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PREFACE

Effects of electron correlations on superconductivity have been

studied since the BCS theory（1957）．工n the originai BCS theory，

in which the electron－phonon interaction is regarded to be a

unique mechanism for superconductivity，　the repulsive Coulomb

interaction between electrons is considered only to suppress

superconductivity．　However later Kohn and Luttinger　（1965）

pointed out a possibility of superconductivity notinduced by the

electron－phonon interaction．　The first experimental suppor・t Of

this kind of superconductivity was the discovery of anisotropic

superfluidity in liquid He3　in1972．This experiment strongly

SuggeSted a triplet pairing superfluidity enhanced by exchange of

the ferromagnetic spin－fiuctuations，　namely，　the paramagnon

exchange interaction．　The paramagnon theory and other spin－

fluctuation theories are very successfulin explaining properties

of nearly ferromagnetic metals andliquid He3・

Furthermore，　antiferromagnetic spin－fluctuations has also

been studied recently by many authors．Thisis because thereis a

possibility that the antiferromagnetic spin－fluctuations enhance

SuperCOnductivity in heavy fermion compounds and quasトOne－

dimensional organic superconductors．　Further，　the high

temperature superconductivity in copper oxides has also been

arousing the current interestin superconductivity enhanced by

SOme magnetic interaction．Although these three types of super－

COnductors have many different properties in many respects，
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they have commonimportant featuresin their superconductivity．

The most remarkable similarities are that all of them are nearly

antiferromagnetic，　and that evidences for anisotropic supercon－

ductivity such as d－WaVe Pairing have been found in many

experiments．

Thus electron systems with short range repulsiveinterac－

tions have been studied extensivelyin connection withinterplay

and competition between magnetism and superconductivity．These

SyStemS are regarded asimportant models which exhibit various

COrreiation effects in wide range ofinteraction strength；from

Weak limit to stronglimit・For the organicsitis almost estab－

lished that the conduction electrons arein weak correlation

reglme，　and their antiferromagnetismis due to spin density wave

（SDW）・The SDW and magnetic fieldinduced SDWin the organics

have been understood by means of mechanism of the Fermi－Surface

nesting・　工n the heavy fermion compounds，Various physical quan－

tities are wel1－described in the Fermi－1iquid theory as well，

although f－electrons in them are stronglyinteracting with each

Other and hence the effective mass of quasi－Particlesis extraor－

dinarylarge・For the oxides，On the other hand，1arge sublattice

magnetization has been observedin their antiferromagnetic phase．

Thus it has been argued that the electrons are strongly corre－

1ated in these compounds，and strong coupling models have been

Studied for them．

The problem of magnetismitseif besides theinterpiay with

the superconductivityis also ofinterest．Magnetic properties of

the Hubbard modei have been alongstanding probiemin solid state

physics・　Many researchers have studied ferromagnetism and
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antiferromagnetism，　aS Weli as the Mott－Hubbard transitionin

this model．　After・the mean－field theories by Siater（1936），

Stoner（1938），and Penn（1966），muCh work has been carried out to

take into account the electr・On COrrelation effects by such as

Hubbard（1963～1964），Gutzwiller（1963～1965），and Kanamori（1963）・

The paramagnon theory mentioned beforeis another approach to

treat electron correlation effects，　Which is effective to

describe nearly ferromagnetic systems．

This thesis reports our study on magnetism and superconduc－

tivity both in the weak coupiing regime and strong coupling

reglme．For the weak coupling reglme，We Study the weak coupling

Hubbard modei，　Whiie for the strong coupling regime，We analyse

the t－J model．　The t－J model can be derived from the extended

Hubbard model describing eiectrons on the CuO2planes of the

oxides in a strong couplinglimit．工t can be also derived from

the strong coupling single band Hubbard model・Our studyis

performedin two ways，thatis，a Weak coupiing theory similar to

the paramagnon theoryin nearly antiferromagnetic systems and a

Green▼s function decoupling theory based on a strong coupling

model．We will contrast and compare the results obtainedin the

weak coupiing and the strong coupling systems．We discuss our

resuit in relation to the characteristic propertiesin the or－

ganics and the oxides．

For the organics we obtain a theoreticai phase diagram which

qualitatively agrees with the experimental phase diagrams・For

the t－J model，　We rePrOduce rapid change of the magnetism from

localized one to itinerant one and drastic suppression of the

antiferromagnetic transition temperature when the electron
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concentration deviates from half－filling slightly・On the other

hand，　for superconductivity，itis suggested that high tempera－

ture superconductivity is difficult to occurin the single band

Hubbard model with oniy nearest neighbour hopping bothin the

weak and the strong coupling regimes．Howeveritis also found

that superconductivityis remarkably enhanced by electron hopping

between next nearest neighbour sitesin quasi－tWO－dimensional

Hubbard model in the weak coupling regime．This result seems to

suggest that some kind of frustration to the antiferromagnetism

may enhance superconductivity．

H．Shimahara

工nstitute of Physics，University of Tsukuba

30　December　1989
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Chapter l．

工ntroduction

§1．1Eeavy Fermion，Organic，and Oxide Superconductors

Magnetic properties and superconductivity of eiectron sys－

tems with short range repulsiveinteraction have been studied for

a iong time and aiso have attracted currentinterestin connec－

tion with the exotic superconductors such as heavy－fermion

compounds，1－4）organic superconductors，5－11）and copper oxide

high－Tc superconductors・12－17）Theyexhibitsomesimilarcharac－

teristics，　SuCh as the anisotropy of the pair wave functions and

proximity of the antiferromagnetic（AF）and the superconducting

phases，　aithough they exhibit many differencesin many other

properties，　SuCh as effective mass，　tranSition temperatures，

conductivity，　and itinerant or iocalized nature，Which fact

arises from the differencesin dimensionality，iattice structure，

interaction strength，hopping parameters，electron concentration，

and so on．The striking simiiarities are observedin the follow－

ing experiments and give rise to a new aspectin the problem of

the competition and the interplay between magnetism and

SuperCOnductivity．
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Anisotropic superconductivity has been suggested by the

experiments of NMR relaxation rate18－21）and accoustic atttenua－

tion rate・22－24）in the heavy fermioncompoundsUBe13，18・22）

CeCu2Si2・19）and UPt3・23・24）and the quasi－One－dimensional

（quasi－1D）organic superconductor（TMTSF）2　ClO4・20，21）The

nuclear relaxation rates of the oxides La－Sr－Cu－0，25）Y－Ba－Cu－

0，26－29）　and Bi－Pb－Sr－Ca－Cu－0　30）also exhibit poweriaw

behaviour just beiow Tc・Which aiso suggests a gapless

anisotropic superconductivity．

The measurements of theiower criticalmagnetic fieid31－34）

and the specific heat35）aiso suggest the anisotropic supercon－

ductivityintheheavyfemioncompoundUlrXThxBe13・31・35）andin

the oxides Y－Ba－Cu－0．エーis found from their temperature depend－

ence that another superconducting transition appears to occur at

a temperature beiow the true superconducting transition

temperature．　This can be explained by assuming some kind of

abrupt change of the gap function，　Which seems toimpiy an

anisotropic superconductivity．36・37）

Furthermore，　the proximity of the superconductivity and

the AF instabiiity is observed in many COmpOunds such as the

heavy femion compounds UPt338・39）andCeCu2Si2，thequas1－1D

organics（TMTSF）2Ⅹ（with X＝PF6・AsF6・SbF6・TaF6）6－8）and

（DMET）2Ⅹ（withX＝Au（CN）2・AuI2・AuC12）9－11）andtheoxidesLa－Sr－

cu－0，40）Nd－Ce－Cu－0，41）Y－Ba－Cu－0，42）and Bi－Sr－Ca－Y－Cu－0．43）

Phase diagrams of the normal，the AF，and the superconducting

phase were obtained for them．工n the phase diagrams of the or－

ganics，the superconducting and the SDW phase exist on the border

Of each other，Whilein most of the other phase diagrams，there

is a normal region between the AF and the superconducting phase。
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For（TMTSF）2Ⅹand（DMET）2Ⅹfamilies・the existence of the SDWis

remarkabie because most of the other quasi－lD organics such as

TTF・TCNQ exhibit Peierls transition but neither superconductivity

nor sDW．7）on the other hand，・inBa－Pb－Bi－044・45）andBa－K－Bi－

0，46・47）Superconductivity occurs near the CDWinstability，While

superfiuidity in iiquid He3　0ccurS near ferromagnetic

instabiiity．48，49）

These experimental facts have been arousing muchinterestin

the superconductivity enhanced by some magnetic interaction

induced by eiectron correiations．Moreover，thisis supported by

the fact that the isotope effect of the copper oxide

superconductors50－53）does not exhibit the behaviour expected

from theories based on phonon mediated pairing．Thus a number of

theoretical studies54－64）have been devoted tomagnetism and

SuPerCOnductivity of the Hubbard model，Whichis the simpiest but

COuid nevertheiess describe various situations of correiated

electrons．

However these three comPOunds have differences as well．For

eXamPle，for the the organic superconductors（TMTSF）2Ⅹ　and

（DMET）2Ⅹ　families・theitinerant property of electrons seems to

be established by conductivitymeasurements，5）observations of

itinerant　antiferromagnetism，5－11・65・66）and others．6－8）On the

Other hand for the oxide superconductors，anaiyses based on the

One particle picture for the experiments sometimes giveinconsis－

tent results，　and it has been suggested that some strong

correlation models seem to be appropriate67）from the hole coef－

ficient measurement，68－72）the observations oflarge sublattice－

magnetization，73－75）photo－emission spectro－SCOpies．76－79）工n
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addition，　for the heavy fermion systems，aithough the quasト

Particles are extremeiy heavy owing to strong correlations，the

Fermi－11quid theory gives a consistent picture to the analyses of

the experimental results of specific heat，SuSCeptibility，and so

on．4）

Thus in a context of the Hubbard modei，the weak coupling

modei would be appropriate to the organics，While the strong or

intermediate coupling model and the t－J model wouid be usefuiin

the study of the oxides．工n fact，the weak coupiing Hubbard model

has been successfulin expiaining the SDWin the organicsin many

respects，80－82）and the t－J modei have been derived from the

extended Hubbard model on the CuO2piane，SO－Cailed d－p mOdel・in

aiimiting case appropriate for the oxides．83・84）As for the

OXides，it has been also argued that some essentiai nature of

realisticiattice structure of Cu20Piane may be needed to be

takeninto accountin reproducingthe high－T superconductivity，8

5－92）and thus the d－p mOde189・90）and coupied spin－fermion

systems91）have been studied．

Furthermore the quasi－low－dimensionaiityis anotherimpor－

tant point of this problem．The quasi－10W－dimensionality causes

the foliowing two specific features．　First，in theitinerant

electron system，Shape of the Fermi－Surface and density of states

（DOS）　are quite important to the physicai properties atiow

temperatures．　工n particuiarinlow－dimensional systems，Van Hove

Singularities and Fermi－Surface nesting are characteristic．

Secondly，anOther specific featureis that thelow－dimensionality

SupPreSSeS magnetic ordering and superconductivity，　When the

COrreSpOnding quasi－iong－range Order grows．
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As for the quasi－1D organics，Which wouid be anitinerant

SyStemS，　the above two points have to beinvestigated．However，

as far as at thelow temperatures which the SDW and the supercon－

ductivity concern，it is almost estabiished that the three－

dimensionai　（3D）interactions are strong enough to suppress the

thermai fiuctuations and that the systemis essentialiy　3Din

criticai phenomena．80・92）on the other hand，for the oxides，it

has been suggested that there is a quasi－long－range AF

order93，94）above theiow temperature phases，Whichfact refiects

the weakinter－Plane coupling．95）工n addition，it wouid be

piausible that the suppression of antiferromagnetism and that of

SuPerCOnductivity due to the quasi－iow－dimensionality are quite

different，　because there is a Kosteritz－Thouiess transition to

SuperCOnductivity but no antiferromagnetic transition in two

dimensionai systems at finite temperatures．

工n this paper，　We Study the magnetic properties and the

SuPerCOnductivity in the Hubbard modei and the t－J model in

itinerant and iocalized electron regimeSin connection with the

Organics and the oxides．

Here it shouid be added that there are many other organic

superconductors，SuCh as（BEDT・TTF）2Ⅹfamily・8・96）inwhichthe

AF phase has not been observed．These compounds exhibit many

interesting features，but we does not examine themin this paper．

Furthermore，aS for the oxides，the two－band nature may be essen－

tial for the high－Tc superconductivity as mentioned above・

However we mainiy study single band modelsin this thesis．

工n the rest of this chapter，We briefly review theories of

COrrelated electron systems，　eSpeCially those of the Hubbard
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model．工n chapter　2，We Study electron systems on squarelattices

With n．n．　and n．n．n．hopping from the side of・the weak coupling

theory．　First，　We eXamlne the free electrons system and the

electron system with some local attraction．Second，We eXamine

the Hubbard model by means of a perturbation theory and effect of

the n．n．n．　hopping．The chapter　2　contains our paper・S Published

in ref．97　and　98　and unpublished results．工n chapter　3，We Study

the superconductivity enhanced by the AFSFin quasi－1D organic

COmpOunds．　For example，a theoretical phase diagram and momentum

dependence of gap function are obtained．The study of this chap－

ter has been presentedin our papers of ref．99．工n chapter　4，the

t－J model is studiedin animproved Hubbard H工　approximation，

Whichis valid for the strong correlation regime．For example，We

Calculate susceptibility，　antiferromagnetic and superconducting

transition temperatures・　This chapter contains our three papers

Of ref・100　and unpubiished results．Thelast chapteris devoted

to summary and discussion．
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§1．2　Hubbard model

The Hubbard modelis alongstanding subject ofinterest as a

fundamental model of correlated electron systems，and a number of

studies have been made for the problems on Mott－Hubbard transi－

tion，　magnetic properties，and superconductivityin this model，

by means of mean field approximation，101－103）Green・s function

decoupling schemes，104－108）variationalmethods，109－116）pertur－

bationinweak correlation regime，117－125）exact diagonalization

of finite size systems，126，127）quantum simulations，128－135）

exact solution for one－dimensional systems，
136－143）

others．144－157）The Hubbard Hamiltonianis defined by

十

H＝．∑　t‥C：C・
、　ヰ　＿　1J ld Jd

1，J，d
＋U∑nianiB・

1

and

（1．1）

Where U denotes the on－Site Coulomb repulsion implying the

electron screening by the eiectrons which do not participatein

the formation of the electron band．Justification of this model

is givenin ref．104．

工n the strong coupling regimeit reduces to the t－J model up

to the order of t2／U：

∑　t言工～
C

1J ld Jd

＋

1，J，d

1

∑2J‥（Sl・S3　－－㌃・njn｛），
ij、‾i Uj　　　4　」L＝■Li▲▲j

1，j

（1．2）

Where we assume tlJ＝－t for nearest neighbor（n・n・）sites（i・j）

and otherwise zero and we define；i。＝（1－n・　　1。；。1。・1－．6）cld・n・≡C・C・

Si…∑。・。・一1／2・CL・㌔一。・一Ci。・‥　nl…nlα・niB・andJij…J…t2′Uforn・n・

Sites（i・j）and otherwiseJij…0・This model describes the

－7－



electron motions whichis restricted by the strong Cou10mb repu1－

sion，　aS Weil as the kinetic exchange interactions．　More

generally the t－J model can describe other strongly correlated

electron systems such as the d－p mOdelin some strong coupiing

limit，83・84）although then the expression ofJis nolonger t2／U・

The physics of the Hubbard model varies withitslattice

StruCture・Values of the parameters tij andU・and electron

COnCentration．For example，aS theinteraction U becomes stronger

and as the electron number approaches half－filling，the electrons

become to havelocalized nature，thatis，thelength of the phase

COherence of the quasl－particles becomes shorter．工n particular

in the strong correlationlimit，namelyin the half－fiiled and

Sufficiently large U regime，the electrons are completeiylocal－

ized and the system is insulating even before undergoing AF

Ordering．　This meta1－1nsulator transition called Mott－fIubbard

transitionis reproducedwithHubbard・s decoupiing schemelO6）and

Brinkman and Rice’s theory．

112）

On the other hand，aS theinteraction U becomes weaker or as

the electron number reduces from the haif－filling，the electrons

tend to be itinerant．

工n thelocallzed electron case，the antiferromagnetismis a

localized one，in which the spin－mOmentislarge，and then the

Spin－SuSCeptibility in the paramagnetic phase increases with

decreasing temperature．　工n partlcular，　at half－filling andin

large U limit，　the Hubbard Hamiltonian reduces to the AF

Heisenberg Hamiltonian：

H＝　∑2JljSl・Sj
l，j

－8－
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This model hasits ownvast fieldof theoreticalstudy．158－166）

The mean－field approximation gives the susceptibility which

Obeys the Curie－Weiss law．

On the other hand，in the itinerant electron case・the

antiferromagnetism is itinerant one，1・e・SDW，and the spin－

SuSCeptibility would become a Pauli－paramagnetic one・

Moreover・，、prOPerty Of superconductivity in correlated

electron systems would also change depending on whether the

electrons are itinerant or localized．工n the itinerant systems，

1．e．in metallic systems，SuperCOnductivity occurs easilyin the

presence of some attractive interaction，　aS the BCS theory

showed．167）工n this case，10ng－range nature and retardation of

the interaction are essential for the appearance of superconduc－

tivity，　and it is well－known that the coherencelength of pair

WaVe functionis semi一maCrOSCOpica11ylarge．

However as the electrons become more localized，　the

COherencelength becomes shorter．The coherenceiengthis roughly

VF／Tcin the BCS theory・Where vFis the Fermi－Velocity and Tis

the superconducting transition temperature．　工n thelocaiized

electron case・VF may nOt be well－defined andit should be noted

that the coherence length could not be estimated by vF／Tc no

longer．　Furthermore，　aS thelnsulating phaseis approached with

the Coulombinteraction strengthened or half－filling approached，

the superconducting phase would disappear．

Both in theitinerant and the localized case，meChanisms of

the superconductivity enhanced by some magnetic lnteraction

have been studied by many authors．

ー9－
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former　・CaSe，it has been pointed out that the AF spin－

fluctuations asisted by the Fermトsurface nesting may enhance the

superconductlvitynear the SDWinstability，55－57・60）whilein the

later case，　the kinetic or super－eXChangeinteractionleads to

the n．n．attractlveinteraction．61－64）Further，a neW type Of

superconducting transition from the insulating phase has been

argued．61－63）

－10－



§1．3　Amtiferromagnetism．

A physical origin of the antiferromagnetisminitinerant

SyStemS SuCh as metal Cr and Mnis Fermi－Surface nesting，and

that in localized ones，Whichis observedininsulators such as

transition metai oxides MnO，　FeO，CoO，and NiO，is kinetic or

Super eXChangeinteraction，aS mentioned before．These pictures，

Which are quite different from each other，Can be studied as

OppOSite limiting cases of some unified mechanismin the Hubbard

model，and the AF transition temperature TAF WOuid take a maximum

in theintermediate region．工n factin the quantum simuiation of

the Hubbard model on a cubic lattice for the half－filied band

case by Hirsch・131）TAF takesmaximumvalueaboutW／18around

U～5W／6，Where W denotes band width12t．

For the half－filled band sector，eXistence of the antifer－

romagnetic long－range－Order　（LRO）is plausible for bipartite

lattice structures exceptlD case，in which the ground state was

proved to be antiferromagneticwithout LRO．136，137）

工n the weak coupiing regime perfect nesting of Fermi－Surface

necessariiy ieads to the AFinstabilityin repuisive systems，

aithough even then existence of the AF LROis not obviousin　2D

CaSeS．　However for the half－filied Hubbard modei on a square

lattice with only n．n．hopping，Hirsch suggested that the AF LRO

exists for alivaiues ofUusingMonte－Carlo simulation・129）on

the other hand，in the strong coupling regime，Our mOdel reduces

to the AF Heisenberg model．The existence of the AF LROin the AF

Heisenberg modei was rigorously proved by Kennedy et al．for the

3D（quasi－2I））systems with the exchange couplingJx＝Jy・Jz＝rJx
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with O．16≦r≦1．158）TheAF transition temperature was estimatedby

high－temperature Series expansionasTAF…3・83t2／Ufor the cubic

lattice．159）F6r the　2D AF Heisenberg model，the exact

diagonalization study of the finite size system（≦16sites）on the

squareiattice by Oitmaa andBettsindicates the LRO．160）Further

the Monte－Cario simulation（12×12）by Reger et al．Supports the

existence of the LRO and they estimated the staggered magnetiza－

tion as m＝0．30土0．02，161）whichis consistent with the resuit of

spin－WaVe theory162）andananaiysis of the perturbation expan－

Sion from the　工singiimit by Huse．
163）

工t is aimost estabiished that La CuO4，Which has the one

electrons par lattice site on the CuO layer，Can be described

Very Weii by quasi－2D spin－1／2　AF Heisenberg modei with n．n．

exchange interaction，　and theinter－Plane coupiingis estimated

to be veryweak．95）observedvalues of the staggeredmagnetizap

tion73－75）agree with the theories mentioned above．161－163）such

a iarge value of the staggered magnetizationisin contrast to

thatin SDW phase．

On the other hand，for unbipartiteiattice structure there

WOuld be a critical U value below which the system does not

undergo the AF LRO，　eVen at half－filiing．The n．n．n．hopping

WOrSenS the Fermi－Surface nesting in weak coupling regime and

SuppreSSeS the SDW transition．On the other handin strong cou－

pling regime，itleads to an AF coupling between spins on n・n・n。

Site and causes frustration to AF correiations．工n fact，Lin et

al．　showed that the critical U existsin the　2D Hubbard model on

a square iattice with n．n．and next－neareSt－neighbour（n．n．n．）
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hoppings by their mean－field approximation and Monte－Carlo

