out on X727 lattices.
number of electrons constant. First, we diagonalize the Eq. First we consider the case when the impurities are intro-
(20) and calculate the eigenenergy and eigenstates. Next wduced into the nondoped excitonic insulator. In Fig. 2 we
take the eigenstates with small eigenvalues, up to the numberesent the triplet order parametey axis when one impurity
of electrons. The order parameter is calculated by (). is introduced, setting the initial conditioh=0, 7/4, and
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up-spin and down-spin electrons separately, wien0.

/2. The order parameter is reduced at the impurity site. We ©%[
note that in Fig. &) ¢ differs from /4. This is due to the
fact that after iterationp deviates from the initial values. 0
However, from Fig. 2 we find that the difference is small.

To see the reduction of energy gap, we need finite con-
centration of impurities. In Fig. 3 we plot the single-particle
spectrum neae=0 when 10 impurities are introduced peri-
odically. We find that the bound states appear arofnd  ™Mup™ ™ down

".ﬁl’.,
=0.2 wheng¢=0. It should be noted that the all electrons in 200 ¢ VPP
the bound state has up spin, as shown in the right of the 15000 ‘ji;f'/ife.\?/‘\@m )
figure. The number of localized eigenstates with negative 'S [ d”""‘l‘"\\/
energy is the same as that of impurities. The energy of the 328 [ = '/'!"
bound states become large ashanges from 0 tar/2, and st
vanish atw/2, consistent with our discussion. We also note -25e0 [
that at¢= w/4 the energy gap is larger than the case when
¢=0. This is consistent with the result of Sec. IV. We note
that at ¢= /2 the gap seems to be smaller than the case
when ¢= /4. At ¢= /2, the bound states touch the edge T
of the continuum and hybridize with the continuum. The (©)
energy of eigenstates is lowered by this hybridization.

Now we turn to the case when electrons are doped. When FIG. 4. Spatial pattern of magnetization wh@) ¢=0, (b) ¢
doped into a triplet excitonic insulator, electrons will align =7#/16, and(c) ¢=m/2, when the number of electrons and the
ferromagnetically if¢# /2. In the case of L&a, _,Bg, La  number of impurities are both 10.
acts as both the impurity and electron donor. Therefore we
consider the case when the number of impurities and dopetthe concentration of impurities is finite, associated impurity
electrons are the same. In Fig. 4 we pipt —n; | when 10  bound states form an impurity band. Since the bound-state
electrons and impurities are doped fér=0, 77/16, and energy approached as ¢— /2, this impurity band has a
w/2. When$=0, we can see that localized magnetic mo-finite overlap with the continuum state fap sufficiently
ment appears around the impurity. Total magnetic momentlose to7/2. In this case the ferromagnetic moment due to
amounts to 10, which means that all doped electrons havéoped electrons will be reduced.
spin up. On the other hand, wheh= /2, no magnetic mo-
ment appears. Therefore we can conclude wienr/2 the
doped triplet excitonic insulator is paramagnetic. These re-
sults are also consistent with our discussion. In the middle of On the basis of the results of the preceding sections, we
these two limits, there may exist incomplete ferromagnetismfirst discuss the weak ferromagnetism in doped hexaborides.
In Fig. 4(b), we show the same plot fap=7=/16. We can As discussed in this paper, doped triplet excitonic insulator
see that magnetic moment become small, being 6 in totalvith impurities shows ferromagnetism if phagds between
This incomplete ferromagnetism is considered as follows. If-7/2 and#/2. The incomplete ferromagnetism can also oc-

N
/

\

VI. CONCLUSION AND DISCUSSION
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cur when the energy gap becomes smaller than the boundrerrel (LOFF) state discussed by Barzykin and Gorkov
state energy. Here we discuss the possibility that the ferromodifies our result. If a LOFF state appears, order parameter
magnetism of La-doped CgHs caused by impurities. We A shows spatial modulation, such A¢r)=A exp(iqr). In
assume that Cafis the triplet excitonic insulator. When we this case, total magnetic moment will diappear, because the
dope La, it acts as impurity and causes interband scatteringlirection of local magnetic moment depends on the phase at
As discussed in this paper, in the presence of interband scafhpurity site.
tering up spin and down spin does not compensate because Another important point we have neglected is the symme-
of the emergence of localized momentfif« 7r/2. Therefore  try of the energy band. Band calculation shows that the con-
ferromagnetism emerges, which becomes incomplete whe@uction band and the valence band have different symme-
the reduced energy gap is smaller than the highest energy dies, X3 and X5. When we substitute Ca by La at a single
the impurity band. Here we discuss the possibility of thesite, the symmetry will be reduced. However, if we set the
impurity-induced ferromagnetism by this mechanism. impurity site as the origin of the coordinate axes, the rota-
First, we notice the ferromagnetism emerges only wherional and parity symmetries are not changed. This leads to
excitonic order is spin triplet. It is well known that a direct the conclusion that interband scattering by La is forbidden by
interaction term suppresses the singlet order, while exchangbe symmetry. Therefore for our theory we must assume the
interaction stabilizes both singlet and triplet order by ansymmetry is lowered at the impurity site. For example, if the
equal amount. Therefore only a triplet order parameter wilimpurity locates at a less symmetric position, these symme-
be realized when direct interaction is large enough. It seemisies break down and intraband scattering is permitted. The
natural to assume that the exchange interaction is the sangésorder of the lattice that breaks these symmetries will also
order as the direct interaction. As shown in Sec. V, tripletact as the interband scattering potential.
excitonic insulator is realized wheld andV are the same The readers will also notice that intraband scattering is
order. neglected in our model. However we can show that the
Second, the phase of order parameter must nat/Bein  bound state can survive even if intraband scattering exists.
other words, the minimum of the total energy is achievedWhen one impurity causes both interband and intraband scat-
when ¢+ 7/2. In our discussion, we do not discuss the valuetering, the energy of a localized state is determined by
of ¢ that minimizes the total energy. In our numerical cal-
culation the change of energy by phase is very small. As