Simulation．
132）

Moreover，eVenin the system of bipartite structures，reduc－

tion of the eiectron number from half－fillingleads toincomplete

nesting of the Fermi－Surfacein weak coupiing regime，and sup－

presses the SDW transition．工n strong coupling regime，the hoies

doped to the haif－filled band would move around and destroy the

AF ordering．

We demonstrate these behaviour of SDWin chapter　2　and those

Ofiocalized antiferromagnetismin chapter　4．
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§1．4　Ferromagnetism

Now we briefly review theories on the ferromagnetism．On

this problem much work has been made．For the Hubbard model，the

mean－fieid approximation gives Stoner・s conditionlOl・102）：

Up（CF）＞i for the ferromagnetism，Where p（eF）is aDOS at the

Fermi－1evei．　This condition shows that the ferromagnetism occurs

When the on－Site Couiombinteractionis sufficiently strongin

the itinerant model・However the Stoner▼S theory could not

reproduce the Curie－Weiss iaw，Whichis observedin almost ail

ferromagnets such as transition metais Fe，Co，Ni，and gives

extraordinaryiarge values of Curie－temperature Tc・

工n the next stage，the eiectron correiations were takeninto

account・　Hubbard proposed a decoupling scheme based on the equa－

tion of motion of the Green▼s function in real space，and

deveiopedit・104－106）Moreover，Gutzwiiier proposedavariational

method，109－111）andKanamorididthe t－matrixapproximation．144）

They found approximate conditions for the ferromagnetism which

takesinto account the electron correlations．

Anotherimportant deve10pmentis a train of spin－fluctuation

theoriesl17－125・145）such as paramagnon theories117－120）for Pd

and iiquid He3　and seif－COnSistent renormalization（SCR）

theory123・125）forweakferromagnets ZrZn andScIn．Doniachand

Englesberg117）studied a nearlyferromagneticFermトiiquidand

found enhancement of the temperature linear term and the ap－

pearance of T31n（T）terminlow temperature specific heat．The

ParamagnOn effect on superconductivity will be reviewediater．

The resuit of the paramagnon theoryis fairly good for veryiow
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temperatures，　but worsens as the temperature becomes higher，

because this theory neglects mode－mOde coupling of the spin－

fluctuation・The weak ferromagnet ZuZn2168）and Sc3In169）

exhibitiow Curie temperature Tc＝25K and6K・Smailmagnetization

par atom O・12fLB and O・04LLB・reSpeCtively・and aiso exhibit Curie－

Weissiaw fromJuSt above Tc to much higher temperature～10Tc

With much larger coefficient than that predicted from the mag－

netic moment at low temperatures．For this problem，Moriya and

Kawabata proposed the SCR theoryin which the spin－fiuctuations

are treated in a modified random phase approximation，and they

explained the above properties of the weak ferromagnet．工n par－

ticular they showed the new mechanism of the Curie－Weiss iaw not

based on theiocalized spin model，Which expiains why aimost ali

ferromagnets exhibit the Curie－Weiss iaw，　Whetheritis weak

ferromagnet or strong one．

Furthermore，Moriya and Takahashi showed an unified descrip－

tion of the weak and the strong ferromagnetism using a functionai

integral method．146）

Thus the theory ofitinerant ferromagnetism has been very

PrOgreSSed，　but it is stiil open whether the ferromagnetic LRO

does exist or notin the Hubbard model especiaiiy for the bipar－

tite lattice structures．Nagaoka149）proved that the

ferromagnetic ground state occursin the case of U⇒の　andif the

electron number Ne and the number of thelattice sites N

Satisfies the following condition：Ne＝Ns土1for simple cubic

（S．C．），　body centered cubic（b．C．C．），and squarelattices，and

N　＝N　＋1　for hexagonal closed packed（h．C．p．）and face centered

Cubic　（f．C．C．）1attices，　Where the electron transfer matrix
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elements tij are nOn－Vanishing only betweennearest－neighbor

Sites（i・j）and assuned to be positive tij＝t＞O for h・C・p・and

f．C．C．　Structures．　The Nagaoka▼S theoremis rigorous but as for

the thermodynamiclimitits meaningis not ciear．Fukuyama et ai・

Showed that the susceptibiiity is not singular at T＝O for any

eiectron numbers within a coherent potential approximation

（CPA）．151）Takahashi studied the Hubbardmodel of U＝∞On finite

iattices（≦12sites）withonlyn．n．hopping．127）His resuitis

aiso negative to the ferromagnetism for bipartitelattice except

the casein which the Nagaoka－s theorem hoids．Moreover he found

that the n．n．n．　hopping strengthened the ferromagnetismin a

b．C．C．case．Evenin a high－temperature eXpanSion up to the ninth

orderin the strongcouplingiimit byKubo et a1．，152－154）they

COuld not give a definite answer whether the susceptibilityis

diverge or not for bipartiteiattices．Furthermore，by means of a

Monte－Cario simuiation，Lin andHirsch132・129）have showed that

ferromagnetic LROis difficult to existin the Hubbard modei on a

Square iattice with n．n．　and n．n．n．hoppings，but the n．n．n．

hopping enhances the ferromagnetic correlation．　On the other

hand，　the ground states of the finite size Hubbard models with

U⇒∞　On f．C．C．，　h．C．p．　and trianguiar lattice are compietely

ferromagneticin most cases for t＞0，While they are almost always

Paramagnetic for t＜0，　aCCOrding to the exact diagonaiization

Study by Takahashi．Thisis consistent with the high－temperature

expansion and the Nagaoka’s theorem．

Thus the ferromagnetic LRO wouid existin the Hubbard model

On f．C．C．　and h．C．p．lattice with t＞0，if the on－Site repulsion

is sufficientiy strong，　although it would not exist for t＜0．
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Howeveritis not settled Whether the ferromagnetic LRO exists or

not in the single band Hubbard model on bipartiteiattice struc－

tures，　eVen in the strong coupling iimit，　although metal

ferromagnet Fe has b．C．C．1attice structures．Here we shouid note

that the real transition metals have a band degeneracy，Which may

Play someimportant rolein the ferromagnetism．
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§1．5　Superconductivity

Recently，　SuperCOnductivity in correlated electron systems

have been attracting much attentionin connection with theinter－

play with the magnetism in the heavy－fermion systems，　the

organics，　and the oxides，　and thus many theories have been

PrOpOSed on the basis of the Hubbard modei．However the existence

Of the superconductivityin the Hubbard modelis controversial at

the present stage，and as for the single band Hubbard model with

Only n．n．hopping，itis very negative．

For example，　aCCOrding to the quantum simuiations by　工mada

et al．85，86）and Hirsch et al．97）the pairing susceptibilityis

not enhanced as the Cou10mb interaction U increases．Moreover

exact diagonalization studies for8site Hubbardmode188）aiso

Show the resuit against the superconductivity．They are very

SuggeStive but not definite consequence on the superconductivity

at the ground states orlow temperatures．Thisis mainiy because

Of the finite size of the systems examined，eVen by the use of a

new methodproposedby Sorella，133）although thatis very effec－

tive method to this problem．　Generally，　the superconducting

transition temperatureis much smaller than AF one，and the size

effect ought to becomeiarge as the temperatureisiowered．For

exampie，eVenin non－interacting case，the pairing susceptibility

is iogarithmicaily enhanced as the temperatureislowered，but

discreteness of the DOS due to the finite size introduces some

artificial lower energy－CutOff which is muchlarger than the

temperature at which superconductivity occurs in ordinary

materials．
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However，　the result of the simulation studies strongiy

SuggeSt that the high－temperature SuperCOnductivity could not be

reproduced in the single band Hubbard modei with only n・n・

hopping．　工n chapter　2，We also demonstratein the same case that

the superconducting transition temperatures are verylow within a

perturbation theory．

Now we mention about aninterpiay between the magnetism and

the superconductivity．The magneticinstability and the supercon－

ducting one conflict with each other．Howeverit has been pointed

Out by’many authors that some magneticinteraction may enhance

the superconductivity，aS mentioned before．

For exampie，in the Fermi－1iquid theory，eXChanges of the

Charge－　and spin－fluctuations mayinduce the superconductivity・

This kind of superconductivity has been first studied by Kohn and

Luttinger，171）andlater the paramagnon－mediated superconduc－

tivity has been studied．119・120）

The paramagnon theory has clarified the roies of exchange、of

ferromagnetic spin－fiuctuations in the neariy ferromagnetic

tnaterials such as Pd andHeヲDoniach andEngeisberg117）Showed

that the factor oflinear T term of thelow temperature specific

heat is enhanced by the paramagnon exchangeinteraction and also

T31n（T）term appears．Berk and Schrieffer118）Showed that the

ferromagnetic spin correlations suppress the singlet pairing

SuPerCOnductivity and argued that thisis a reason for no super－

conductivityin Pd．Later Anderson et al．119）andNakajima120）

found that the paramagnon exchangeinteraction enhance tripiet p－

WaVe pairing．

－19－



on the other hand，it was foundbyMoriya121）that for

nearly AF metals，any T31n（T）term does not appear andiinear－T

term is not anomaiously enhancedin specific heats，aSin those

of the neariyferromagnetic systems．Further Beal－Monod et al．58）

have argued thatin rotationalinvariant systems，the AF fluctua－

tion does not enhance singlet pairings as weii as tripiet

Pairings．

However，Scaiapino et a1．56）and Miyake et al．57）have

Showed that the AF spin－fiuctuations（AFSF）enhance the d－WaVe

pairing superconductivityin a cubiclattice system near the SDW

instabiiity，mainlyin connection with the heavy fermion systems．

Norman59）has applied thismechanism to the heavy fermionUPt

SyStemS and estimated T　＝0．1K～0．2K from the neutron data．As

Emery discussed，55）the simiiar effects are possibiein the

Bechgaard saits．　We aiso study this mechanismin the quas1－1D

Organic superconductors in chapter　3．There we obtain the phase

diagrams which agrees with the experiments．　Bourbonnais et

al・172）have studied the caseinwhich the three dimensionaiity

is weak and then the RPAisinvalid．They aiso found the sensi－

tive decrease of T．These two studiesindicate theimportance of

long－range nature Of the AFSF along the conductive chains to

SuPerCOnductivityin the quas1－1D systems．

There are two experimental supports of the AFSF exchange

mechanism in the quasi－1D organic compounds，thatis，the phase

diagrams of the SDW and the superconductivity and the temperature

dependence of NMR relaxation rate．We discuss this probleTnin

detaiiin chapter　3．
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On the other hand，this mechanism wouid not be applied to

the copper oxide superconductors because the antiferromagnetism

in them is not SDW from the experiments of the magnetic moments

and others．　Nevertheiess，it is still possibie that the spin－

fluctuations which are locaiized in real space enhance the

SuPerCOnductivity as mentioned before．Thusit would be usefui to

examine this mechanism from the side of the weak coupiing

theories，for obtaining some suggestions．

工n thisitinerant mechanism，in which the AFSF are enhanced

by the Fermi－Surface nesting，Shape of the Fermi－Surface and DOS

WOuld sesitively change physicai properties．　Thus the nearly

half－filied squarelattice systemis of muchinterest becauseit

has foliowing specific features of　2D systems，thatis，10garith一

mic van Hove singularitiesin the DOS and perfect nesting of the

Fermi－Surface for half－fiiled band．

工n chapter2，We Study this mechanism on the basis of the　2D

Hubbard model and examine the specific features of the two－

dimensionality and an effect of n．n．n．hopping，Which acts as a

frustration to the antiferromagnetism as mentioned before．For

exampie，　there we found that the n．n．n．hopping remarkably en－

hance the supercpnductivity．

Furthermore much work has been made for this mechanismin

the　2D Hubbardmodel，60・173－176）and the d－p mOdel，177・178）and

so on．179）Yonemitsu174）has studied an effect of vertex correc－

tions and found that the next order correction to the RPA would

enhance the superconductivity．Bickers et al．175・176）have ap－

Plied the conserving approximation and found the superconducting

phase near the SDW phase inlow temperature region．Further，
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schuitz60）has studied the scaling theoryin the2D Hubbardmodel

near half－fiiling，　and obtain the similar phase diagrams・Their

phase diagrams agree with that of ours whichis obtainedin

Chapter　2．

0n the other hand，in the strong coupling Hubbard model，it

has been pointed out that the kinetic exchangeinteraction may

enhance the superconductivity．61，64）Here we shouid note that

although the kinetic exchange acts as a n．n．attractiveinterac－

tion between electrons，　the strong on－Site repulsion wouid

drasticaiiy change the property of eiectrons，Simuitaneousiy・

Thus we cannot conciude the superconductivity to occur only from

the existence of the kinetic exchangeinteraction．

Thus the t－J model has been studied as an effective

Hamiltonian of the strong coupling Hubbard modei and the d－P

modei，aS mentioned before．61・64・85）fwe aiso study the t－Jmodei

Onits magnetic properties and superconductivityin chapter　4・On

the superconductivity，　We found that the superconductivityis

difficult to occurin smallJ systems andis possibleinlargeJ

OneS，and that a d－WaVe pairingis more favourable than an s－WaVe

pairing，COnSistentlywithvariationalmethods．115）

Moreover many theories on a new type of superconductivityin

the strong coupling regime，SuCh as resonating valence band（RVB）

theory，61－63）havebeenstudiedforthehigh－Tcsuperconductors・

Theory of anion superconductivity has been also studied

recently．180－182）
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§1．6　0ne－DimenSional　Ⅱubbard二Model

工n the one－dimensional Hubbard model，the exact solutionis

known by the study of Lieb and Wu，136）Yang，138）and so

on．137・164）工t was found that the ground state for the half－

fiiling case is alwaysinsuiating for any positive U，and that

the total spin is minimized in the ground state．Further the

thermodynamic properties have been investigated by many

authors・139－142）Howeverin spite of the exact soiution the

Physical properties of this modei are far from completely known

Still now．

Recently the momentum distribution and the singularity of

the spin－COrreiation functionwas studied．Ogata et al．143）have

Studied thelD Hubbard modelin theiarge U－1imit using the Bethe

Ansatz wave function．　For exampie，they have examined the sin－

gularity of the momentum distribution at Fermi－mOmentunkF aS

Weil as the weak singularity at3kF・They have fitted the power－

1aw singularity around k＝kF tO their resuits for finite size

SyStemS　（≦　32　sites），and estimated exponentis O．13～0．15．工mada

et ai・85）have applied the Monte－Car10　Simulation technique

improved by Sore11a et al．133）to the system of U＝4t and160

Sites with　130　fermions，　and found that the Fermi－jumpin the

momentum distribution appears within their accuracy due to the

finite size of the systems．On the other hand，Sorelia et a1．134）

have also applied their Monte－Carlo simulation to the system of

36　sites at thelargest size．They have suggested the non－Fermi－

1iquid nature of the marginalconducting state183）of the system

away from half－filling，through the finite size scaling，and have
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also showed that the model h can be scaled to the Tomonaga－

Luttinger model evenin the strong coupiing regime，COnSistently

With the study of Ogata et al．Their resuits appear to suggest

the Fermi－1iquid nature of quasi－10W－dimensional systems evenin

the strong orintermediate coupiing regime，aS far as well away

from half－filling．

ー24－



References l．

1．F．Stegiich，J．Aarts，C．D．Bredl，W．Lieke，D．Meschede，W．Franz

and H．Schafer：Phys．Rev．Lett．43（1979）1892．

2．H．R．Ott，H．Rudigier，Z．Fisk，andJ．L．Smith：Phys．Rev．Lett。

50（1983）1595．

3．G．R．Stewart，Z，Fisk，0．Willis，andJ．L．Smith：Phys．Rev．Lett．

52（1984）679．

4・G．P．Meisner，A．L．Giorgl，A．C．Lawson，G．R．Stewart，J．0．

Wi11iams，M．S．Wire，andJ．L．Smith：Phys．Rev．Lett．53（1984）

1829．

5．K．Bechgaard，C．S．Jacobsen，K．Mortensen，H．J．Pedersen，and

N・Thorup：Soiid State Commun．33（1980）1119．

6・R．Brusetti，M．R．Bauit，D．Jerome，and K．Bechgaard：J．Phys．

（Paris）43（1982）801．

7・P・Jerome and H．J．Schulz：Adv．Phys．31（1982）299；references

therein．

8・S・　Kagoshima and Y．　Nogami：Parity，Vol．03，No．05（1988）

pp．2－7；references therein．

9・K・　Kikuchi，　K．　Murata，　Y．Honda，T．Namiki，K．Saito，K．

Kobayashi，T・工shiguro，andI．工kemoto：J．Phys．Soc．Jpn．56

（1987）2627．

10・K・　Kikuchi，　K．　Murata，　Y．Honda，T．Namiki，K．Saito，K．

Kobayashi，and　工．工kemoto：J．Phys．Soc．Jpn．56（1987）3436．

11・K・　Kikuchi，M．Kikuchi，T．Namiki，K．Saito，工．工kemoto，K．

Murata，　T．工Shiguro，and K．Kobayashi：Chem．Lett．（Tokyo）1987

（1987）931．

12・J・G・Bedonorz and K．A．Mnller：Z．Phys．B　64（1986）189．

－25－



13・C．W．Chu，　P．H．Hor，P．L．Meng，L．Gao，Z．J．Huang，and Y．Q．Wang：

Phys．Rev．Lett．58（1987）405．

14．H．Maeda，Y．Tanaka，M．Fukutomi，and T．Asano：Jpn．J．Appl．Phys．

27（1988）L209．

15．Z．Z．Sleng and A．M．Hermann：Nature　332（1988）138．

16．Y．Tokura，H．Takagi，and S．Uchida：Nature　377（1989）345；H．

Takagi，S．Uchida，and Y．Tokuro：Phys．Rev．Lett．62（1989）1197．

17．J．T．Markert and M．B．Maple：Soiid State Commun．70（1989）145．

18．D．E．MacLaughiin，C．Tien，W．G．Ciark，M．D．Lan，Z．Fisk，J．L．

Smith，and H．R．Ott：Phys．Rev．Lett．53（1984）1833．

19．K．Kitaoka，K．Ueda，T．Kohara，K．Asayama，Y．Onuki，and T．

Komatsubara：J．Magn．＆Magn．Mater　52（1985）341．

20．M．Takigawa，H．Yasuoka，and G．Saito：J．Phys．Soc．Jpn。56（1987）

873．

21・Y・Hasegawa and H．Fukuyama：J．Phys．Soc．Jpn．56（1987）877．

22・B・Goiding，　K．J．Bishop，B．Batlogg，W．H．Haemmerie，Z．Fisk，L．

Smith，and H．R．Ott：Phys．Rev．Lett．55（1985）2479．

23・B・Bat10gg，D．J．Bishop，B．Goiding，E．Bucher，J．Hufnagl，Z。

Fisk，J．L．Smith，and H．R．Ott：Phys．Rev．B　33（1986）5906．

24・D・J・Bishop，C．M．Varma，B．Batlogg，E．Bucher，Z．Fisk，andJ．L．

Smith：Phys．Rev．Lett．53（1984）1009．

25・K・Ishida，Y．Kitaoka，and K．Asayama：J．Phys．Soc．Jpn．58（1989）

36．

26・工・Furo，A．Janossy，L．Mihaiy，P．Banki，工．Pocsic，工．Bakonyi，

工・Heinmaa，E．Joon，and E．Lipmaa：Phys．Rev．B　36（1987）5690．

27・R・E．Walstedt，W．W．Warren，Jr．，R．F．Bell，G．F．Brenneart，G。P．

Espinosa，J．P．Remeika，R．J．Cava，and E．A．Reitman：Phys．Rev．

B　36（1987）5721．

－26－



28．Y．Kitaoka，S．Hiramatsu，T．Kondo，and K．Asayama：J・Phys・Soc・

Jpn．57（1988）30．

29．Y．Kitaoka，S．Hiramatsu，Y．Kohori，K．工Shida，T．Kondo，H・

Shibai，K．Asayama，H．Takagi，S．Uchida，H・工Wabuchi，and S・

Tanaka：Physica C153－155（1988）83．

30．K．Fujiwara，Y．Kitaoka，K．Asayama，H．Sasakura，S・Minamigawa，

K．・Nakahigashi，S．Nakaishi，M．Kogachi，N．Fukuoka，and A・

Yanase：J．Phys．Soc．Jpn．58（1989）380．

31．U．Rauchschwalbe，F．Stegiich，G．R．Stewart，A．L．Georgi，P・

Fulde，and K．Maki：Europhys．Lett．3（1987）751．

32．J．P．Strabei，　A．Thoma，　B．tIensel，H．Adrian，and G．Saemann一

工SChenko：Physica C153－155（1988）1537．

33．A．Umezawa，　G．W．Crabtree，K．G．Vandervoort，U．Weip，W．K．Kwak，

and J．Z．Liu：Proc．工nt．Conf．M2S・HTSC，（Stanford，1989，tO be

pubiished）．

34．M．Sato，　S．ShamOtO，M．Sera，and H．Fujishita：tO be published

in Solid State Commun．

35．H．R．Ott，H．Rudigier，Z．Fisk，andJ．L．Smith：Phys．Rev。B　31

（1985）1651．

36．M．Sigrist，T．M．Rice，and K．Ueda：Phys．Rev．Lett．63（1989）

1727．

37．D．S．Hirashima and T．Matsuura：prePrint．

38．A．P．Ramirez，B．Batlogg，E．Bucher，and A．S．Cooper：Phys・Rev・

Lett．57（1986）1072．

39．G．Aeppii，A．Goidman，G．Shirane，E．Bucher，and M．－Ch．Lux－

Steiner：Phys．Rev．Lett．58（1987）808．

40．T．Fujita，Y．Aoki，Y．Maeno，J．Sakurai，H．Fukuba，and H．Fujii：

Jpn．J．Appi．Phys．26（1987）L368．

－27－



41．Y．Kohori，T．Sugata，H．Takenaka，T．Kohara，Y．Yamada，J．T．

Market，and M．B．Maple：J．Phys．Soc．Jpn．58（1989）3493．

42．N．Nishida，　H．Miyatake，D．Shimada，S．Okuma，M．工Shikawa，T．

Takabatake，Y．Nakazawa，Y．Kuno，R．Keitei，J．H．Brewer，T．M．

Riseman，D．L．Williams，Y．Watanabe，T．Yamazaki，K．Nishiyama，

K．Nagamine，　E．J．Ausaldo，and E．Tarikai：Jpn．J．Appl．Phys．26

（1987）1856．

43・N．　Nishida，　H．　Miyatake，S．Okuma，T．Tamegai，Y．工ye，R．

Yosizaki，　K．　Nishizawa，　K．　Nagamine：　tO be publishedin

Physica C．

44・A．W．Sleight，J．L．Gillson，and P．E．Bierstedt：　Solid State

Commun．17（1975）27．

45・T・D・Thanh，A．Koma，and S．Tanaka：Appl．Phys．22（1980）205．

46・R・J・Cava，B・Batlogg，J・J・KraJeWSki，R．Farrow，L・W．Rupp，Jr．，

A・E・White，K．Short，W．F．Peck，and T．Kometani：Nature　332

（1988）814．

47・L・F・Mattheiss，　E．M．Gyorgy，and K．W．Johnson，Jr．：Phys．Rev．B

37（1988）3745．

48・D・D・Osheroff，W．J．Guily，R．C．Richardson，and D．M．Lee：Phys．

Rev．Lett．29（1972）920．

49・D・D・Osheroff，R．C．Richardson，and D．M．Lee：Phys．Rev．Lett。28

（1972）885．

50・B・Batlogg，R・J・Cava，A．Jayaraman，R．B．van Dover，G．A．

Kourouklis，S・Sunshine，D．W．Murphy，L．W．Rupp，H．S。Chen，A．

White，K．T．Short，A．M．Mujsce，and E．A．Rietman：Phys．Rev。

Lett．58（1987）2333．

一28－



51．L．C．Bourne，M．F．Crommie，A．Zettl，H．－C．zur Loye，S．W．Keiier，

K．L．Leary，A．M．Stacy，K．J．Chang，M．L．Cohen，and D・E・Morris：

Phys．Rev．Lett．58（1987）2337．

52．K．J．Leary，　H．－C．zur Loye，S．W．Keller，T．A．Faltens，W．K．Ham，

J．N．Michaels，and A．M．Stacy：Phys．Rev．Lett．59（1987）1236．

53　T．A．Faltens，W．K．Ham，S．W．Ke11er，K．J．Leary，J．N．Michaeis，

A．M．Stacy，　H．－C．zur Loye，D．M．Morris，T．W．Barbee，工工工，L．C・

Bourne，　M．L．Cohen，S．Hoen，and A．Zetti：Phys。Rev．Lett。58

（1987）1035．

54．P．W．Anderson：Phys．Rev．B　30（1984）1549．

55．Ⅴ．J．EInery：Synth．Met．13（1986）21．

56．D．J．Scaiapino，　E．Loh，Jr．，andJ．E．Hirsch：Phys．Rev．B　34

（1986）8190；35（1987）6694．

57．K．Miyake，S．Schmitt－Rink，and C．M．Varma：Phys．Rev．B　34（1986）

6554．

58．M．T．Beal－Monod，　C．Bourbonnais，and V．J．Emery：Phys．Rev。B　34

（1986）7716．

59．M．R．Norman：Phys．Rev．Lett．59（1987）232．

60．H．J．Schulz：Europhys．Lett．4（5）（1987）609．

61．P．W．Anderson：　Science　235（1987）1196．See also P．W．Anderson，

Mater Res．Bu11．8（1973）153．

62．P．W．Anderson，G．Baskaran，Z．Zou，and T．Hsu：Phys．Rev．Lett．

58（1987）2790．

63．S．Kivelson，D．Rokhsar，andJ．Sethna：Phys．Rev．B　35（1987）

8865．

64．H．Fukuyama and K．Yoshida：Jpn．J．Appl．Phys．26（1987）L371．

65．J．C．Scott，　H．J．Pedereen，and K．Bechgaard：Phys．Rev．Lett．45

（1980）2125．

一29－



66．W．M．Walsh，F．Wudl，G．A．Thomas，D．Nalewajek，J．J．Hauser，P・A・

Lee，and T．Poehier：Phys．Rev．Lett．45（1980）829・

67．H．Fukuyama and Y．Hasegawa：Physica B148（1987）204・

68．N．P．Ong，Z．Z．Wang，J．Clayhoid，J・M・Tarascon，L・H・Greene，and

W．R．McXnnon：Phys．Rev．B　35（1987）8807．

69．S．Uchida，H．Takagi，H．Ishii，H．Eisaki，T．Yabe，S・Tajima，and

S．Tanaka：Jpn．J．Appl．Phys．26（1987）L440．

70．T．Penney，M．W．Shafer，B．L．01sen，and T・S・Piaskett‥　Adv・

Ceramic．Mater　2（1987）577．

71．B．W．Ricketts，R．B．Roberts，R．Driver，and H・Ⅹ・Weish：Soiid

State Commun．64（1987）1287．

72．S．W．Tozer，A．W．Kleinsasser，T．Penney，D・Kaisen，and F・

Hoitzberg：Phys．Rev．Lett．59（1987）1768．

73．D．Vaknin，S．K．Sinha，D．E．Moncton，D．C．Johnston，J．Newsam，C・

R．Safinya，and H．King：Phys．Rev．Lett．58（1987）2802・

74．T．Freitoft，J．E．Fisher，G．Shirane，I）．E．Moncton，S．K．Sinha，

D．Vaknin，J．P．Remeika，A．S．Cooper，and D・Harshman：Phys・Rev・

B　36（1987）826．

75．B．X．Yang，S．Mitsuda，G．Shirane，Y．Yamaguchi，H．Yamauchi，and

Y．Syono：J．Phys．Soc．Jpn．56（1987）2283．

76．B．Reihl，T．Riesterer，J．G．Bednorz，and K．A．Mniier：Phys・Rev。

B　35（1987）8804．

76．T．Riesterer，J．G．Bednorz，K．A．Mtiller，and B．Reihl：Appl・

Phys．A　44（1987）81．

77．A．Fujimori，E．Takayama－Muromachi，Y．Uchida，and B．Okai：

Phys．Rev．B　35（1987）8814．

78．A．Fujimori，　E．Takayama－Muromachi，and Y．Uchida：Solid State

Commun．63（1987）857．

ー30－



79・A・　Bianconi，　A．C．Costeliano，M．De Santis，P．Deiogn，A．

Gargano，R．Giorgi：Soiid State Commun．63（1987）1135．

80・K．Yamaji：J．Phys．Soc．Jpn．51（1982）2787．

81・Y・Hasegawa and H．Fukuyama：J．Phys．Soc．Jpn．55（1986）3978．

82・K・Yamaji：Syn．Met．13（1986）29；J．Phys．Soc．Jpn．56（1987）1841．

83・F・C・Zhang and T．M．Rice：Phys．Rev．B　37（1988）3759．

84・H・Fukuyama，H．Matsukawa，and Y．Hasegawa：J．Phys．Soc．Jpn．58

（1989）364．

85・M・工mada and Y．Hatsugai：J．Phys．Soc．Jpn．58（1989）3752．

86・M・工mada：J．Phys．Soc．Jpn．57（1987）42；57（1988）2689．

87・J・E・Hirsch and H．Q．Lin：Phys．Rev．B　37（1988）5070．

88・H・Q・Lin，J．E．Hirsch，and D．J．Scalapino：Phys．Rev．B　37（1988）

7359．

89・M・Ogata and H・Shiba：J・Phys・Soc．Jpn．57（1988）3074．

90・M・工mada：J．Phys．Soc．Jpn．56（1987）3793；57（1988）3128．

91・Y・Hatsugai，M．工mada，and N．Nagaosa：J．Phys．Soc．Jpn．58（1989）

1347；　N・Nagaosa，Y．Hatsugai，and M．工mada：J．Phys．Soc．Jpn．58

（1989）978．

92・P・M・Grant：J．Phys．Colioq．44（1983）C3－847：Phys．Rev．B　26

（1982）6888．

93・G・Shirane，Y・Endoh，R．J．Birgenean，M．A．Kastuer，Y．Hidaka，

M・Oda，M．Suzuki，and T．Murakami：Phys．Rev．Lett．59（1987）

1613．

94・G・A・Kouroukiis，A・Jayaraman，W．Weber，J．P。Remeika，G．P．

Expinosa，A・S・Cooper，and R．G．Maines，Sr．：Phys．Rev。B　36

（1987）7218．

95・S・Chakuravarty，B・工・Halperin，and D．R．Nelson：Phys．Rev．Lett．

60（1988）1057．

ー31－



96．S．S．P．Parkin，E．M．Enngber，R．R．Schumaker，R．Lagier，Ⅴ・Y・Lee，

J．C．Scott，R．L．Greene：Phys．Rev．Lett．50（1983）270・

97．H．Shimahara and S．Takada：Jpn．J．Appi．Phys．26（1987）1674・

98．H．Shimahara and S．Takada：J．Phys．Soc．Jpn．57（1988）1044．

99．H．Shimahara：J．Phys．Soc．Jpn．58（1989）1735；in Proceeding of

the Physics and Chemistry of Organic Superconductors，edited

by G．　Saito and S．　Kagoshima　（Springer－Veriag，Berlin，

Heidelberg，New York，tO be pubiished）．

100．H．Shimahara，　S．Misawa，　and S．Takada：J．Phys．Soc．Jpn・58

（1989）801；J．Phys．Soc．Jpn．　58（1989）4168；Proceeding of the

Tsukuba Seminar on High T Superconductivity，edited by K・

Masuda，　T．Arai，工．工guchi，and R．Yoshizaki（Univ・Tsukuba，

Tsukuba，1989）　pp．73～78．

101．J．C．Slater：Phys．Rev．49（1936）537，931．

102．E．C．Stoner：Proc．Roy．Soc．A165（1938）372．

103．D．R．Penn：Phys．Rev．142（1966）350．

104．J．Hubbard：Proc．Roy．Soc．A276（1963）238．

105．J．Hubbard：Proc．Roy．Soc．A281（1964）401．

106．J．Hubbard：Proc．Roy．Soc．A277（1964）237．

107．A．Kawabata：Prog．Theor．Phys．48（1972）1793．

108．C．Mehrotra and K．S．Viswanathan：Solid State Commun．12（1973）

129．

109．M．C．Gutzwi11er：Phys．Rev．Lett．11（1963）159．

110．M．C．Gutzwiller：Phys．Rev．134（1964）A923．

111．M．C．Gutzwiller：Phys．Rev．137（1965）A1726．

112．W．F．Brinkman and T．M．Rice：Phys．Rev．B　2（1970）4302．

113．K．Kubo and M．Uchinami：Prog．Theor．Phys．54（1975）1289．

－32－



114．H．Yokoyama and H．Shiba：J．Phys．Soc．Jpn・56（1987）1490・3570・

3582．

115．H．Yokoyama and H．Shiba：J．Phys．Soc．Jpn．57（1988）2482・

116．C．Gros，R．Joynt，and T．M．Rice：Z．Phys．B　68（1987）425・

117．S．Doniach and S．Engelsberg：Phys．Rev．Lett．17（1966）750・

118．N．F．Berk andJ．R．Schrieffer：Phys．Rev．Lett．17（1966）433・

119．P．W．Anderson and W．F．Brinkman：Phys．Rev．Lett．30（1973）1108・

120．S．Nakajima：Prog．Theor．Phys．50（1973）1101・

121．T．Moriya：Phys．Rev．Lett．24（1970）1433．

122．T．Moriya and T．Kato：J．Phys．Soc．Jpn．31（1971）1016・

123．T．Moriya and A．Kawabata：J．Phys．Soc．Jpn．34（1973）639；35

（1973）669．

124．H．Hasegawa and T．Moriya：J．Phys．Soc．Jpn．36（1974）1542・

125．T．Moriya：J．Phys．Soc．Jpn．40（1976）933．

126．A．Kawabata：Solid State Commun．32（1979）893．

127．M．Takahashi：J．Phys．Soc．Jpn．51（1982）3475．

128．J．E．Hirsch：Phys．Rev．Lett．51（1983）1900．

129．J．E．Hirsch：Phys．Rev．B　31（1985）4403．

130．J．E．Hirsch：Phys，Rev．Lett．54（1985）1317．

131．J．E．Hirsch：Phys．Rev．B　35（1987）1851．

132．H．Q．Lin andJ．E．Hirsch：Phys．Rev．B　35（1987）3359．

133．S．Sorella，E．Tosatti，S．Baroni，R．Car，and M．Parrinello：

工nt．J．Mod．Phys．B l（1988）993．

134．S．Sorella，A．Parola，M．Parrinello，and E．Tosatti：Preprint・

135．R．R．dos Santos：Phys．Rev．B　39（1989）7259

136．E．Lieb and F．Wu：Phys．Rev．Lett．20（1968）1445．

137．E．Lieb and D．C．Mattis：Phys．Rev．125（1962）164．

138．C．N．Yang：Phys．Rev．Lett．19（1967）1312．

－33－



139．H．Shiba and P．A．Pincus：Phys．Rev．B　5（1972）1966・

140．H．Shiba：Prog．Theor．Phys．48（1972）2171；Phys．Rev・B　6（1972）

930．

141．M．Takahashi：Prog．Theor．Phys．47（1972）69．

142．J．Carmelo and D．Baeriswyl：Phys．Rev．B　37（1988）7541・

143．M．Ogata and H．Shiba：preprint．

144．J．Kanamori：Prog．Theor．Phys．30（1963）275．

145．K．K．Murata and S．Doniach：Phys．Rev．Lett．29（1972）285・

146．T．Moriya and Y．Takahashi：J．Phys．Soc．Jpn．45（1978）397・

147．M．Cyrot：Phys．Rev．Lett．25（1970）871；J．Phys．（Paris）33（1972）

125．

148．Y．Kakehashi and P．Fuide：Phys．Rev．B　32（1985）1595．

149．Y．Nagaoka：Phys．Rev．147（1966）392．

150．D．C．Mattis and R．E．Pefia：Phys．Rev．BlO（1974）1006．

151．H．Fukuyama and H．Ehrenreich：Phys．Rev．B　7（1973）3266．

152．K．Kubo and M．Tada：Prog．Theor．Phys．69（1983）1345；71（1984）

479．

153．K．Kubo and M．Tada：J．Mag．Mag．Mat．31（1983）327．

154．K．Kubo：Prog．Theor．Phys．Suppi．No．69（1980）290．

155．K．Kubo：Prog．Theor．Phys．64（1980）758．

156．S．A．Trugman：Phys．Rev．B　37（1988）1597．

157．C．L．Kane，P．A．Lee，and N．Read：Phys．Rev．B　39（1989）6880・

158．T．Kennedy，E．H．Lieb，and B．S．Shastry：J．Stat．Phys．53（1988）

1019．

159．G．S．Rushbrooke，　G．A．Baker，Jr．，and P．J．Wood：in Phase Tran－

Sitions and Critlcal Phenomena，edited by C．Domb and M．S．

Green（Academic，New York），p．245．

ー34－



160．J．Oitmaa and D．D．Betts：Can．J．Phys．56（1978）897；D・D・Betts

andJ．Oitmaa：Phys．Lett．A　62（（1977）277．

161．J．D．Reger and A．P．Young：Phys．Rev．B　37（1988）5978・

162．P．W．Anderson：Phys．Rev．86（1952）694；R．Kubo：Phys・Rev・87

（1952）568；R．B．Stimchcombe：J．Phys．C　4（1974）789．

163．D．A．Huse：Phys．Rev．B　37（1988）2380．

164．L．Huithen：Arkiv．Mat．Astron．Fysik．26A No．11，（1938）・

165．S．Liang，B．Doucot，and P．W．Anderson：Phys．Rev．Lett・61（1988）

365．

166．D．A．Huse and V．EIser：Phys．Rev．Lett．60（1988）2531．

167．J．Bardeen，L．N．Cooper，andJ．R．Schrieffer：Phys・Rev・108

（1957）1175．

168．B．T．Matthias and R．M．Bozorth：Phys．Rev．100（1958）604．

169．B．T．Matthias，A．M．Clogston，H．J．Wiiliams，E・Corenzwit，and

R．C．Sherwood：Phys．Rev．Lett．7（1961）7．

170．J．H．van Vieck：Rev．Mod．Phys．25（1953）220．

171．W．Kohn andJ．M．Luttinger：Phys．Rev．Lett．15（1965）524・

172．C．Bourbonnais and L．G．Caron：Europhys．Lett．5（3）（1988）209・

173．N．E．Bickers，　D．J．Scalapino，and R．T．Scalettar：Znt．J。Mod・

Phys．B l（1987）678．

174．K．Yonemitsu：Submitted to J．Phys．Soc．Jpn．

175．N．E．Bickers，　D．J．Scalapino，and S．R．White：Phys．Rev．Lett．62

（1989）961．

176．N．E．Bickers and D．J．Scaiapino：Ann．Phys．193（1989）206・

177．K．Miyake，T．Matuura，K．Sano，and Y．Nagaoka：Physica148B

（1987）381；J．Phys．Soc．Jpn．57（1988）722．

178．K．Yonemitsu：Preprint．

179．X．Yamaji：Submitted toJ．Phys．Soc．Jpn．

一35－



180．R．B．Laughlin：Science　242（1988）525．

181．P．W．Anderson：in Frontiers and Borderlinesin Many Particle

Physics，　edited by R．Schrieffer and R．A．Broglia（North－

Holland，Amsterdam，tO be published）．

182．X．G．Wen，F．Wilczek，and A．Zee：Phys．Rev．B　39（1989）11413．

183．J．Solyom：Adv．Phys．28（1979）201．

－36－



Chapter　2．

Spin－Density－Wave and Superconductivity

in quasi－Two－Di皿enSional Electron Systems

工n this chapter，　We Study quasi－tWO－dimensionai electron

SyStemS With local interactions．　工n particular we examine an

interplay between SDW and superconductivity in weak coupiing

Hubbard model on a square iattice by means of a perturbation

theory．　工n the weak coupiing regime，　SPin－fiuctuations

Strengthened by the Fermi－Surface nesting may enhance a d－WaVe

SuPerCOnductivity as mentionedin chapter L

We obtain the phase diagram of the normai，the SDW and

the superconducting phase，in which superconductivity occurs near

the SDW boundary・The superconducting transition temperature（Tc）

is found to be remarkabiy suppressed by the the electron self－

energy and to be sensitive to the band parameters due to the

Fermi－Surface nesting and the presence of the van Hove sin一

guiarity as weii as to the band filiingness and the strength of

the Cou10mbinteraction・As a consequence Tcis enhanced by the

next－neareSt－neighbour hoppingintegral．We discuss the reiation

between the present theory and the high－T superconductors．

Moreover we also study the specific features of the quasi－tWO－

dimensional band structures of the systems withoutinteractions

and with iocal attractive interactions．
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§2．1工ntroduction

copper oxide superconductors，discovered recently，1－6）have

remarkably high transition temperatures（Tc）and severai charac－

teristic features7－100）suchas the smailisotope effects，7－10）

the quasi－tWO－dimensional　（quasi－2D）motion of conduction elec－

trons，11－17）the existence of amagnetic orderin their fami－

iies，18－29）and others．Their origin have not been ciarified

theoretically yet，　aithough much work has been devoted to this

problem．101）工tis beiieved，however，，that some eiectronic mecha－

nism such as an antiferromagnetic　（AF）interaction would be

responsibie for the pairing mechanism．Thus，the superconduc－

tivityin repuisive systems has attracted a currentinterest，and

the quasi－2D Hubbard modei has been studiedin two different

WayS，　thatis，the stronginteraction theory based on theloca1－

ized electron picture and the perturbation theory of the

itinerant electrons．

The first picture is supported by the experiments of the

AFmomentinLa－Ba－Cu－O family，19－24）andby the Ha11coefficient

measurement．30－39）The resonatingvalence bond（RVB），Whichwas

first proposedbyAndersonlO2）and has been studied extensiveiy，1

03－106）
is based on this picture．

On the other hand theitinerant electron pictures are sup－

ported by the experiments which show the temperature dependence

Of the susceptibility iike that in the Pauli－

paramagnetism，18・40－46）and themetallic resistivity．33－36・47－50）

The values of the density of states whichis estimated from the

susceptibilities42－46）and the specific heats68－77）are roughly
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consistent to the band caiculations，11－17）aithoughthey are much

larger than that predicted by the photo emission spectr0－

scopies．59－65）From this view－POint，SuPerCOnductivity was

investigated for heavy femionsystemsbyScalapino et al。107）

and Miyake et a1．，108）inperturbative approachon the basis of

the three－dimensionai Hubbard modei，in which they showed that AF

Spin－fluctuations enhance the d－WaVe SuPerCOnductivity．

However，　SuCh perturbative approaches depend on some ap－

proximations such as a random phase approximation（RPA），the

Validity of whichis not assured．Moreover the eiectron systems

in the oxides would bein theintermediate region between the

iocalized and the itinerant pictures．Then，mOre direct treat－

ments have been proposed to examine the existence of the

SuperCOnductivityin repulsive systems．

One of them is quantum simuiations by　工mada et

a1．109・110）They calculated apairing susceptibiiity and showed

that it may be difficuit for superconductivity to appearin the

Hubbard modei on a squareiattice with only nearest neighbour

（n．n．）hopping，Whileitis enhanced by the Couiomb repulsionsin

the extended Hubbard model on the CuO iattice plane，Whichis

more realistic to the recent oxides．　Furthermore，　an eXaCt

diagonalization in the present modei was studied by Lin，Hirsch，

and Scalapino．111）They also conjectured the absence of the

SuperCOnductivityin the　2D Hubbard model．

These results are fuil of suggestions to clarify the

mechanism of the high－Tc superconductivity・but they have an

inevitable limitation on the system size．工n particular，in the
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diagonalization methods，the systemis too small to callit two－

dimensional system．Hence they do not exclude the possibiiity of

the superconductivity originating from the repulsiveinteractions

in　2D Hubbar・d model．Thus we complement their results from the

Side of a perturbation theoryin this chapter．

Another important aspect of this probiemis competition and

interplay between superconductivity and antiferromagnetism．The

experiments for La－Ba－Cu－O system exhibit the possibility of the

following two types of the phase diagrams on the plane of tem－

perature and hole concentration．This kind of phase diagram was

obtained first by measurements of the susceptibility，18）which

Showed that the superconducting phase does not touch the antifer－

romagnetic phase．However，an reCent NQR experiment27）have shown

that the AF phase extends close to the superconducting phase．

Further for Y－Ba－Cu－O system，antiferromagnetism was observedin

JJ＋sR experiments by N．Nishida et al．28）These experiments give

rise to the problem on theinterplay between antiferromagnetism

and superconductivity and the possibility of the superconduc－

tivity enhanced by the AF spin－fluctuations．工n this context，We

think thatitisimportant to clarify the effect of next－neareSt－

neighbour（n．n．n．）hopping on superconductivity，Since the n．n．n．

hopping acts as a frustration to antiferromagnetism．

On the other hand，　the two－dimensional band structureis

also one of the most important characteristics of the recent

OXides．　エー　is usually considered that the conduction bandis an

anti－bonding band formed by Cu－d一〇rbitals and O－p一〇rbitals on the

CuO2plane・11－17）Thisgivesthetwospecificfeaturesinconnec－

tion wlth the probiem of thelnterpiay mentioned above．One of
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this is the iogarithmic enhancement of the state density so－