noted in Sec. Il in real materials there exist some other in- (1+T/ﬁn —V!2 NAZ—(w+ p)?]
. o ) . . p Vimp
teractions, which is not discussed here, such as interband pair Ny 5
scattering. These interactions also depend on the phase. Be- +2Vi’mp(w+,u)—2VimpA cosgp=0, (22

cause these interactions exist even without impurities, we

think that the stable phas¢ will be determined by such a

term. Further study will be needed to determine the stable whereV;,,=7NgV;,, and Vi, is the strength of intraband
however, there exists no reason to resteet /2. scattering. |f|’\7f |<\7imp cos¢, Eq. (22) has two bound

Third, the minimum of the energy gap must be smaller <, P ) . .
than the energy of the impurity band. In our calculation itstates whenVinpA cos¢=>0. In this case the discussion

means thatp is close tomr/2. However, it should be noticed a~bove Is not qualitatively modified. On the other hand,

that there exists other origins of the reduction of the energyVimpl > Vimp COS¢, Eq. (22) has one bound state, indepen-
gap. For example, intraband scattering by impurities also dedent of the sign ofVA cos¢. However here we note the
creases the energy gap, as discussed by Ziftantzhis pa-  energy of bound state differs between positive and negative
per we assume La acts as the interband scattering potential. Therefore we conclude the ferromagnetism will also sur-
However, there exist other impurities or disorder invive, though some modification will be needed.
La,Ca _,Bg. These impurities and disorder will also acts as  So far there is no direct evidence of this impurity-induced
impurity potential. If this scattering is large enough, the en-incomplete ferromagnetism in the hexaborides. However we
ergy gap will be reduced such that the energy of the boundote that we can account for the experimental inconsistencies
states is larger than the gap. We conclude that the minimuran the value of the saturation moment of Ca, _,Bg by this
of the gap can be smaller than the energy of the bound statescenario. For example, in the first paper of Fedkal, the
One may think that our model is too simplified to describesaturation moment is about 0,0£ per electron wherx
the La-doped hexaborides. In the following we briefly com-~0.005, while Terashimat al,, reports that the saturation
ment on the physics neglected in our model. moment is about 0.2 with same doping, more than three
First, we only consider one pair of Fermi surfaces, whichtimes larger than that of Fisk.We can explain this discrep-
shows complete nesting without doping. However, the ban@dncy by the difference of the density of impurities. More
calculation of CaB shows that there exist three pairs of im- careful experiments on the magnetism will be needed to test
completely nested Fermi surfaces. Balents and VAmiis  the present theory. The measurement of the local magnetic
cussed that in CaBwe must consider the possibility of the moment will give much information about this.
co-existence of gapped and ungapped Fermi surfaces. In this In summary, we have investigated the effect of the impu-
case, the bound state discussed in Sec. Il will become &ty in the excitonic insulator. The effect depends on the
virtual bound state. Therefore ferromagnetism will occur. Onphase of the order parameter. The bound state appears when
the other hand, the formation of Larkin-Ovchinnikov-Fulde- ReA is positive, and the energy of the bound state depends

045113-6



IMPURITY-INDUCED FERROMAGNETISM IN A DOPED.. .. PHYSICAL REVIEW B33 045113

on the phase of the order parameter. On the other hand, the ACKNOWLEDGMENTS
reduction of the energy gap of continuum state becomes

maximum when ImMA=0. Numerical solution of the BdG The author acknowledges K. Miyake, H. Kohno, and S.
equation supports these discussions. Based on these resultgebashi for fruitful discussion. The numerical computation
we proposed a new mechanism of incomplete ferromagis partially carried out by the Yukawa Institute Computer
netism and applied it to the hexaborides. Our theory qualitaFacility. This work was financially supported by Research
tively explains experiments, though further study will be Fellowships of the Japan Society for the Promotion of Sci-

needed. ence for Young Scientists.

1D.P. Young, D. Hall, M.E. Torelli, Z. Fisk, J.L. Sarrao, J.D. Th- °V. Barzykin and L.P. Gorkov, Phys. Rev. Le@4, 2207(2000.
ompson, H.R. Ott, S.B. Oseroff, R.G. Goodrich, and R. Zysler, 8J. Zittartz, Phys. Rev164, 575 (1967.

Nature(London 397, 412(1999. B.1. Harperin and T.M. Rice, Solid State Phyl, 115(1968.

2M.E. Zhitomirsky, T.M. Rice, and V.l. Anisimov, Naturgon- 8B.S. Volkov and M.S. Nunaparov, ZhkBp. Teor. Fiz.78, 632
don) 402, 251(1999. ] (1980 [Sov. Phys. JETRB1, 319(1980].

3B.A. Volkov, Yu.V. Kopaev, and A.l. Rusinov, Zh.K&p. Feor. 9A.A. Abrikosov and L.P. Gor'kov, Zh. Esp. Teor. Fiz35, 1558
Fiz. 68, 1899(1975 [Sov. Phys. JETR1, 952 (1975)]. (1958 [Sov. Phys. JETR, 1090(1959].

4L. Balents and C.M. Varma, Phys. Rev. Le8t, 1264 (2000). 107 Terashimaprivate communication

045113-7