Called van Hove singularity．Several band calculations for the

StOichiometric La－Ba－Cu－O system shows that the van Hove sin－

guiarity exists near or at theFemi－energy．11・12）工n this case，

Various quantities aiso exhibit thelogarithmic enhancement for

iow temperatures，andTis．also enhanced，112－114）due to the van

Hove singularities．Another specific featureis the Fermi－Surface

nesting，　Which ieads to the strong fluctuations and the Fermi－

Surface instability．　Effects of those specific features on

physical properties are sensitive to band parameters and band

fiilingness．

工n this chapter，We Study the spin－fiuctuation mechanism of

SuperCOnductivity by means of a perturbation theoryin the　2D

Hubbard modei：

1号j，轟C‡轟・U至niれβ・

and examine

Situation is

Single－band

Centrate Our

SyStem，　that

Singularity．

（2．1．1）

the interplay with the SDW．Aithough the realistic

more complicated，　We reStrict ourseives to the

Hubbard model for simplicity．工n particular we con－

attention on the characteristics of the present　2D

is，　the Fermi－Surface nesting and the van Hove

Next we briefly study the extended Hubbard model on

a CuO2　Piane，aCCOrding to the suggestion

109，115，116）
that the

CuO structure may enhance superconductivity．

工n　§2．2，　the specific features of quasi－2D band structure

are examined for non－interacting electron systemS．工n　§2．3，We

Study the SI）W transition of the quasi－2D systems with only n・n・
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hopping and that with n．n．and n．n．n．hopping．We also study an

effect of orthorhombic distortion oflattice．工n　§2．4，the super－

condutivity induced bylocalinteractions and specific features

due to the van Hove singularities are examined．工n　§2．5，We Study

the superconductivity mediated by spin－fluctuations，andin§2．6

We show the phase diagrams for various cases．工n　§2．7，We briefiy

examine the same mechanism for the extended Hubbard modei．The

iast section is devoted to summary and discussion．This chapter

COntains the studies in our papers of ref・117　andl18　and un－

published results．
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§2．2　Noninteracting Electrons on a Square Lattice

工n this section，　We eXamine the noninteracting electron

SyStem On a Squarelattice．The dispersion relation of the tight

binding eiectron with n．n．and n．n．n．hoppingis writen as

e（；）＝－t（cos（kx）・COS（ky））－Bcos（kx）cos（ky）一・P・（2・2・1）

Here e（；）has saddle points at妥＝iv＝（0，土n）・（iq・0）inenergy－

momentum space，Whichlead toiogarithmic van Hove singularity of

the density of states（DOS）at the energy e（這V）＝8－LL・and

if tl＝6，　SuCh singularity occurs at the Fermi－energy・工n par－

ticuiar，if JJ＝8＝0，COmPiete nesting of the Fermi－Surface occurs

Thedynamicaisusceptibiiityx。（最）iswrittenintheform：

Xo（沌＝÷妄 ∴（浩志f悪㌣訂・（亭・2・2）

wheref（e）：（eBe・1）‾1・㌔（最）haspeaksatanestingvectorq＝qm。

工n particuiar，in the half fiiled case（FL＝B＝0），the nestingis

perfect and　言m＝壱＝（i7F，土K）・In the caseofpiOand／OrBiO，the

totai electron density deviates froml（the haif fiiiing）and

thenqmshiftsfrom壱（Fig・2・1and2・2）・

工n the case of B＝0，the DOSis given by

β（e）

冗2　t
K（（1－（C／2t）2）l／2），
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With the K function，i．e．a compiete eilipticintegral of the

first kind，Which shows thelogarithmic behaviour near e＝0：

p（C）
1　　，　　8　t

冗2　t

（2．2．4）

Using these expressions，the free susceptibiiity can be obtained

for severai cases．　For fL＝8＝0，10garithmic van Hove singularity

at the Fermi－Surface and the perfect nesting occur simul－

taneousiy，and then susceptibiiities are obtained anaiyticaliy as

follows：

X。（0・0＋）＝

X。（0・壱）＝ 加2t

1n（豊丘÷），
16eT t

冗　　　　T ）・C。，

（2．2．5）

（2．2。6）

With Co＝　一0・0166・Whichis obtained by a simple numericaiin－

tegral　（see　§2．4）．These expressions are very accurate as shown

in Fig・2・3　and Fig・2・4・Thislogarithmic behaviour of㌔（0・0＋）

and the squarelogarithmicbehaviourofx。（0月）areduetothe

Van Hove singularities in the two dimensional tight－binding

eiectron systems．　Furthermore for　2t＞＞FL＞＞T in which the band

fiiiingness deviate from half－filiing，　SuSCeptibilities are

Obtained bylow temperature expansion：

X。（0・0＋）＝

X。（0，弓）＝

冗2t
1n（一㌢）・宜（÷）2・…・（2・2。7）

1n2（ヂ）－
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1　　、　′　8et
＋

3t　　‾‘‾」■▲ヽ　〃 ）（÷）2 ＋　■●　●． （2．2．8）

At the ground state，SuSCeptibilitiesis related to the density

Of states as foiiows：

x。（0・0＋）＝両）＝－⊥K（（1－（〃′2t）2）1／2）・
冗2　t

X。（0月）＝ J…㍍（1－購t）2）1′2）÷，

（2．2．9）

（2．2．10）

The temperaturedependencesof㌔（0，0・）and㌔（0月）areobtained

numericaliy for variousIJ and B values and shownin Fig・2・3　and

Fig．2．4，reSPeCtiveiy．エーis found that thelogarithmic behaviour

ofx。（0・0・）andx。（0月）arerapidlysuppressedwithincreasingor

decreasing p rand B・and the susceptibilityX。（0・0＋）becomes to

have Pauli－paramagnetic form as expected．

工n addition，We Will briefiy mention about the specific heat

Cvin this system・At sufficientiyiow temperatures・the foliow－

ing expressions are obtained by the expansionin T／t for FL＝B＝0，

C　三景1nV

3．999　t

T　　　’

and by the expansionin T／JJ for jL＞＞T，

C　＝告1nV

（2．2．11）

（2．2．12）

The specific heat also shows theiogarithmic behaviour as weil as

the susceptibilityx。（0・0・）・

As found in the results obtained above，eVenin the non－

interacting system，　the　　2D tight binding model shows
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Characteristic behaviours of the susceptibilities and the

SpeCific heat which are enhanced due to the presence of van Hove

Singuiarities．　Such properties of the present system may relate

to the unusual behaviour of the susceptibiiity and the eiectricai

resistivity，　Which changes from semiconductoriike to metaliic

like，by siight dopingin（Lal－XBax）2CuO4・
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kx／打
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Fig．2．1．

Fermi－Surfaces．

（a）6＝〃＝0，

（b）8／t＝〟／t＝0．3，

（C）6／t＝0．3，〃／t＝0，

（d）∂／t＝0．3，〃／t＝0．2．

Fig．2．2．The eiectron

numbers per site n．

（a）8＝－0．2t，

（b）8三一0．1t，

（e）6＝0，

（d）8＝0．1t，

（e）6＝0．2t．
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T／†

Flg・2・3・The susceptlbllltyx。（0・0＋）・（a）p＝0・∂＝0：The

SOlid iineis glven by eq・（2・3．4）and the dots express

the numerical results・（b）The brokenline express the

numerical results for FL＝0，6＝0●2t and for fL＝－0．2t，

6＝0・These two cases glve almost same values of

X。（0・0＋）・
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0．00　　0．02　　0．04　　0．06　　0．08　　0．10

T／†

Fig・2・4・The susceptlbillty㌔（0・壱）・（a）p＝0・8＝0：The

SOlid llneis given by eq．（2．3．5）and the dots express

the numerical results．（b）FL＝0，8＝0．2t．（C）JJ＝－0．2t，

6＝0．
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§2．3　Spin－Density－Yave

工n this section，We Study the SDW transition．The antifer－

romagnetic susceptibility diverges at a temperature，thatis，an

SDW transition temperature TsDW・if the repuisiveinteractionis

Sufficientiy strong．　Within an RPA，the SI）W transition tempera－

tureis given by the equation：

1＝UX。（0・㌔）・ （2．3。1）

Where qmisthemomentumatwhichx。（0，；m）takesmaximumvalue・

工n particuiar，for p：8：0，Where　ざm＝壱＝（iK，土W）・WeCaneaSily

Obtain TsDW aS

TsDW

16　e

冗

γ

texp（－J．7万（÷－C。）1／2），　（2．3・2）

from eqs・（2・2．6）and（2．3．1）．This expression gives the maximum

Value of TsDW for given U・Sincein this case（J｝＝8：0）the Fermi

Surfaceis perfectly nesting．Moreover，aSincreasing or decreas－

ing p　and S・the TsDW decreases rapidly as shownin Fig・2・5，

While the peak of the TsDW Shifts atJl芸B due to the vanHove

Singularities．

On the other hand・the TsDWis slightly affectedby the

Orthorhombic distortion，Which changes the electron dispersion as

e（；）＝－tl（cos（kx）・COS（ky））－t2（cos（kx）－COS（ky））－P。（2・3．3）
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We exhibit the SDW transition temperature for the orthorhombic

iatticein Fig．2．6．

Next，We Caiculate an SDW gap M，Whichis given by

tanhj－（；）－D（言上．tanh■－ヽ　　　　　【

M＝　U∑

妄

E（勘　＋D（勘
2　T　　　　　■　、′t一■▲▲▲▲　　　　　2　T

4E（妄）

with E（妄）
t2（cos（kx）・COS（ky））2・M2・

and D（；）：8cos（kx）cos（ky）・fL・

M，　　（2．3．4）

Within the Hartree－Fock approximation．Theinteraction strength

dependence of the gap M and the corresponding magnetic moment　2S

for FL＝8＝O and T＝O are shownin Fig．2．7　and Fig．2．8，reSpeCtively．

For exampie，it is found thatif the band width　4t＝20000K and

TsDW＝250K・then U芸0・73t and2S⊆0・24JLB at T＝0・Whichis rather

iarge vaiue because of the van Hove singuiarity．
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0．0　　　　0．1 0．2　　　　0．3　　　0．4

甘ハ

Fig・2・5．SDW transition temperature for U＝0．7t．（a）8＝0，

（b）6＝0．3t．

0．3　　0．4　　0．5　　0．6

匹／I

Fig・2．6．　SDW transltion temperature in orthorhombic

CaSe・（a）U＝1・2tl・t2＝0・（b）UZl・2tl・t2＝0．1tl・（C）

U…1・Otl・七三0・（d）U＝1・Otl・t＝0・05t・2　　　　　　　　　　　　　　　　　　　2　　　　　　1
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0．0　0．2　0．4　0．6　0．81．0　1．2　1．41．6

U／l

Fig．2．7．The SDW gapin a mean fieid theory．

0．0　0．2　0．4　0．6　0．8　1．0　1．2　14　1．6

U／l

Fig・2・8・（a）The magnetic‥mOment（2S）given by the．SI）W

gap M・（b）The band width（4t）with fixed TsDW＝250K・
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§2・4Superconductivity工nduced by Local Attractive工nteraction

Before studying the spin－fluctuation exchange modei we

examine a simplified model for this mechanismin connection with

the iocal nature of the interactions and the van Hove sin一

gularities in　2D systems．エー　has been often pointed out that the

logarithmic enhancement of the DOS near the Fermi－1evel wiii

enhance the superc。nductivityt12～114）Here we dem。nStrate the

SPeCific features arising from such characteristics of the DOSin

detail．

We study an effective Hamiitonianin this section，Which

describes tight十binding electron system with hopping andiocai

interactions：

H＝1号j，。tijCi：cj6－〃

・＋．∑（rS（言1－言j）
1，j

T
ム
・
⊥

n．
1

l

）
．
「
J

n●

・
ュ

n
）

．
「
J

↓
r・

⊥

↓
r

′
t

n
r＋

．
ヽ
」
V

↓
d

●

・
ュ

↓
d （2。4．1）

Whereiand j denotelatticesites，andd；：。亨。有言d・Cid▼and

ni：EcLCi。is an　α（＝Ⅹ，y，Z）’component of the spin operator and

the density operator at site i，reSpeCtiveiy．Here rS and rn

denotes the spin and chargeinteractions，reSpeCtively，and for

example we can adopt the spin and charge fiuctuations to them，

Which exchange interaction are studiedin the next sectionin

details・Apart from this，We Caninclude the phonon mediated

interaction in our effective Hamiitonian．工n this section，We do

not study nestinginstabilities．
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At first we consider the tetragonal case and assume the n・n・

and n．n．n．　transfers and rewrite the Hamiltonian（2．4．1）in a

Bioch representation：

H＝；e（緑這：C憲。k，d
1

＋「示「‾ ∑（rS（言）言（盲）・言卜言）＋rn（言）n（言）・n（一言）），　　（2．4．2）

C（i）：－t（cos（kx）・COS（ky））－Scos（kx）cos（ky）－JL・（2・4・3）

ra（盲）＝　∑ra（n・m）cos（nqx）cos（mqy）（a＝S・n）・（2・4・4）
n，m

Here we take theiattice constant as unity．

工n theladder approximation，the superconducting transition

T is glVen by：
C

tanh

最）＝÷夏，r郎▼）

e（妄・）
2T

C
A（這▼）， （2．4．5）

where r（；，妄一）＝2rS（宝．宝1）．rS（妄一芸I）一rn（妄一芸1）．

Here we neglect theinteractions except the on－Site and the

n．n．interactions，and thus we obtain from eq．（2．4．4）

r（k・k’）＝一百・TS（cos（kx）・COS（ky））（cos（k妄）・COS（k；））十

・rd（cos（kx）－COS（ky））（cos（k去）－COS（k；））

・TP（sin（kx）sin（k妄）・Sin（ky）sin（k；））・（2・4・6）

where　訂（＝rn（0，0）＋rS（0，0））is the on－Site Coulombinteraction

renormalized by the fluctuations，and TS，Tpand Td，are neareSt

neighbourinteractions for s，P，and d－WaVe pairing：
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S d

T　＝　丁　＝3rS（1，0）－rn（1，0），

Tpニー2rS（1，0）－2rn（1，0）．

The expressions for TS，Td，and Tp tellus that the antiferromag－

netic interaction（rS（1，0）＞0）leads to singiet pairings（s and

d），Whiie the ferromagneticinteraction

（rS（1，0）＜0）yields p－WaVe Pairings．

Corresponding these signs，We Can aSSume the three types of

Pairing，thatis

（1）d－WaVe pairingfor Td＜O

A（妄）＝△（cos（kx）－COS（ky））

（2）p－WaVe pairing for T　＜O

A（妄）＝Asin（kx）

（3）S－WaVe pairing for U＜O

A（封＝△

（2．4．7）

（2．4．8）

（2．4．9）

This last case seems to beimpossibie at first giance，because

generaiiy the Couiomb repuision wiil be strong enough to overcome

Other attractive interaction between two eiectrons on the same

Site．　However，in the real materiai，the site means theiattice

Site which may extend in reai space enough for electrons to

Shield the Cou10mbinteractions．工n addition，Strictly speaking，

the n．n．S－WaVeis contribute to eq．（2．4．9），but such correction

is very small since the n．n．　S－WaVe Vanishes on the Fermi－

Surface．
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2．4．1Behaviour of the transition temperatures

The equations for T are solved numerically for B＝0，0．1，

0・2，　0．3　and variousJJ aSSuming d and s－WaVe pairing separately．

（Fig．2．9　and　2．10．）For the d－WaVe pairing，the T shows a sharp

maximum atJL＝B where the van Hove singularities are on the Fermi－

1evel．　エー　is remarkable that T with’different B exhibit almost

the same behaviour except the translation byJL－B and slight

deviation of the maxlmum Value．　工n fact，　We have

Tc＝0・0175t土0・0003t for FL＝B＝0・　and Tc＝0・0182t土0・0003t for

JJ＝6＝0・3t，　although the number of electrons per site n＝l for the

former case，　and n＝1．2　for the later case．Hence we have the

apprOXimate relatlon Tc（FL・6）⊆Tc（FL－B・0）as a functlon of〃and a

if Bis not toolarge（8＜0．3t）．
′ヽ′

For negative U and s－WaVe pairing，the T have the similar

natures，although the widths of the peaks are more broad．

These behaviours arein contrast to that of SDW transition

temperatures，for which the Fermi－Surface nestingis essentiai．
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Fig．2．9．JL dependence

Of Tein the d－WaVe

pairing case for Td＝

t／4：（a）6／七三0，（b）

6／七三0．1，（C）∂／t＝0．2，

（d）　8／t＝0．3．These

graphs almost coin－

cide with each other

if one transiates

ご0．6－0．4－0．2　0．0　0．2　0．4　0．6　0．81．0　eacb graph by6．

〝／†

ズエ0
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一三

0．0
－0．1－0．2　0．0　0．2　0．1　0．6　0．さ
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Fig．2．10．　FL depen－

dence of Tc of the s－

WaVe pairing case for

苛＝t／2：（a）∂／t＝0，（b）

6／t三0．1，（C）8／t＝0．2，

（d）6／t王0．3．



2．4．2　Analytic expressions of the transition temperatures

Now we derivate the anaiytic expressions of T for FL＝B＝0，

Which are approximateiy appiicable forJL＝8≠O from the reiation

mentioned above．

As an exampie of the derivations，Weinvestigate the d－WaVe

pairing case．Eq．（2．4．5）can be writtenin the form：

dx p（Ⅹ）

tanb（＋Ⅹ）
C

Ⅹ

（1－（y／2＋Ⅹ）2）（1－（y／2－Ⅹ）2）

（2．4．9）

，（2．4．10）

Where y＝COS（kx）－COS（ky）andx＝（cos（kx）・COS（ky））／2・Nowwe divide

the range of theintegral of eq．（2．4．9）into two regions，that

is・0≦Ⅹ≦Xc and xc≦x≦1・Where we haveintroduced a cut xc which

Satisfies Tc／tくくⅩくく1and will be determinedlater・For the

integration of O≦Ⅹ≦Ⅹ　くく1，the DOS p（Ⅹ）can be approximated as
C

p（Ⅹ）＝41n（÷（÷）2）・　　　　　　　（2・4・11）

neglecting the order of x21m（1／Ⅹ），the contribution of which

Vanishesin thelimit T⇒0．Thus eq．（2．4．9）is rewritten as：
C

冗2　t
（1m2（手）・冗2C），

C

where tI＝16eT－2t／7r＝1．2276twithT；0．57721，and
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冗2C＝［－1n2（4／e2Xc）－1n2（4eT′冗）

＋ dxln2Ⅹ

0 ch2Ⅹ

tanh
t x

】．　（2．4．13）

工n theintegral of thelast term・We Can Set tanh（tx／Tc）芸1uniess

Xc is too smail・anditis found that Cis nearly constant for

Varying xc・Therefore we set xc＝0・08・Which gives the numerical

result C芸0．169，and finally we obtain the analytical expression：

t㌦一万（嘉一C）1′2 （2．4．14）

In particular for weakcoupiing2Td／tくく1／C芸5・917，Tcissimpiy

given by

一万（J了）1／2

T＿＝了e‘’、2Td （2．4．15）

The results eqs・（2・4・14）and（2・4・15）tell us that Tcis

remarkably enhanced by the van Hove singularity and the usual BCS

formula of T does not workin the case where the Fermi－1evei is

at or in the vicinity of the van Hove singuiarity．工n Fig．2．11，

the numerical results of T are shown as well as those given by

eqs・（2・4・14）　and　（2．4．15）．　エーis found that the curve given by

eq・（2・4．14）　agrees very weii with the numericai result over the

whole region of Tdwhile that givenby eq．（2．4．15）Couldnot be

used except very small Td．

Along the similar way，We Can Obtain the formuia for s－WaVe

CaSe：
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Tc：t鷺e一万（一子舟・Cs）1′2， （2．4．16）

with t■＝16eTt／が9．0709tand C…0．0332，Which has an unusual f。rm

as weil as that of d－WaVe CaSe．On the other hand，for p－WaVe

CaSe，We Obtain a BCS－1ike formuia：

t」王exp（－
7r

With C　三一0．610．
p

冗2t

4Tp ＋Cp），
（2．4．17）

The accuracy of eq．（2．4．16）and eq．（2．4．17）is seenin Fig．2．12

and Fig．2．13　respectively．

2．4．3　0rthorhombic distortion

An orthorhombic distortion wiil change the eiectron disper－

Sion as eq・（2．3．3）．　工n this case two saddie points of the

dispersion are on the Fermi－Surface atJL＝土2t．Thus，aS Shownin

Fig・2・14・Tc has onemaximunforTc＞＞t2andas t2increasesit

becomes to take two maxima，the vaiue of which decreases with

increasing B．

As was shown above，the behaviour of the superconductivity

is quite different from ordinary one，because of the van Hove

Singuiarities，　and our resuit aiso shows that the electrons near

the saddle point of the electron dispersionis dominantin the

SuperCOnductivity．
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Fig・2・11・d－WaVe CaSe；TcversusTd・Thepoints・iine

and brokeniine express，numericai resuit．those given

by eq．（2．4．14）and（2．4．15）respectively．
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sus TP．The points

andline express，nu－

merical result and

that given by eq．
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Fig・2・14・Tc oforthorhombiccasesforTd＝t′4：（a）r≡

t2／tl＝0・（b）r＝0・Ol・（C）r＝0・02・（d）r＝0・05・Theinsect

Shows fine peak structures：（a）r＝0，（b）r＝0．01，（C）r＝

0．02，（d）r＝0．03，（e）r＝0．04．
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§2．5　Superconductivity Mediated by Spin－Fluctuations

As was discussedin　§2．1，the exchange of the spin－fluctua一

七ions gives attractiveinteractions between electrons andleads

to the superconductivity．　Here we study this mechanisms on the

basis of　2D Hubbard modei．Since this kind of electronic interac－

tion has strong coupiing nature and does not have a smali cutoff

in energy space such as a phonon exchangeinteraction，Static

approximation and averaging on the Fermi－Surfaceis not appropri－

ate especially for finite temperatures．Thus we do not approxi．

mate on the frequency dependence of the pairing and takeinto

account the renormalization effect through the self energy．

F。11。Wing Scalapin。et all07）we treat the spin－and charge－

fiuctuations in RPA，Whose diagrams are drawnin Fig．2．15．Thus

the effective vertices for anti－parallel and parailei spins are

givenin the foiiowing：

rα虐（k，k－q）＝U＋

1
＋　　‾　　　‾‾‾

2

U2x。（k・k▼・q）

1　－　U X

U2x。（k－k・）

1　－　U x

r“（k・k’q）＝

1

2

U2x。（k－k▼）

1　＋　U X

1

2

U2x。（k－k▼）

1　＋　U x

3

2

U2x。（k－k－）

1　－　U X k－k’

（2．5．1）

（2．5．2）

With d＝α　Or B・Wherekdenotes（音・hn）・Thefirsttermineq・

（2・5．1）is the on－Site Coulomb repulsion，and the fourth termin
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eq．（2．5．1）　and the first termin eq．（2．5．2）describe the charge

fluctuations，　and the second and third termsin eq．（2．5．1）and

the second termin eq．（2．5．2）describe the spin－fluctuations・We

regard this set of diagrams as a boson propagator，and discuss

the superconductivity mediated by these bosons．

The eiectron Green－s functions are expressed as

Gk＝（ion－e（i）－＝（k））－1，
（2．5．3）

Where　∑（k）is the electron self－energy．We take thelowest dia－

gram for the self－energyin this electron－boson system as shown

in Fig．2．16．Then，reSulting self－COnSistent equationis

∑（k）＝一夏，rαa（k，k’）Gk一－霊，U2xo（k－k’）G芸‥　（2・5・4）

where k＝（這，iむ）and　∑…　N‾1∑T∑，andG芸一isthebareelectron

k’　　貢・n’

Green▼s function．　Here the second termis added to cancel the

double counting contribution of the first term．

Now，　We introduce the two－Particle vertex r for singlet

Pairingin aladder approximation whichis shownin Fig．2．17：

raB（k・k’・q）‾芝，，rαB（k・k’’・q）Gk▼・・qG－k・▼r（k’’・k’・q）・（2・5・5）

The approximations for the two－Particle vertex and the seif－

energies are consistent with each other in a diagramatic

formuiation of eiectron－boson systems．Then，the superconducting
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transition temperature is given by the condition for the first

appearance of the nontrivial solution of A（k），Satisfying

A（k）＝－…rαB（k・k’・0）G－k・Gk▼ム（k’）・

i・e・det（Bkk・＋raB（k・k一，0）G－k・Gk・）＝0・

（2．5．6）

（2．5．7）

The intei・aCtion given in eqs．（2．5．1）and（2．5．2）rapidiy

WOuid decay in the real space，because the anti－Paraliel and

paraliei correlation alternateiy appear and cancei out by averag－

ing over the direction in the present squareiattice system・

Hence，We eXpand eqs．（2．5．1）and（2．5．2）up to the n・n・n・，aS

rα点（k・k・，0）＝弓0）（iOn・川n▼）

・Til）（ion，iOn・）（cos（kx）cos（k妄）・COS（ky）cos（k；））

・γ皇1）（iun・ion・）（sin（kx）sin（k妄）・Sin（ky）sin（k；））

・ri2）（iOn・iun・）（cos（kx）cos（ky）cos（k妄）cos（k；）

＋Sin（kx）sin（ky）sin（k妄）sin（k；））

・γ皇2）（ion・1un▼）（sin（kx）cos（ky）sin（k妄）cos（k；）

＋COS（kx）sin（ky）cos（k去）＿Sin（k；））・
（2．5．8）

rdd（k・0，q）＝T（0）（iun）＋γ（1）（ion）（cos（kx）＋COS（ky））

＋γ（2）（ion）cos（kx）cos（ky）・（2・5・9）

From eqs．（2．5．9）　and　（2．5．4），　the self－energy Can be

Simiiarly expandedin the momentum space：

＝（k）＝ごく0）（ion）＋＝（1）（iun）（cos（kx）＋COS（ky））

・＝（2）（iun）cos（kx）cos（ky）・

－67－
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whereE（0）（ion）・＝（1）（iun）・andE（2）（ion）aregivenbyeq・（2・5・4）

being mixed with each other．Moreover we neglect the symnetric

For two electrons with anti－parallelspins，TiO），Ti2），

γ皇2）・and T皇1）arerepulsive，andTil）isattractiverefiecting

the antiferromagnetic correlation in the present system．This

COrrelationieads to the n．n．singiet pairing，eSPeCially n．n．d－

pairing，　　Which is most enhanced by the van Hove

singularity‡12～114）strictly speaking，then．n．d－pairingm。deis

necessarily mixed with the other pairing mode of the same sym－

metry，　by the terms neglected in eq．（2．5．7）．　However，　the

numerical calculation shows that the next order corrections are

negligibiy small，　aS eXpeCted．Hence，We Can reWrite eq．（2．5．7）

into

det（8nn・・γ王1）（iun，iOn▼）W（iun．））＝0，

弓1）（1㌔，1㌔，）…
●

T
ム
↓
k

（2．5．11）

raB（（hun）・（古・ion・）・0）・（cos（kx）・COS（ky））・（2・5・12）

T
ム
⇒
k

－1
珊

）
●
▼
n

U・
⊥

（
W

G－kGk・（cos（kx卜cos（ky））2 （2．5．13）

Thus the problem reduces to eqs．（2．5．4）and（2．5．11）with

eqs・（2・5・9），（2．5．10），（2．5．12），and（2．5．13）．
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Fig・2・15・The effective vertices rdd▼（k・k▼・q）in the

RPA．　The spin lndex d and　6－　denotes the spin of the

electrons corresponding to the four momentum k’＋q and

－k，reSpeCtively，in this diagram．Other electron spins

are automatically determined from the form of the

Cou10mbinteractlonin eq．（2．1．1）．The solid and broken

lines denote the bare Green，s functions and the inter－

action U，reSpeCtively．These diagrams give eqs．（2．5・1）

and（2．5．2）．
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∑（k）＝ 了0、、＼
l　　　＞　　－　t

Fig．2．16．　The electron self－energy．The thick and thin

line denote the renormalized and bare Green－s func－

tions，　reSpeCtively．　The wavylineis definedin Fig・

2．15．The moznentun　dependent contribution from the ver－

tex raBis alreadyincludedin these diagrams・from the

definition of rdd・This diagram gives eq・（2・5・4）・

r畔∴＋T十…・
Fig．2．17．　The two－particle vertex for a singiet

Pairing．The thick soiidline express the renor皿alized

Green▼s functlons，and the wavy iinels definedin

Fig．2．15．This diagram gives eq．（2．5．5）．
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§2．6　Phase Diagrans

Eqs．（2．5．4），（2．5．9），　and　（2．5．10）　are solved by seif－

COnSistent numerical calculation，Which satisfactorily converges

in four or five iterations．　Using this resuit，eqS．（2．5．11），

（2．5．12），　and　（2．5．13）are also soIved numerically with resuits

givenin this section．

2．6．1The case of B＝O

The numerical results are drawnin Fig．2．18（a）～（C）for B＝0．

Here，　We Oniy study the case of FL＞O since the phase diagram oniy

depends on the magnitude ofJJ due to the particle－hole symmetry．

工n those figures the solid・broken and dottediines express TsDW・

Tc。With and without the self－energy・reSpeCtively・Asis seenin

Fig．2．18（b）　and　（C），if one negiects the seif－energy the super－

COnducting transition temperature Tis always higher than TsDW

and becomes higher as gets closer to TsDW・The reason for thisis

the divergence of the effectiveinteraction at TsDW・However，if

One takes into account the self－energy effect，T is remarkably
C

SuPpreSSed due to the renormalization effect as is seenin

Fig・2・18（a）～（C）．　Such strong suppression by the renormalization

effectis a generai feature of this kind of superconductivity，in

Which the attractive part of theinteractionis taken out for

Pairing and the other strong repulsive partis avoided by symme－

try in the gap equation．工t should be noted，further，that the

SuPerCOnductivityis enhanced near the SDW boundary，aithough the

resultant Tcis ratherlow・For examples・for B＝O andU／t＝0・8，

1・0・1・2，We Obtain the maximumvalue of TsDW／t＝0・0611・0・1028，
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0・1509andthatofTc／t＝4・0×10－4・1・0×10－3・1・8xl0－3・reSpeCtive－

1y・（Tc′rsDW三0・0064・0・0096・0・012・）Ifwe takes the value of t

Which makes the maximum of TsDW equal to250K・thenwe have the

maximum transition temperature T　＝1．6K，2．4K，3．OK and4t＝16400K，

9700K・　6600K，reSpeCtively．The regionin which the superconduc－

tivity occurs increases with U as weii as T．For U＝0．6t the

SuperCOnductivity does not appear except for extremelylow tem－

peratures．

The phase diagramin the U－Jl piane at verylow temperature

T＝10－4tis giveninFig．2．19．工tis found that the superconduc－

tivity appears in the narrow region between the SDW and normal

phase forJJ＞0・05t・ForJL＜0．05t，the SDWis aiways more favourable

than superconductivity at this temperature．

2．6．2　The case of B＝0．3t

Now we examine effects of the n．n．n．hopping．We set B＝0．3t

aS an eXamPie，　and the numericai resuits are shown in

Fig．2．20（a）～（C）．

Asis seenin Fig・2・20（a）・TsDW takes the maximum at

FL⊆B＝0・3t where the van Hove singularityis at the Fermi－energy，

and rapidly decreases with increasingIfL－Bl．The superconduc－

tivity appears in both sides of the SDW phases and the maximum

values ofit are4xl0－4t，1．2xl0－3t，andl．8x10－3t，for U＝0．7t，

0・8t・and O・9t，reSpeCtively．Theimportant effects of the n．n．n．

hopping are as follows：（1）TsDWis remarkabiy suppressed because

the nesting worsens；（2）Tcis enhancedbecause TsDWis sup－

pressed and thus the boundary of SDW approaches to the van Hove

Singularities；（3）Tcis higher for〃＜8than that for fL＞6・The
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remarkable enhancement of Tc can be found by comparing

Figs．2．18（a）　and Fig．2．20（b）　for U＝0．8t，　Which show that the

max（Tc）；4x10－4t for B＝O and max（Tc）…1・2xl0－3tforB＝0・3t・The

maximum SDW transition temperatureis TsI）W＝0・0074t for U＝0・7t・

and O・01985t for U＝0・8t，and they give the ratio TcPrsI）W三0・054・

0・060・Ⅰf we fit the vaiues of max（TsDW）to250K・then we obtain

T　＜13．5K and　15．1K，and　4t＝135000K and　4t＝50000K，reSpeCtively．

The phase diagramin the U一〟　plane at T＝10－4tis givenin

Fig・2・21・　The superconductivity appears for fL三8＝0・3t and

O・3七三FL三0・4t，between the normal and SDW phases，and disappears

rapidiy for JL之0・4t，because the most effective nesting vector

moves far from（土7F，土7r），and the antiferromagnetic correlationis

SuPPreSSed．
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Fig．2．18（b）．　　Pbase

diagram in T－FL SPaCe

for　8三O and tJ＝1．Ot．

The solid，　broken，

and dotted iines

express TsDW and Tc

With and without the

Self－energy，　reSPeC－

0．4　tlvely・
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Fig．2．18（C）．　　Phase

diagram in T－Jl SpaCe

for　8＝O and tJ＝1．2t．

The soiid，　broken，

and dotted iines

express TsDW and Tc

With and without the

Self－energy，　reSpeC－
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Fig．2．19．　Phase dia－

gramin U一p SpaCe for

6＝0．　The self－energy

is neglected for the

SOiid iine，　and in－

Cluded for the broken

line，　Which express

the normal－SuperCOn－

ducting phase bound－

arles．



xl0－3

8言0．3

U；0．7

normoI

1　　0．2　　　0．3

声ハ

x灯3

Fig．2．20（a）．　　Phase

diagram in T－fL SpaCe

for　　∂＝0．3t and Uニ

0■7七・　　The solid，

broken and dotted

iine express TsDW and

Tc with and without

the self－energy，re－

0．4　　　0．5　speetively．

Fig．2．20（b）．　　Pbase

diagram in T－〃Spaee

for　　8＝0．3t and U＝

0・8t．　The solid，

broken and dotted

llne express TsDWand

Tc with and without

the self－energy，re－

1　　0．2　　　0．3　　　0．4　　0．5　spectively．
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Fig．2．21．　Phase dia－

gramin U－JL SpaCe for

B＝0．3t．The seif－ener－

gyis neglected here．



§2．7　Superconductivity on the CuO Plane
2

According to the prediction of the preceeding section，in

the single－band Hubbard model，　the superconducting transition

temperatures wouid be toolow to explain the high－T superconduc－
C

tivities，in agreement with quantum simulation．

by the simulation，an eXtended Hubbard model

d
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，・

⊥

109，110）

sxdLPi．x。－SxdI。pi＿X。・h・C・］

lsyd‡。pi．y。－SydLpi＿y。・h・C・］

・i亨。eddIddi6㌦亨。e。PIdPjd
β

d
・
ュ

n
α

d
・
⊥

n
【
l
ム
・
⊥

d
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However

（2．7．1）

may exhibit a remarkable enhancement of pairing susceptibility，

and several theories have been proposed for this

model・115－116，119・120）In eq・（2・7・1）・did and pjd denotean

annihilation operator of electron with spin d On the Cu－d－Orbital

at site i and that on the O－p一〇rbital at siteJ，reSpeCtively，

andn！。denotesthed－electr。nn。mber．Atfirstwen。glectthe0－

0hopping and on－Site Coulomb energy on O－Site for simplicity．We

briefly examine the present perturbation theory119－120）based on

this Hamiltonian．

工n a band picture，We diagonalize the electron hopping terms

and obtain the following dispersions：

入0　＝　e
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電＝÷（C。
土

e芸・16（S…sin2（kx／2）・S；sin2（ky／2）））・（2・7・2）

which satisfy At＜10＜電・Hereweseted＝0・Inthecaseofoxide

superconductors，the upper band A＋wiii be nearly half－filled．

The free（U＝0）d－band－electron－Green．s functionis

電＝【1日・〃－∑S三n

a＝Ⅹ，y
用n－Cp＋〃

「1， （2．7．3）

工n our framework we have to calculate the spin and charge fluc－

tuations in an RPA on the d－band electron motion and on－d－Site

Coulomb interaction．Thus the effective vertices are constructed

by d－band free－SuSCeptibility defined by

帝q）＝－芝電・。電・ （2．7．4）

This can be rewrittenin terms of upper andlower－band free（U＝0）

Green’s function

咤＝【iO。・〃一入孟「1，

璃（q）＝－　∑
a，b＝土左A…・qAE G芸・qGE・

aS

WithA孟＝；入ン入k・

ノ■l′

Ak＝ e2・16（S芸sln2（kx／2）・S2sln2（ky／2））p y
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（2．7．5）

（2．7．6）

（2．7．7）



it costslittle error to neglect theinter－band andintra－lower－

band contributions，SO We Obtain

帝q）＝－∑症。電Gこ．。電・
k

（2．7．8）

Furthermore，We Shali note that for the nearly half－fiiied upper－

band，　the electron dispersion can be expanded near the Fermi－

Surface：

電；÷tU e芸・16S2　ト
2S2（cos（kx）＋COS（ky））

，（2．7．9）

wherewesets：S＝S・Fromthisthed－bandfreesusceptibiiityx：

Can be scaied by the free susceptibility xo on the square－iattice

Which appearedin before sections；

xd；（
0

亡　　－ e2　＋16S2

82　＋16S2

p

）2・X。（oft＝

2S2

e2＋16S2
p

（2．7．10）

Numerical calculation of eq．（2．7．4）　shows that the above ap－

proximations are very accurate．

SDWinstabilityoccursinU＝Ug，WWith

1＝Ug。W（

C2　＋16S2

e2　＋16S2
p

）2・X。（盲m・0）・
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Where qm gives themaximumvalue to X・Then theinstability on

the square－1atticeoccursinU＝UgDWWith

Ug。W；U…。W（

e2　＋16S2
p

C2　＋16S2
p

）2＜Ug。W・

for the same hopping energy near the Fermi－Surface：

t／2　＝

e2　＋16S2
p

（2．7．12）

（2．7．13）

This means that the SDW transition wiil be suppressed by an

effective weakening of the Coulomb repuision．

Nevertheiess，　Since the scaiingiow（2．7．10）hoids for ali

momentum and Matsubara frequency，We COnjecture that the super－

conductivity will not change qualitatively；the superconducting

phases will be too poor for high－T evenin the extended Hubbard

model atleastin the perturbation theory．

工n a more realistic modei，the　0－0　hopping terms

ーi亨。u（pi：Ⅹ，dpi・y，6－piIⅩ，dPi－y，6・h・C・）

－1㌔u（piIx，6pi－y，6－piIⅩ，6Pi・y，6・h・C・）・（2・7・14）

Should be added to the Hamiltonian eq．（2．7．1）．The free part of

the Hamiltonian is similarly diagonalized with the eigen vaiue

（入）equation
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ー（入－C。）（＝芸）（Hk）・16u2人Sin2（kx／2）sin2（ky／2）

－32sxsyusin2（kx／2）sin2（ky／2）＝0・
（2．7．15）

The mostimportant first order correction of u to the upper band

dispersionis

－8cos（kx）cos（ky）＝

16us2cos（kx）

ぢ芸・16S2　－㌔）
82　＋16　S2
p

，　　　　（2．7．16）

near the Fermi－Surface of the nearly half－filied band．Thus an

enhancement of Tc by　0－0hoppingis possibie according to our

resuitsin　§2．6．
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§2．8　Summary and Diseussion

We have studied　2D tight－binding electron systemsin free

and interacting cases andits superconductivity and SDW transi－

tion，in connection with high－Tc superconductors・The following

is devoted to the summary and discussion．

Specific features of　2D systems were studied：

（1）　Free eiectron system，（2）SDW transition，（3）Local pairing二

Anaiytic and approximate expressions for severai quantities were

derived and a relation Tc（fL・8）芸Tc（fL－8・0）was found・Drastic

effects of van Hove singuiarities were demonstrated．

Theinterpiay and competition between the SDW and the super－

COnductivity have been studied from the view－pOint of the

perturbation theory based on the　2D Hubbard model．We found that

SuPerCOnductivity appears near the SDW boundary，and the transi－

tion temperatures are very sensitive to the chemicai potentiai

（i．e．　to the number of the carriers）and the band parameter B．

These sensitivities resuit from the nesting of FermトSurface and

the van Hove singularity．工n particular，increase of the n．n．n。

hopping B does not only suppress the SDW transition but also

enhance the superconductivity remarkably．　For example，　for

U＝0・8t，　the superconducting phaseis very smali with only n．n．

hopping，　but the n．n．n．　hopping B＝0．3t increases the

max（Tc）　about three times higher・　and does the ratio

max（Tc）ルax（TsDW）aboutlO timeslarger・Whiie the superconductp

ing phase appears in the region on the both sides of the SDW
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phase，　the remarkable enhancementis found the side near haif－

filling．　Such tendencyis foundin the recent quantum simuiation

study by dos Santos．122）

We also found the strong suppression of T due to the

eiectron renormalization・For exampie，maX（Tc）hax（T…器）～0．01・

for B：O and U＝1・2t，andmax（Tc）hax（T器3）～0・06・forB＝0・3tand

U＝0・8t・If wefitthemaximunVaiueofT器孟t0－250K，regarding

it as a transition temperature of　3D long range orderT…Ew

（althoughin genera12DT器志islargerthanT…呂W）・Wehave2・5K
and　15K，　reSPeCtiveiy．　These vaiues are tooiow to explain the

high－Tc superconductors・in spite of the over－eStimation due to

the RPA for the effective interaction．Even near the SDW bound－

ary，　Since the strong fluctuationslead to the strong pairing

interaction and the strong renormalization effect simuitaneousiy，

the resulting Tc can not be so enhanced，aithough a superconduct－

ing phase exists．

Here we shali comment on effects of orthorhombic distortion．

TsDWis slightly affected by the orthorhombic distortion，aS WaS

Shown in Fig．2．5．0n the other hand，Van Hove singuiarities are

at the Fermi－1evelin the case ofJl＝土2t2・Where tis givenin

eq．（2．3．14）．　工f the critical fL Vaiue at which the SDW phase

Vanishesis nearJL＝土2t2・then the T may be enhanced by the van

Hove singularity，Since the superconducting phaseis near the SDW

boundary．

The same mechanismin the extended Hubbard model on the Cu－O

Plane was studied．　The qualitatively same results were conjec－

tured from the view－POint of band－Pictures．
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Finaily we shall mention about moreimproved estimation of

Tc・We should be carefulin the very vicinity of the SDW bound－

ary，Where the AF spin fluctuation significantlyincreases．There

SOme improvements are needed for quantitative estimation of T．

工n particular，it would be mostimportant to taking account of

the renormalizaion effects and mode－mOde coupiingin estimating

Vertices given by eqs．（2．5．1）　and　（2．5．2）．Such higher order

effects will suppress the TsDW・Whereasitis stillunknOwn

Whether T is enhanced or suppressed then．Moreover，We neglected

the reai parts of electron self－energies，Which wiillead to the

quasi－gap near the FermトSurface which may enhance T much

more・123）After our present theorymanyauthorshaveimproved

these points．124－126）

We should aiso note that our SDW state is　2D order obtained

in RPA whiie the real AF orderingis　3D one and　2D AF fiuctuation

is observed with unusual behaviour．　Takinginto accounts the

SuppreSSion of TsDW due to the two－dimensionality，T may be more

enhanced by the van Hove singularity and by strong fluctuations

growinginto of quasi－10ng range．
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Chapter　3．

Long－Range Spin－Fluctuations and Superconductivity

in Quasi－One－Dimensional Organic Conpounds

工n this chapter，We Study a weak coupiing theory again．We

examine the theory of the superconductivity mediated by antifer－

romagnetic spin－fluctuations（AFSF）in the quasi－One－dimensional

（quasi－lD）　Hubbard modei，　and appiyit to the quasi－1D organic

SuperCOnductors（TMTSF）2Ⅹand（I）MET）2Ⅹ・Which have been suggested

to beitinerant eiectron systems．The superconducting transition

temperature and the momentum dependence of gap function are ca1－

Culated numericaliy．　Long－range　（＞＞1attice constant）nature of

the AFSFis found to play animportant rolein the superconduc－

tivity．　The obtained phase diagramis compared with that of the

Organics，　and some qualitative agreements between the theory and

experiments are obtained．

§3．1工ntroduetion

エー　is one ofimportant probiemsin soiid state physics to

Clarify the roies of electron correlationsin exotic superconduc－

tivities which have been observed in heavy fermion systems，

Organic superconductors，and oxide high－T superconductors，aS We

have discussed in chapterl．On this problemit has been argued
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Within the Fermi－liquid theory that antiferromagnetic spin－

fiuctuations（AFSF）assisted by Fermi－Surface nesting may enhance

the pairinginteraction1－4）and also renormalize the properties

of normal electr。nS Str。nglyラ）The appiicability of this

mechanism to heavy fermion compounds and Bechgaard salts has been

discussed by Emery，1）scaiapino et al．2）andMiyake et al・3）

Moreover the relation to the high－T superconductors has been

aiso discussed by Miyake et al．6）we have aiso studied this

mechanism on the basis of a squarelattice Hubbard modeiin

connectionwith the two－dimensionalspecific features．5）

Among these the organic superconductors（TMTSF）2Ⅹ（X＝PF8，

AsF8・SbF6，TaF6，…）7・8）and（DMET）2Ⅹ（Ⅹ＝Au（CN）2，AuI2，

AuC12・Ⅰ3・・・・）9－11）seemtobeatypicalexample・Sincethe

AFSF dominate the system rather than CDW fiuctuations，aS Seenin

the e甲erimental phase diagrams7・8）where normal，Spin－density－

WaVe（SDW），and superconducting phase exist on the border of each

Other・　There the superconducting transition temperatures T are

SenSitively enhanced as one approaches SI）W boundary by decreasing

the pressurein spite of the reduction of density of states（DOS）

around the Fermi－Surface due to SDW fluctuations，andin some

COmpOunds they become constantin the vicinity of the boundary．

Such enhancements seem to be explained within the above theory

Straightforwardly，although the phonon mediated pairing remains

as one of the possible mechanisms．12）we would discuss this phase

diagram in detaillater．Moreover we must note that the similar

Phase diagrams have been found in oxide high－T

superconductors13・14）inwhich an electron correlationwouldplay
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Some essential rolein the superconductivity，15－17）aithough

these are different fromthe organicsinmanyrespects・18）

Another characteristic of these organic superconductorsis

the anisotropy of the order－Parameter，aS POinted out by Takigawa

et al．19）and Hasegawa et al．20）from the behaviour of NMR

relaxation ratein（TMTSF）2C104　beiow Tc・Whichis similar to

those of the heavy fermion compounds　（UPt3，　UBe13，

CeCu2Si2）・21－23）

工n general the anisotropic superconductivityis expected to

OCCur When a local pairinginteractionis strong．The spatiai

range of the pairinginteractionis given roughiy by vF／a＞C，Where

VFis the absoiute vaiue of the Fermi－Velocity and uis the

Characteristic energy of the exchange boson．　For example an

Ordinary phonon mediated pairinginteractionis oflong range（＞＞

iattice constant（a））since the Fermi－energy eFis muchiarger

than uc・and then thelocallattice structure would be smeared

Out and theisotropic pairing would occur，if the Coulomb repul－

Sion is sufficiently screened by electrons．However，When the a）

is as iarge as eF，the range of the pairinginteractionis very

Short　（～a）．　Then we shouid be careful about the Couiomb repul－

Sion・Since thelarger oc means theiess retardation effect・

Nevertheiess when the electron screening restrict the Coulomb

repulsion to on－Site，the superconductivity wouid occur even by

SuCh a short－range pairing interaction．　Then the anisotropic

SuperCOnductivity is possible to occur according to the band

StruCture and other properties of the pairing interaction・

However such alarge u seems to be difficult for phonon mediated

pairing interactions，SO the anisotropy of the pairing gives the

－98－



most important basis for the appiicabiiity of the non－phonon

theory．

工n addition to such a large characteristic energy scale

COmparable to the Fermi－energy，the AFSF exchange pairinginter－

action has another smaller energy scale which reflects the

Critical behaviour near the SDW transition point．The AFSF shows

a critical siowing down as one approaches to the SDW transition

and ieads to the retarded andlong range pairinginteraction．As

a resuit of such along rangeinteraction the superconductivity

WOuid be remarkably enhanced near the SDW boundary．On the other

hand thislong range AFSF reduce the DOS around the Fermi－Surface

and make what is cailed a pseudo gap which works against the

SuPerCOnductivity．工n the present case two opposite effects would

be particularly remarkabie because of the quasi－One－

dimensionality・Thus even the quaiitative behaviour of Tc on the

phase diagram is not trivial and whether the experimental phase

diagram could be obtained or not within the theory shouid be

examined by a detaiied calculationin which this smaller charac－

teristic energyis sufficientiy takeninto account．This would be

fulfi11ed by an accurate treatment of the momentum and／or fre－

quency dependence of theinteraction．

Zn this chapter we study the superconductivityinduced by

the exchange of the AFSFin the absence of the phonon．We take

the long range AFSFin the theory from above reasons through the

momentum dependence of theinteraction．Most of our purpose lies

in demonstratingitsimportance．

Our treatment in this chapter is based on the quasi－One

dimensional（quasi－1D）Hubbard Hamiltonian；
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H＝　　∑

1，j，d

With t．．
1J

tij Cid Cjd

N－1∑ei宝・貢ij

妄

＋　U　∑　niαniB・
i

e妄・

（3．1）

（3．2）

and e妥　＝－2tcos（kx）－2t’cos（ky）－2t‥cos（k之）－〃・（3・3）

where i and j denoteiattice sitesand妄is a crystal momentum，

and thelattice constants are taken as unity．The summation

taken over the first Brillouin zone and S・
工

で
ム
・
⊥

S・
ュ

T
ム
↓
k

taken over ali N

sites・C；。andci。areCreationandannihiiationoperatorofan

eiectron（Or a hoie）with spin d at Sitei，reSPeCtively，and n．
16

are its number operators．　We take the x－aXis a10ng the stacks

i・e・in the most conductive direction・Bearing（TMTSF）2Ⅹinmind

we take t as o．25eV．24）Nowwe suppose the simplifiedmodeiin

Which the inter－Chain－hopping integrai t’increases with the

pressure from t一；0．02t～0．2t（the vaiue at ambient pressure7，25））

and t‥is negligibly smaii compared with t・．25－27）The SDW

transitionis easily reproducedwithin this model．26・27）

More realisticaily there are phonons which contribute

largely．　Furthermore itis not settled whether the superconduc－

tivity does exist or notin the pure singie band Hubbard model as

the true ground states．28－30）However，because our purposeis to

examine the roies of the AFSFin quasi－1D eiectron systems，Which

dominate near the SI）W boundary，We COnCentrate Our Study on the

Simplest modelin which the strong AFSF occurs．
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in　§3．2，We eXamine the AFSF itself and its exchange

vertices．　工n　§3．3，We Study the renormalizations for the normal

state eiectrons and estimate the reduction of the DOS．工n　§3．4

the superconductivity is examined．The anisotropy of the order・－

parameter and the theoretical phase diagratn are obtained・Lastly

§3．5　is devoted to discussion．　The validity of the employed

approximations is discussed there．The studyin this chapter has

been presentedin our papers of ref．31．

ー101－



§3．2　Spin－Fluctuations

（i）Fluctuations and effective vertices

We adopt an RPA for spin－　and charge－fiuctuation foliowing

Scalapino et ai．As a result，the spin－SuSCeptibility x（q）at

temperature Tis easily obtained as

x（q）＝1－X昌（；三。・

with x。（q）＝N－1∑

貢 iリm一㌔＋盲目妥

（3．4）

（3．5）

and f（e）＝（ee〝・1）－1・Hereqdenotes（言・ivm）with－CryStai

momentum q and Matsubara frequencyiレm＝2m訂iT・Within the same

approximation2・5）the effective vertices for two eiectrons with

antiparaiiel spins are

rαβ（k・k一・q）＝Tl（k－k－）＋72（k＋k▼＋q）

With Tl（q）＝U＋

72（q）＝

1　U2x。（q）

㌃1＋　UXo q　＋

U2x。（q）

1　－　U X

1　U2xo（q）

㌃1－　UXo q，

and those for electron self－energies，
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r“（k・k’・q）

1

2

U2x。（k－k・）

1　＋　U x k－k－

3

2

U2x。（k－k▼）

1　－　U X k－k－
（3．9）

they are definedin Fig・2・15・Where k denotes（憲・ion）with

ion＝（2n＋1）7riT・and　α・B denotes the up and down　Spins・

respectively．The vertex　（3．9）is used only for electron seif－

energy，　and is different from a triplet pairinginteraction・工n

eq．（3．9），　the minus sign due to the ciosedloops which appearin

diagrams for the self－energy are COnSidered beforehand・

（ii）Spin－density－WaVeinstability

The SDW transition temperature（T器諒）is given bythe

equation：1＝UX。（言m・0）・WithintheRPA・thevaiidityofwhich

‥26）Hereqmgivesthemaximumvaiue
has been discussed by YamaJi．　　　→

Of X．

At t’＝0，the is expressed as

4机Sin kF
）　　　（3．10）

With Euler constant T＝0．57721…　．　工n particular，if we set

kF＝7r／4forl／4－filledband・thenwe have

T器3（t▼＝0）＝一生一軒ニーteX，（－2空豆冗t）・ （3．11）

We fix this　20K for t＝2500K which gives the value of U as

1．48253t．　Then we have ＝12K for t▼芸0．136t for example，and

一103－



the critical value of t’at which the SDW vanishesis tニ

芸0．142t～0．145t for sufficientiyiow temperatures，aS Shownin the

phase diagram of Fig・3・1・（For T＝0・We Obtain tニ；0・145t・）Our

Choise of the parametersis reasonable for（TMTSF）2Ⅹwith X＝PF6・

sbF6・…，Which haveTsDW＝12Kandt▼＝0・02t～0・2t7・25）atambient

pressure．It should be also noted that t’acts as an effective

Parameter Which is introduced to distort the Fermi－Surface，in

Our Simpiified mode1．

1n this chapter we take U＝1．48253t andinvestigate the

normal state properties and superconductivity for t一＞t一・The

Chemicai potential JL is adjusted for every vaiue of t’so that

the hole number is fixed at N／2．For exampie，Jl；－βt for

t’＝0，　and

P昌一1．398t for t’＝0．15t．

（iii）Critical behaviour of spin－fluctuations

For t’＝0，the nesting of the Fermi－Surfacesis perfect．Then

the AF free susceptibiiity xois easiiy obtainedanalytically for

m＞＞1，aS

Xo（iリm・2kF）＝ 4雨Sin（kF）Dm

D　＋　1

m

D　－　1
m

D－COS（2kF）m

D＋COS（2kF）m

），（3．12）

With Dm＝（1＋（

m

4t sin（kF）
）2）1／2．This formulaactua11yholds for

m之l with oniy alittle error（51％）・

As t’increases from zero the nesting worsens and the ex－

PreSSion of x。（iレm・2kF＝7r／2）deviates from eq・（3・12）・However the

deviationis smaiiforIレm圧AeF・Where AeFis of the order of the
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energy difference of electrons between the state on the Fermト

Surface and that translated by the nesting vector．　The

logarithmic enhancement of the free susceptibility as TうOis

SupPreSSed by AeF Which acts as alower energy cutoff・

Unfortunately an accurate estimation of AeFis difficult・SO We

roughiyestimateasAeF～2t・2／t sin（kF）・Whichisobtainedfor the

Fermi－Surface at
ky叩・

From the above arguments we obtain a rough estimation of

Characteristic energy scale of AFSF which refiects the critical

behaviourin theimperfect nesting casein the RPA by replacing T

by AeFin the well－known Orstein－Zernike formin a perfect nest－

ing case：

だu　ニ
加F

（Ⅳ（0）U）1／2

UsDW－U

UsDW

）1／2， （3．13）

where UsDW　…X。（言m・0）‾1…X。（壱・0）‾1，壱…（万′2・q）・andN（0）isthe

DOS at the Ferni－ievel．The value of Kuis estimated as O．9xl0－2t

for t・＝0・144t and T＝0．4x10－4t，and as O．015t for t・＝0．15t and

T＝0．4×10－4t．

The spatial range（rxinx－direction and rin y－direction）y

Of the spin－fluctuation andits exchangeinteractionis obtained

by usingthe relationrx～2t sin（kF）ルuxaandry～2tT／KuXbwhere

a and b is thelattice constant for each direction．This gives

that r～50xa and r～10Xb for t▼＝0．15t　and T＝0．4×10－4t，and

r～80Xa and r～16Xb for t▼＝0．144t and T＝0．4xl0－4t．

X y

The characteristic energy Ku SenSitively changes on the

Phase diagrams，and thus our theory needs to take account of this
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energy scaie，in order to obtain the qualitatiive behaviour of

the T on the phase diagrams．
C
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0　　　　0．05　　　0．1　　　0．15

tソt

Fig．3．1．　The SDW transition temperature as a function

Of the transverse hoppingintegrais．We take t＝2500K

and U＝1．48253t．
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§3．3　NortELal State Electrons

（i）Eiectron Green●s function

Our basic approximations are the same as thosein the pre－

vious chapter，5）thatis the Hartree－Fock approximation for

electron self－energies（Fig．2．16）and aladder approximation for

two－particle vertices　（Fig．2．17）．These two approximations are

consistent with each other in a diagramatic formuiation of an

eiectron－boson system regarding the diagrams of spin and charge

fluctuations as boson propagators．

The resuiting eiectron Green’s functionis

Gk＝（ion－e（；）－＝（k））－1・
（3．14）

∑（k）＝－芝，raa（k・k’・0）Gk一一芝，U2xo（k－k’）G芸‥　（3・15）

G芸・＝恒n－e帝）‾1・　　　　　　　　　　（3・16）

∑　≡N，1∑T∑，and the s。C。nd term。f eq．（3．15）is added to

k　　　這　n

CanCei the doubie counting contribution in the first term・

Further the two－particie vertex r for antiparaliel－Spin－pairing

is

r（k・k’・q）＝raB（k・k’・q）‾左，．raB（k・k’・q）Gk▼一・qGk・▼r（k’’，k’・q），（3・17）

（ii）Approximations for the self－energy

The self－energy　∑（k）can be generaily written as

∑（k）＝∑S（k）＋i∑a（k），
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where　∑S（k）and　∑a（k）are real and satisfy∑S（k）＝∑S（－k）and

∑a（k）＝－∑a（－k）．We think that the mostimportant effects of the

self－energy are the mass renormaiization5）and the pseudo gap

near the SDW transition．Thus our approximations shouid be those

which retain these two effects．So weintroduce the foliowing

simplifications：Noting that the essentiai effect of the fre－

quency dependence of r66mainly appearsin thelinear frequency

dependence of E，i．e．that of∑a，in the case of Ku＞＞T，（1）We

negiect the retardation ofrddintheequationofES，butwiii

retain the momentum dependence of∑S，Whichleads to the reduc－

tion of the DOS．However，if the same approximationis takenin

the equation for　∑a，the∑a vanishes，and the mass enhancement

effects are largely missed．　Therefore we wiii retain the fre－

quency dependencein the equation for∑a，but（2）ignore the

momentum dependence there，　for simplicity．The validity of the

approximation（1）is discussediater．Hence we put

＝（k）＝ES晶・1㌔（iUn）・

The resulting self－COnSistent equations are

and

With

（3．19）

∑a陶n）ニーT≡烏2）（i㌃i甑）頼1㌔・）・∑‡（i軒（3・20）

∑S（＝）：‾N‾1歪，raα（定一か；0）wS（打＋∑：（＝），

r霊）（iレm） rT
ム
↓
q

⊥
N≡

rαα（言一計；iUn－iOn▼）

Wa榊n・）ニN－1∑
哀－

αα（言；iレm）・

…rαα（k・k▼・0），

－（Un・一㌔（iOn・））

（Un・－凸iUn・））2・（e宝▼・ES（糾）2

ー109－

（3．21）
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（3．23）
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wS（言▼）＝T∑
nI

ー（e貢了ES（打）

（Onパa胸n－））2・（C這了ES（妄”2

∑：陶n）＝iN■1 ∑∑

妄k
U2㌔（k－k－）G芸‥

∑…帝＝－∑　U2x。（宝耳・iym＝0）G芸‥
k－

（3．25）

（3．26）

（3．27）

Furthermore，　Weintroduce the following extra approximation

for numericai calculation around t．～0．1t and notin the vicinity

Of the SDW transition points．工tis expressed as
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「

1

し

こ
）

↓
k（

S
∑

∑S（kx－k芸（ky）・k芸（k；）・k；），ifO≦kx－k芸（ky）・k芸（k；）≦万，

∑S（冗・k；），

∑S（0・k；）・

Wherek芸（ky）isafunction

k芸（ky）＝COS‾1（

if冗≦kx－k芸（ky）・k芸弔）・（3・28）

ifkx－k芸（ky）・k芸（k；）≦0・

2t’cos k　＋　〃
y

－　2　t
），　　　　　　　　　　　（3・29）

and kO is a constant parameter taken as万／2in this chapter・
y

Equations　（3．28）　and　（3．29）　mean that we regard that the be－

haviour of　∑S（這）around the Fermi－Surfaceis almostindependent

Of k．
y

工f the nestingis almost perfect，this approximation would

be reasonablein quasi－lD systems．工n particuiar eq．（3．28）hoids

exactlyinlD systems．However as the nesting worsens this causes

the overestimation of the reduction of the DOS around the Fermi－

surface near k～冗　OF k～0　0Wing to the choice ofk；＝冗／2・y y

Nevertheiess this overestimation would be smali within our

Parameter regiOn；　there the difference between the state on the

Fermi－Surface and that translated by the nestingvector～壱is

estimated as less than　訂／100　in the momentum space，Whichis

Smaiier than the width of the peak of the effective vertices

around the nesting vector．Moreover such a small difference of

the Fermi－Surface nesting would almost disappear when the pseudo

gap is formed，Since the pseudo gap adjusts the Fermi－Surface so

that the total energyislowered．工tis true，however，that our

approximation becomes invalidin the vicinity andinside of the

SDW boundary where the region around the Fermi－Surfacein which

the self－energy Varies criticallyis smailer than the mismatching
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Of the nesting in the momentum space．However we do notinves－

tigate such a parameter regionin this chapter，because other

approximations we employed such as RPA would aiso becomeinvalid

there．

（iii）Numerical resuits

Using the above approximations，We SOIve the self－COnSistent

equations　（3．20）～（3．27）　numerically．　The results are shownin

The value ofEa（iun）isfoundtobealmostt・－independent・

As seen from Fig．3．2，itincreases with a〉　almostiineariy for

O　＜t With the coefficient　0．16，and after reaching the maximum
n′－

around on芸4t they decrease as on・

工f we couid set the effective cutoff energy of theinterac－

tion（Oc）iike the Debye frequencyin the phonon system・the

expected behaviour of Ea would be as

「

1

し

）

n
U・

ュ
（

a
∑

～

　

　

　

～

N（0）む
n

N（0）Uc Sign Un

n
U

′
′

C
U～

（OnくくOc）

（UcくくがnくくN（0）－1）

（N（0）－1くく㌔）

The present result of the numerical calcuiationis seen to be

COnSistent with this behaviourif we take a）～N（0）．

The behaviour of∑S（；）is shownin Fig．3．3．Itis found that

the overall behaviour of∑S（；）is aimost the same for t・＝0．144t

and t●＝0．15t except near the Fermi－Surface．The slope of∑S（；）

near the Fermi－Surface becomes steeper as one approaches the SDW

boundary　（Fig．3．4）．　Thus the reduction of the DOS around the
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Fermi－1evel（e～－1．2t）becomes remarkable near the SDW boundary as

Shown in Fig．3．5．　Contrarily the band narrowingis found to be

aimostindependent of t’．
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100　101　102　103　104

un／TT

Fig．3．2．The antisymmetric part of the self－energy Ea

as a funCtion of the Matsubara frequency on・T＝0・0008t，

U＝1．48253t．　The iines of t一三0．144t and t’＝0．15t are

almOSt the same．

灯4

Fig．3．3（a）．

The symmetric part of

the electron seif－

energyES（kx・ky絹／2）・

0　　0．2　0．4　　0．6　0．8　1．O for t一＝0．144t．

kx／T
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－0．5

Ol

Fig．3．3（b）．

The symmetric part of

the eiectron seif－

energyES（kx・ky＝W／2），

0　　0．2　0．4　0．6　0．8　1．O for七・三0．15t．

kx／T

Fig．3．4．

The symmetric part of

the self－energy　∑S

near the Fermi－

Surfaceofky三万／2・

（a）t’＝0．144t，and

0．20q22q24q26q280．30032（b）t・＝0．15t．

kx／T
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5．0

－116－

Fig．3．5（a）．　Density

Of states N（e）as a

function of the

electron energy e，

for t一三0．144t．

The soiid and broken

iine show the cases

for U＝1．48253t and

U＝0，reSPeCtively．

Fig．3．5（b）．　Density

Of states N（e）as a

function of the

eiectron energy e，

for t▼＝0．15t．

The soiid and broken

line show the cases

for U＝1．48253t and

5．O U＝0・reSpeCtively・



§3．4　Superconductivity

The superconducting instabiiityis signalled by the diver一

gence of multipie scattering vertex for two eiectrons，i．e．by

the first appearance of the nontrivial soiution of A（k）which

Satisfies

A（k）＝－芝，rαB（k，k’，0）G－k▼Gk・A（k一）・

（3．30）

in our approximation（eq．（3．17））．Weintroduce an eigen vaiue e

Which goes to zero as T⇒T and rewrite eq．（3．30）in a matrix form
C

aS

（1－　A）A　＝　C A， （3．31）

With a matrixA…（Akk▼）＝（－rαB（k・k▼・0）G－k，Gk▼）・Here A＝（A（k））is

an eigen vector belonging to e，and at T＝T it becomes the gap
C

anisotropy．

Now we empioy the approximation consistent with that of the

PreVious section・We neglect the u dependence of raB and also of

A（k）・Then，the Matsubara frequenciesin raB are rePlaced by O・

and the summationT∑is taken onlyon G－k・Gk・in eq・（3・30）・The
nI

Vaiidity of this approximation wiil be discussedin the final

section．Moreover we expand A（i）as

Amni＝N‾1歪hmni由△くわ・
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intermsoftheortho－nOrmalsetoffunctionshmi（；）definedby

hmnl（；）＝WmnlCOS（mkx）cos（nky）・

hmn2（妄）＝Wmn2COS（mkx）sin（nky）・

hmn3（；）＝Wmn3Sin（mkx）cos（nky）・

hmn4（i）＝Wmn4Sin（mkx）sin（nky）・

wherew・beingthenormalizationfactor，S・七・N－1∑hm孟i（i）＝1・

mnl　　　　　　　　　　　　　　　　　妥

Then eq．（3．31）can be written expiicitiy as

m写n・i・（Bmim’n’i’－Amim’n’i．）Am－n・i一＝eAmi，（3・32）

Where the matrix Ais defined by sunming up Gk・G－k・in the fre－

quenCy SpaCe；

Amnim’n’i一＝N－2Hhmi（封㌔B（細）W（iT）hm’n’iT（ZT）・

rαβ（妄耳）＝rαβ（（宝，0）・舟・0），0），　　　　　　（3・33）

煉）＝T喜，Gk▼G－k・・

Since the matrix A does not have off－diagonal eiements with

respect to the suffix i（＝1，2，3，4）from the spatiaiinversion

Symmetry，We Can decoupie the eigen equation by this suffix．From

numerical calculation we find that thei＝10rder parameteris

most favourable in comparison with the others．Thus we wiil

retain the i＝1　eigen equation oniy and suppress the suffixi

after this．
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The values of the Fourier transform of the singlet pairing

interaction

T
ム
↓
q

⊥二

N

and that of

【
l
ム
↓
q

ュ
N

Tl（石・0）・72（石・0））elmqx＋1nqy・

the triplet pairinginteraction

Tl（言・0）一一72（言・0））elmqx＋1nqy，

are shownin Table　3．1．These are defined by

（3．34）

（3．35）

N．2妄…，hmi（E）（Tl（＝－＝’）・72（這・k勺）hmi（＝’）・

With i＝1，4，　for the singiet pairings andi＝2，3，for the tripiet

pairings，and eq．（3．35）is easily derived by changing variable as

妄▼⇒一芸・in the term。f T．Numerical caiculation shows that the
2

1atter is much weaker than the former．

From Table　3・1・the Fourier transform of raBis seen to

decrease rather rapidly，SO Weintroduce the upper clltOff m and

ncin the summation of eq・（3・32）・Then the eigen vaiue c must be

replaced by a function of mc and nc（e（mc・nc））whichis expected

to converge to the true e for sufficientlyiarge values of m andC

n　．

工n Fig・3・6・the m dependence of e（mc・nc）is shown for nc＝2・

anditis seen that e（mc・nc）increases monotonically with

increasingmc（i・e・inciuding thelong－range COmpOnentS OfAFSF）・

and becomes almost constant for m＞30・The value of e（mc・nc）is

found to be aimost the same for n　≧2，and n　＝2is aiways suffi一
c c

Cient for any values of parameters used here．工t should be aiso

noted that the saturation occurs atlarger m as the temperature
C

decreases．
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Now we bliefiy mention about the pairing susceptibiiity

XsuperforelectronpairA†＝N－1妄8（i）C芸αC二＝B・Whichisdefinedby

xs。，er…J…TくA（丁）A十〉・Where B（＝）isanarbitrarynormalizedfunc－

tion andA（丁）…eTHAe一TH．　工n partic。1arif B（；）∝A（k），thenwithin

Our apPrOXimations，

Super
∑8沌）W（k）6戒）4－ （3．36）

With W（k）＝GkG＿k・Thus for anyB（i）whichisnot orthogonalto

A（k）in four－mOmentum SpaCe・the Xsuper diverges as T⇒Tc as

expected．　The temperature dependence of pairing susceptibiiity

for the most enhanced electron pair（eq．（3．36））is piottedin

Fig・3・7・There the xsuper formc＝31andnc＝2，and that for mc＝8

and n＝2　are compared anditis found that the Xsuperis

remarkably enhanced atiow－temperatureS OWing to theiong range

（large m）　components of the pairing interaction．We obtain

T　芸0．4K for t’＝0．15t although this wouid be oniy rough estimation

because of our approximations．

From now on we will show the other numerical results ob－

tained from eq．（3．32）．

The amplitudes of the most enhanced electron pairs（Amn）at

T＝0・5K芸Tc and t’＝0・15t are shownin Table3・2（a）・They may be

regarded as the gap anisotropy at superconductinginstability

point．　The ampiitude of theintra－Chain next nearest neighbour

（n・n・n・）Component（JEA2，O COS（2kx））is seentobelargest。

This is because of the strong on－Chain fluctuations due to the

quasi－1D motion of electrons．
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The momentum dependence of the order－parameter A（；）is

piottedin Fig．3．8．From this figureitis found that；（1）A（；）

has aiine of node on the Fermi－Surface；（2）the peakis found on

the Fermi－Surface consistently with the itinerant electron

picture．Such a sharp peak structureis not appearin the absence

Of thelong range fiuctuation，and then the superconductivityis

Very Weak as found in Fig．3．6　and　3．7．Therefore this second

point shows that the contribution of the elect‾rons near the

Fermi－Surface is enhanced by thelong－range COmpOnentS Of the

Pairinginteractionin the gap equation and thus the superconduc－

tivityis enhanced by them．

The theoretical phase diagramis shownin Fig．3．9．When the

renormalization effects for normal electrons areignored the T

is seen toincrease remarkably near the SDW boundary owing to the

iong range AFSF・（The Tc by the short range AFSF exchange oniy

are found to be extremelylow from the numericai estimation．）

However，if one takes into account the eiectron seif－energy

mentioned in　§3．2，　then the superconductivityis significantiy

SuppreSSed because of the strong renormalization effect．工n

particuiar such a suppression becomes remarkable near the SDW

boundary because of the pseudo gap．As a result of these competi－

tions，We Can See the quaiitative agreement with the experimental

phase diagrams7・8）（1）TheTcsensitivelydecreasesfrom～1Kto

～OK with increasing t－　from　～0．144t　（in the vicinity of SDW

boundary）　t0　－0．153t．（2）Theincrease of the T as approaching

the SDW boundaryis not so remarkable．（3）Moreover the supercon－

ducting phase seems to continue to exist on the border of the SDW

Phase．
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The gap anisotropy varies as a function of t，（Fig．3．10　and

Table　3・2）・The amplitudes of the short range componentsin the

Chain direction（n＝0）β△2，OCOS（2kx）…decreaseandthoseof

theiong range componentsJE A10，O COS（10kx）…increaseas

approaching the SDW boundary．
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Tabie　3・1・The values of the Fourier compOnentS Of the

pairing interaction of eq．（34）with t一＝0．15t and

U＝1．48253t．

（b）tripiet pairing
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Fig・3・6・The mc dependence of the eigen value of the

matrix A（i・e・1－e（mc・nc＝2日for t▼＝0・15七・The closed

triangles，　Closed circies，　CrOSSeS，and open circles

denote those for T＝0．0004t（1Ⅹ），0．0016t（2K），0．0020t

（10K）and O．0040t（20K），reSpeCtiveiy．
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Fig．3．7．　The pairing susceptibilities and spin－SuSCep－

tibiiity for U＝1．48253t and　七一＝0．15t．（a）The pairing

SuSCeptibility Xsuper formc＝31・nc＝2（neglectingthe

Self－energy）・（b）mc＝31，nc＝2（including the self－ener－

gy）・（C）mc＝8・nc＝2（neglecting the seif－energy）・（d）

mc三8・nc＝2（includlng the self－energy）・（e）The stag－

gered spin－SuSCeptivility x（弓，0）．Thelines of（a）～（d）

are to guide for eyes．
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0．2 0．4　0．6　0．8　tO

kx／T

Fig．3．8（a）．　Momentum dependence shown by the contour

ilnes of the order－parameter A（妄）hin the momentum

SpaCe for t’＝0・15t，T＝0・0002t（JTc）・and U＝1・48253七・The

renormalization effects for the eiectron Green，s func－

tions are included．Here AIs the normaiization factor

s・t・N‾1短A（；）2／△2：1・Thebrokenlineshowstheunper－

turbed Fermi－Surface．
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ky／甘

Fig．3．8（b）．　Momentum dependence of the order－parameter

（Fig．3．8（a））along the Fer皿トSurface．
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0．14 0．15

tソt

Fig．3．9．The phase diagram on T一七一　piane（U＝1．48253t）．

The uniavelled s01id iine shows the SDW transition tem－

peratures．　The solid iine（a）and the c10Sed circles

Show the Tc without andwith the renormaiization ef－

fects，　reSpeCtively．　The brokeniine（b）is to guide

for eyes．

－128－



Tabie　3．2．The atnpiitudes of the order－parameterS A

（normalized as unity）for T＝0・00020t芸Tc（With the re－

normalization effects）．
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Fig．3．10．　The aElplitudes of the order－parameterS aS

functions of t’，ln the case of no renormallzation ef－

fects・U＝1・48253t and T芸Tc（for each七一）・（a）A2，0／△・

（b）△6L，0／△・（C）△10，0／A，（d）△3，Oh・Here Ais thenor－

naiization factor s．t．∑
m●n

Am…n／A2＝1・
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§3．5　Discussion

We have obtained the momentum dependence of the order

parameters and the phase diagram which agrees qualitativeiy with

experiments．　We found the importance of thelong range spin－

fluctuations on each chain，by mor・e aCCurate treatementSin the

momentum space thanprevious works，2・3，5）for the application to

the quasi－1I）systems．

Now we discuss the validity of our approximations．First，

the retardation of theinteraction wasignored．工tieads to the

OVereStimation of theinteraction，aithough thatis roughly vaiid

because the characteristic energies N（0）－l and Ku Of the spin－

fluctuations are much larger than the temperatures．However，

because we take account of any characteristic energy scales of

the vertices through the momentum dependence and such energy

SCaies act as an effective energy cutoff in eqs．（3．21）and

（3・30），　the overestimated high energy processes are not con－

Sidered to contributeiargely to these equations．Thus，in spite

Of the absence of the energy cutofflike the Debye frequencyin

the BCS theory，　SuCh an overestimation is not so serious as

Changing the physicai characteristics．On the other hand，Within

an approximation empioyed by Scalapino et a1．，2）the effective

Vertices are averaged on the Fermi－Surfacein the momentum space，

and the frequency dependence is also neglected．Such an ap－

proximation would not be appropriate for our purpose of examining

the long－range AFSF and obtaining the T andits behaviour，

because there is not a definite energy cutoff much smaller than

the Fermi－energy．
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Further we have regarded the AFSF exchange vertices as boson

propagators．This wouid be roughiy vaiid for the system dominated

by the AFSF atieast semi－phenomenologically・Furthermore we have

impiicitly assumed the appropriate hopping of electronin z－

direction which is small compared to t’butlarge enough to

SuPPreSS the thermai fluctuations on each conductive planeJuS－

tifying the mean fieid approximation．　From these reasons a

reaiistic estimation of the AFSF contributionin（TMTSF）2Ⅹand

（DMET）2Ⅹ　needs more accurate calculationbeyond the RPAand the

ladder approximation．Moreover the maximum vaiue of T depends on

the choice of U，Whichis not accurately known experimentaliy・

Nevertheless we think that our treatment would clarify an essen－

tial aspect of these compound from the qualitative agreement with

the experiments・and from the agreementin the order of Tc・For

exampie・Tc三0・4～1・4K and TsDW三12K for（TMTSF）2Ⅹ，7・8）and

T＜0・5～1・9K and TsDW三2・8－25Kfor（DMET）2Ⅹ・9～11）experimentaily・

on the other hand，the theoreticai resuitis T＜4．4xl0－4t（i・e・

1・1Kif t＝2500K）forU＝1・48253t・ThenTsDW＝8・0×10－3t（＝20K）for

t・＝0，andTsDW＝4・8×10－3t（＝12K）fort▼＝0・136七・andtheSDWphase

Vanishes at t一～0．145t．

工n addition in the present case the　2I）　Van Hove sin－

gularities of the DOS does not cause any peculiarity as seenin

the square iattice case．　Howeverif the transverse hopping t’

increases as　2t．～2t＋FL（JL三一1．3t，t一芸0．35t forl／4－filled band）and

the Fermi－Surface is near the saddie point of the dispersion，

then the superconductivity may be enhanced by theiarge DOS

according to the value of U，although the AFSF would be hardiy

assisted by the Fermi－Surface nesting．工t must be also noted that
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a some kind of frustrations which suppress the AF ordering may

enhance the superconductivity cooperativeiy with the van Hove

singularities．5）
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Chapter　4．

Magnetic Properties and Superconductivity

Of Strongly Correlated Electron Systems

工n this chapter，We Study the t－J model，Which describs

the strong repuisiveinteraction between eiectrons on each site，

and reduces to the antiferromagnetic Heisenberg modelin the

half－fiiied band iimit．　The t－J model can be derived from the

StrOng COupling Hubbard modelin the case ofJ＜＜t・

The method usedin this chapteris a Green－s function decou－

piing scheme in reai space，SO Called Hubbard　工工工　approximation

improved by Kawabata，Whichis appropriate to the strong correia－

tion reglme．　Applying this method to the t－J modei of any hoie

COnCentrations，　We find that the magnetic property changes

rapidly from that ofiocalized spin systems to that ofitinerant

electron systems as hoie concentration increased from haif－

filiing．　工n the haif－fi11ed bandlimit，the susceptibilityis

Shown to reduce to the Curie－Weiss formin the mean fieid ap－

proximation on the exchange term of the Hamiitonian．工tis aiso

found that the antiferromagnetic transition temperature takesits

maximum at half－filling and decreases very rapidly with slight

hole－doping．　Superconductivityis aiso examined within a simiiar

approximation．エーis found that superconductivityis difficult to

OCCur in the strong coupiing Hubbard model butit occursin the

t－J modei forlargeJ far from the half－fiiling．Itis also found
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that the d－WaVe pairingis more favourabie than the s－WaVe pair－

ing・The reiation to the oxide high Tc superconductorsis dis－

CuSSed．

§4．1工ntroduetion

The strongly correiated eiectron systemis aiongstanding

Subject ofinterest，Which has been studied from various aspects

s。Chas theM。tt－H。bbard transiti。nl）themagneticpr。perties2‾6）

and the superconductivity．7－10）The oxide high－T superconduc－

torsll・12）have attracted currentinterest from this view－pOint，

Since the strong on－Site correlation was expe－rimentally revealed

from thefactsthatCuatomsonCuO2pianesexistalmostasCu＋＋

with spinl／2，13）and aiso they exhibit（1）a gradual change from

the insuiating phase to the metaliic phase with decreasing

ei。Ctr。n n。mb。r fr。m the haif－fiiled stateチ4，16）（2）al。Caiized

14，17）
antiferromagnetic（AF）phasein the nearly half－filled case，

and（3）the high－T superconductivity．11・12）Thus numerOuS WOrks

have been devoted so far to clarify physical properties of the

StrOng COupling Hubbard modei．工n the strong couplingiimit the

Hubbard model is transformed into the t－J modei：

H＝iヲJ，。tij；i：；36・if，2Jij（Si・Sj－÷ninj）・

Where we defined c．＝

Si＝1／2・C‡αdaBCiB・Here

ni－dCi6・n1－6＝1－ni－6・

J‥＝Jニー2／U and t．．＝－t
lJ IJ
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neighbour（n・n・）sites（i・j）and otherwiseJij＝O and tij＝0・

Moreover weignore the terms of the order of t2／Uin the hopping

terms of eq．（4．1．1）in comparison to t．

The t－J model can be derivedin a strong coupiingiimit of

the d－p mOdei which is a reaiistic modei of the high－T

superconductors．18・19）工t shouldbe noted thatin the half－filled

limit，　the t－J modei reduces to the AF Heisenberg model，Since

the hopping term of eq．（4．1．1）does not work actually due to the

prohibition of the double occupancy．

工n the original Hubbard model，doubiy occupied sites appear，

except for infinite U．　This effectis，however，Smali enough

COmPared to that of the second term of eq．（4．1．1），Since the

expectation value　＜n．n．　＞　is estimated iess than order of

e－（－W＋U）／T with temperature T，WhereWis the bandwidth of U＝O

SyStem and we have used the fact that the energy gain due to the

eiectron hopping th］rOugh the occupied sitesisiess than order of

W．　Therefore the description by the t－J modei wouid be valid for

Sufficiently strong correlations andlow temperature satisfying

－W＋U＞＞T．

工n the strong COupiing Hubbard model or the t－J model，the

Short range correlations of electrons are considered to dominate

physicai propertieS，　eSpeCiaiiy for the nearly half－fiiied case

in which the eleclErons exhibit a localized character．As one of

the approximations whichis appropriate for this kind of problem，

a Green’s function decoupling scheme was proposed by Hubbard with

successfulresuits jLn the studyof the Mott－Hubbard transition，1）

（Hubbard　工工工）．　However，1ater，Kawabata pointed out thatin the

haif－filled case the Hubbard　工工工　approximation does not reproduce
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the Curie iaw for the magnetic susceptibiiity，in the Hubbard

model with infinite U．He resoIved this difficulty by proposing

the improved Hubbard　工工工　approximation，　and showed that the

susceptibility obeys the Curie－Weisslaw，although he made some

assunptions to showit．2）

工n this chapter，　We apply the improved Hubbard　工工工　ap－

proximation to the t－J modei，　and investigate the magnetic

properties and the superconductivity．

For the magnetic properties，We eXamine the behaviour of the

SuSCeptibility・AF tranSition temperature TAF，and subiattice

magnetization at any hoie concentrations．　We expect that our

approximationis adequate uniess the hoie concentrationislarge・

For the superconductivity，　We attribute the attractive

interaction for the pairing to the nearest neighbourinteraction

Jij・andassumethepictureofiocaipairing・20）Thispictureis

rather different from the BCS superconductivity．工n BCS supercon－

ductivity，　the k－SpaCe COndensation around the Fermi surface

occurs，and thus thelong－range nature Ofinteractions24）suchas

that mediated by phonons and para－magnOn are eSSentialin the BCS

SuperCOnductivity．　On the other hand，for the superconductivity

Of theiocal pairing，itis essential to takeinto accountlocal

COrrelations．　Hence we apply theimproved Hubbard　工工工　approxima－

tion to the superconductivity of thelocal pairing，Simiiarly to

the case of the magnetic properties．

Moreover，in the t－J modelincluding cases of ratherlarge

J，　the favourable symmetry of the superconductivityis aiso

unknown theoreticaliy．　工n the weak coupling Hubbard model d－

Symmetry pairingis shown to be favourable because of the nature
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Of the attractiveinteractioninduced by spin－fluctuations
21－25）

and also because of the van Hove singuiaritiesin the square

lattice．20・23・25）However，in the t－Jmodei，itis uncertain，a1－

though anumericalwork supports the d－WaVe SuperCOnductivity．9）

工n　§4．2，We investigate the normai state Green－s function

and the momentum distribution of the quasトparticles．工n　§4．3，

the magnetic susceptibilityis caiculatedin the non－haif－filied

CaSe，　and the Curie－Weiss law is proven to holdin the haif－

fiiled limit．In　§4．4，theimproved Hubbardi工工　approximationis

extended to the antiferromagnetic case and the antiferromagnetic

transition temperatures are obtained．工n　§4．5，the superconduc－

tivity is studied and the d－Symmetry Of the order parameteris

Shown to be favourabie．工n　§4．6，We eXamine the Green’s function

for various band structuresin connection with the ferromagnetic

instabiiity．　The last section is devoted to summary and dis－

CuSSion・　The main part of this chapter has been publishedin our

three papers of ref．26．
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§4．2　Normal Electron Green．s FunctioninJ＝0

Weintroduce a retarded Green▼s functionGAB（t）for Fermion

OPeratOr A and B defined by

GAB（t）≡くAJB〉t≡－ie（t）く【A（t）・B】＋〉t，
（4．2．1）

withA（t）≡eiHtA e－iHt．エー▼s Fourier transformis denoted by

GAB（山）…くA・B＞。＝［；三eiotくAIB〉七・　　　（4・2・2）

First，　We investigate the singie particle Green’s function

Gij。（O）≡く言i。l；j：〉。1nthecaseofJ＝0・ThenGij。（O）satisfiesthe

foliowing equation of motion；

（…i。）く言i謹j：〉。

＝＜ni－d＞（Bij・≡tikく；k。I；j：〉。）

1＿。e加持j：〉。・tikくBnT　～ tikく言k＿。㌔㌔；i。1㍍〉。・（4・2・3）

Where Bn；＿。…ni＿。－＜ni＿。＞・The secondand third termsin the right

hand side are termed the scattering correction and the resonance

broadeningcorrection，reSpeCtively，foiiowingHubbard・1）

工n the following，We Caiculate these correction termsin the

paramagnetic phase adopting the Hubbard　工工工　approximationim－

provedbyXawabata．2）
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TheGreen▼sfunctionくBni＿。Ck。I；3：〉。（i≠k）whichappearsin

the scattering correction approximateiy satisfies the fo110Wing

equation of motion；

（O－ek。）くBni－dCk。I；3ニ〉。：＜nk一。＞至tklくBni－。Cldl；j：）O・

一一　　　　′－　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－　　　　～

（4．2．4）

where we neglect the higher order contribution of the transfer

integral and correlation functions simiiariy to the Hubbard　工工工・

By notingthatくBni＿。Cidl；j：〉。＝＜ni＿。＞く言i。［；j‡〉。，eq・（4・2・4）

is easily soIved asin Appendix4．A and gives an expression of

the scattering correction：

≡tikくBni二。言k。l；j：〉。：n－。R。（O）く；i。t；j：〉。・（4・2・5）

㌔（0）…1。（山ト㌔（け1・

1。（山）≡（0－㌔）九二。・

and　㌔（む）≡N‾1∑（1。（山トck）十
k

（4．2．6）

（4．2．7）

（4．2。8）

Where㌔＝eid，n＿6＝＜ni＿d＞・andn＿d＝1－n＿6・Here16（O）and㌔（u）are

a locator and a Green▼s function，reSpeCtively，Without both the

SCattering and resonance broadening corrections．

The resonance broadening correctionis similariy calculated

from the fo110Wing approximate equation of motion fori≠k：

（0－ei。・ei＿。一ek＿。）く；k＿。王ん愕言〉。

d
－
k

nく
⊥k

tT
ム
工

芸

Cト。Cト。Ci。現〉0－…，tik・く言k－dCk・－dCi膏：〉0
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…nニ至tklく言1－。；iI。；idl言j：）。－tik＜Ck一記。＞く言i。J；j：〉u・
■■■■

（4．2．9）

This approximation is the same with thatin the Hubbard　工工工

except theiastterm・工ntheHubbardI工工＜Ck＿。；kI。＞；＜nk＿。nk。＞

is decoupled as＜nk－6＞＜nkd＞・Later Kawabata pointed out thatin

the haif－filled and strong－COupiing limit，this approximation

does not result the Curielaw for the susceptibiiity whichis

expectedin this limit，and showed that the Curie iawis obtained

by using that　＜nk－dnkd＞＝Oin the aboveiimit，With some

assumptions．On the other handin the t－J modei，Since the double

occupancyisexciuded・WeCaneXaCtlyput＜Ck＿。言k㌔＞＝1－n…nh・With

n＝nα＋nB・and easily extend Xawabata－s treatment to the non－haif－

fiiled case．Thus we obtain an expression of resonance broadening

COrreCtion from eq．（4．2．9）：

≡tikく；k－記謝詔j：〉揖＝ 免＿。（0－㌔＋e＿。）く；i。巧：〉山。

（4．2．10）

Substituting eqs．（4．2．5）　and　（4．2．16）　to the equation of

motion（4・2・3）・and using the Fourier transform Gkd（a＞）…∑e

・Gijd（O）・WeObtain

Gkd（山）＝（Ld（山トck）－1・

Gd（山）…Giid（む）＝Ⅳ‾1…Gk。（U）・
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Ld（山）

1

n
－d

【山一㌔－n＿β見β（むト一二且良一d（い㌔・e－d）】
n

d

（4．2．13）

Now we introduce a self－COnSistency by repiacing uncorrected

locatorl。（d＞）and Green’s function g。（u）in eq・（4・2・6）with

COrreCted ones，thatis・Ld（む）and Gd（u）・reSpeCtively・foilowing

Hubbard．Thisis performed without any arguments onits validity，

but it would be convincing from the successfui results of

Hubbardi）On the meta1－insuiator transition and from those of

Kawabata2）On themagnetic properties mentioned above・Thus the

Seif－COnSistent equations are composed of eqs．（4．2．11）～（4．2・13），

and

㌔（山）＝L。（山トG。（可‾1，

with n。：－÷ldof（O）ImG。（O）

（4．2．14）

（4．2．15）

andf（U）＝（e叫什＋1）－1

エー　is worthwhiie noting thatin this seif－COnSistent scheme

if we neglect the resonance broadening correction given by the

last term in the bracket of eq．（4．2．13），this scheme reduces to

the CPA・3）The CPAhas beenusedbyFukuyama andYoshida for the

study of the high Tc superconductivityinthet－Jmodel・10）

However，　it is known that the CPA does not lead to the correct

localized limit of the magnetic propertiesin the half－filled

band limit similarly to the Hubbard　工　approximation，in which

both the scattering and the resonance broadening correction are

negiected．1・27－29）

－145－



工n the case of ed＝－FL andparticular choice of the density of

states（DOS），1・2）

p（司書【1‾（抑1′2’　（4・2・16）

with the band width W，　the self－COnSistent equations can be

analytically solved as

Gd（む）＝一也－（U・〃土
W2

（む＋〃）2一拍／2）2），（4．2．17）

Where n＝2nd・Here the signbefore the square rootis determined

SO that Gd（山）satisfies the requiredanalyticity（工mG6（u）＜O and

Gd（む）∝1／（U＋〟）forlu叫巨＞吋2）・

The momentum distributionn≡n（ep）is given byp

1
n　＝　一　日　　‾

p　　　　　冗 ト的）ImG即（む） （4．2．18）

We calculate the np for the DOS（4・2・16）andplot themin

Fig・4・1・工tis found that Fermi－Surface does not exist for ali nh

due to the presence of the quasi－particle damping although the

damping decreases with nhand vanishes as nh→1・This means that

the quasi－particle loses the phase coherence of the motionin a

mean－free path．　工t shouid be noted that the strong on－Site cor－

reiation wouid make the quasi－particle heavy and tend to be

iocaiized especially near the half－fiiied band case．This cir－

CumStanCe is expressed by the presence of the dampingin our
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treatment．　工t seems，however，that some global features such as

the existence of Fermi－Surface might be iostin the present

approximation・eSpeCiallyin the case far from nh＝0・Thisisin

COntraSt tO theidea that the Fermト1iquid theory would work even

in this strong coupiing case except the haif－filled band case，

althoughitis not stiii clear that the Fermトiiquid theory hoids

in this case．　Nevertheless，　eVenif a smaii Fermi－Jump eXists

near the half－fiiled band case，Since thelocal correlation would

be most important concerning the iocali2：ed AF phase and the

SuperCOnductivity of the　10Cal pairingin a nearly half－fiiied

band case，Our treatment WOuid be reasonabie for these probiems．
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∈抒）

Fig．4．1．　The crystai momentu皿　distribution of the

quasi－particie at T＝0．e is bare eiectron dispersion．

（a）nh＝0・99・（b）nh＝0・7・（C）nh＝0・5，（d）nh＝0・2，（e）

nh＝0・1・（f）nh＝0・05・（g）nh＝0・0・The unitis taken as

W＝2．
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§4．3Magnetic Susceptibility

工n this section we examine the magnetic susceptibility for

J＝O and that forJ≠0．工n order to calcuiate the susceptibility we

addthe termof－gPBH∑S…totheHamiltonian・WhereH・g，andpB
i

are the uniform magnetic fieid，Lande g－factor，and Bohr mag－

neton，　reSpeCtively．　We take g＝2　for simplicity，and also put

h叫BH・

When J＝0，Green’s functionis obtained by replacing㌔＝11

With㌔＝一JL－hO・in eq・（4・2・14）：

Ld（U）

1

n
－6

【いいh6－n＿㌔。（揖）・一二王立＿。（山・2hd）】・
n

d

（4．3．1）

Where nO＝n／2＋6m・

Now we define E。（O）≡L。（u－hd）and貢。（u）≡㌔（u－hd）・and

rewrite eq・（4・2・13），（4・2・15），and（4・3・1）in terms of㌔（O）and

荒げ（揖），aS

Ed（揖）

and

1

n－d

【い〃－n＿藍（山上一二土質＿。拉）】・
n

d

責d（山）＝Ed（揖）－gd（可－1・

gd（山）＝N－1∑（Ed（U）一㌔）－1・
k

（4。3．2）

（4．3．3）

（4．3．4）

工t should be noted here that the magnetic field does not appear

explicitlyin the self－COnSistent equations except the condition：
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㌢・6m＝一÷Jdむ的）ImG。（山）

ニー÷巨f（山）Im己。（抽） （4．3．5）

Hence eqs・（4・3・2）～（4・3・4）determine gd（O）as afunctionof o，n，

andm・SOWe eXpandgd（O）andEd（O）up to the first orderofm：

己d（U）＝古く0）（揖）‥m告（1）（U）・

Ed（む）＝己（0）（山）＋dmE（1）（山）・

Thus the condition（4．3．5）is written as

∫

　

∫

÷
÷

血f（む）工mg（0）（揖），

血的）Im【h五言（0）（山）・mg…（州

（4．3．6）

（4．3．7）

（4．3．8）

（4．3．9）

obviousiy己（0）（O）（己（0）（O））is nothingbut the GreenIs function

（theiocator）of h＝O system，and wiii be written as G（山）（L（O））

from now on．Equation（4．3．8）gives

m　＝　h A　＋　m B，i．e．　m　＝

A　≡　－ ÷†dQ f（む）工m G▼（揖），

B≡－÷巨…）工mgU（0）

bt
・
⊥W

The susceptibility xis given by

X　＝

g悔m　　2電A
H　　　　　　1　－　B

〃BH A

1－　B　’
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Nextwe express吉（1）（u）interms ofG（63）・Fromeq・（4・3・2）we

L（山）＝言（山・再・

have

n（4－n） 1

‾G（UT，

n2　g（1）　トn

4言　G2　　　　言2

and from eq．（4．3．4）

L　－（1＋

1－m、　1
）

ー2　′　　G
n

（4．3．14）

，　（4．3．15）

己（1）（O）＝こ（1）（O）x。（山），and G一（u）＝LI（u）xo（O），（4・3・16）

Withx。（O）≡－N．1宣Gk。（u）2and言≡1－n／2・Differentiatingeachsideof

eq．（4．3．14）and using eqs．（4．3．15）and（4．3．16），We Obtain

Xo（山）＝Gソ【言－

G（1）（山）＝G▼

and

n（4－n）　G’

4　　G2
1，

（トn）（揖十〃）－2言2G－1

言【（1－m）．n言∂（G‾1）／紬】

（4．3．17）

（4．3．18）

工n the limit of n→1，the susceptibilityin the case ofJ＝O

Shows the CurielawX：滝rr・Since

A＝β（1－n）・0（（トn）2），

B＝1－2（トn）＋0（（1－m）2），

（4．3．19）

（4．3．20）

around n＝1（see Appendix　4．B）．This means thatin the present

approximation the localized free spin behaviourin the haif－

filledlimitis correctiy reproduced．
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The case ofJ≠O also reproduces thelocalized spin behaviour

as following．Weillustrate this within the mean field approxima一

七ion of the exchange termin the Hamiitonian（4．1．1）：

2J∑（Si・Sj一Tninj）→2zJm∑dnid
i，j id

（4．3．21）

With the number of the nearest neighbour site z．工n this way the

Green▼s functionis obtained by replacing h with h≡h－2zJmin the

above treatment of J＝0．　Thus we found from eq．（4．3．9）and

（4．3．10）

m

X　＝

h A　＋　m B，i．e．　m　＝

2電A
1　－　B　＋　2zJA

〃BH A

1－　B　＋　2zJA
（4．3．22）

（4．3．23）

This leads to the Curie－Weiss law in the n⇒1　1imit using

eq．（4．3．19）and（4．3．20）：

X　＝

T　＋　ZJ
（4．3．24）

as was pointed out by Kawabata．2）our proofis more rigorous than

that of Kawabata皐n the way of takinglimit of n⇒l andintroduc－

ing J in the Green．s function．As a result，We find that the

analyticity of the Green▼s functionis needed to prove，anditis

also ciarified that the Curie－Weiss formis derived reasonablyin

a mean field approximation．
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工n Fig．4．2，　We piot the numericai resuits of the magnetic

SuSCeptibiiities（4・3・23）for variousJand nh：J＝0，J≠0，and

nh≡1－n＝0・0・01・‥・etC・工tis foundin bothJ＝O andJ≠O cases

that the susceptibiiities exhibit a graduai change from the

Curie－Weiss iaw of the　10Caiized spins to the behaviour of

itinerant electrons as Pauli－paramagnetic susceptibility，　aS

doping electron holes，although the quasi－Particle does not have

the Fermi－Surface in the crystal momentum space，aS We have

discussed in the end of　§4．2．
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Fig．4．2．　The temperature dependence of the magnetic

SuSCePtibiiity x／電fortheanalyticaliysoIvablecase
given by DOS　（4．2．16）．The s01idline and the broken

iine denotes the zJ＝O case and the zJ＝0．12　case，

respectively・（a）nh＝0・（b）nh＝0・01，（C）nh＝0・02・（d）

nh＝0・03・（e）nh＝0・1・and zJ＝0・（f）nh＝0・（g）nh＝0・1，

and zJ王0．12．The unit is taken as W＝2．The dotted iine

denotes theline given by eq・（4・3・23）be10W TAF・
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§4．4AntiferroⅡlagnetism

工n this section we study the antiferromagnetism of the t－J

modei．　We divide the whoie iatticeinto two subiattices A and B．

Theoperatorcid・nid・；id，and eidaredenotedbyaid，Aid・；id・

and e‡・reSpeCtively（orbi。，Bid，gi。・ande≡・reSpeCtiveiy），

Where the siteiis belonging to the A－（or the B－）sublattice・

Moreoverwe defineAd＝＜Aid＞＝n／2・6m・Ad≡1－Ad，Bd＝＜Bid＞＝n／2－6m・and

Bd…1－Bd・工n the presence of a staggeredmagnetic fieidH，the

Hamiltonian　（4．1．2）is modified by putting e…＝一㌢hdand

With h＝FLBH・

The equations of motionin the case ofJ＝Ois

（山一e…）く言i溝三〉。＝A言（∂ij・≡tikく；k溝：〉揖）

1－轟。1；競・≡tikくgk一武謝詔j：〉揖・十至tikく8AT～

（0－8…）く誹j：〉。＝B言Pklくgl。現〉揖

・至tkiくBBk－。al。l；3：）。・至tkiく；1－dSkI。Skdl；j：）O

一・・　　　　　～

㌔＝‾〃＋加

（4．4．1）

（4．4．2）

Similariy to　§4．2，the scattering correctionin eq．（4・4・1）

is caiculated from the equations of motion：

くBAi二。Sk。l；j：〉。：13（O）－1至tklくBAi二。；1。I；j三〉u・forijk・

く隼二言1謹jニ〉。＝1…（け1∑tlmく聖二。百m謹j：〉。・foriれ
m

（4．4．3）

With
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1…（山）≡

山一CA
d

A－d
andl…（む）≡

山　一　6

They can be easily soIved with the result：

Where

and

（4．4．4）

≡tlkく聖二。gk溝三〉。＝A－。咤（0）く言1溝：〉。・（4・4・5）

立…（山）≡1…（山）一g…くけ1，　　　　　　　　（4・4・6）

か）≡N－1…串）／（串）1≡（むトe孟）‾1・　（4・4・7）

The resonance broadening correctionis similarly calculated

from the equations of motion：

（u－e…・e空。－eヲ6）くSk＿。ai＿。ai。I；j：）。

；里tklく；1－。；iI。；i謹言）。－tik（1－n）く；idl；j：）O。（4・4・8）

（山一か空。－e空。）く；1＿記。転帰〉。
T
ム
m

一

　

d

Aニ
ー

tlmくgm一。ai＿。ai。l；j三〉。

Which leads to

左tikくgk－。aト…l；j三〉。＝
a．

B－d
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The correction termsin eq．（4．4．2）are obtainedin the same way・

Next，by repiacingl…（O），13（O），g…（O）・andg≡（O）withL…（O），

L≡（u）・G…（u）・and G≡（O）・ineq・（4・2・6）・reSPeCtively・aSdis－
cussed in　　§4．2，　We have self－COnSistent equations from

eqs．（4．4．1），（4．4．2），（4．4．5），（4．4．10）：

G…（山）…G‡i。（山）＝N‾1∑
k

L…（む）
－d

L空。（山）

L…（0）L空。（揖）－e孟’

（4．4．11）

【山一eA－A＿。蠍む）一一一・手札（山一e…＋8㌔）】・（4・4・12）
d　　‾d：・6、′　　A‾

td

咤（山）≡L…（山）－G：（可‾1・

A。＝一÷J血…）ImG…（む）

（4．4．13）

（4．4．14）

Here we haveusedthefactthatL…（山）＝L空。（O）・G…（u）：Ge。（u）・and

Ad＝B－d・

Equation（4・4・12）canbewrittenintermsofE…（O）≡L：（u－hd），

己…（U）…G…（O－hd），and乾（O）…蠍O－hd）as

E…（山）
1

A‾

－d

【U・〃一A＿。乾（む）一一一㌢軋（州，
A‾

－d

（4．4．15）

Where the magnetic fieid does not appear expiicitly．

Now we calculate the staggered magnetization・　First we

expandg…（O）andE…（む）uptothefirstorderofmandh

己‡（む）＝G（山）・d己（1）（山）・0（m2，h2），

己…（山）＝L（U）・dE（1）（山）・0（m2，h2），
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鞍山）＝如）・d宝（1）（む）・0（m2，h2），

Where the functions G（O），L（山），52（O）are thosein the case of m＝O

and h＝0．Thus we find

L（U）＝言（山・山・
n（4－m） 1

‾G【心）‾，

（4．4．17）

己（1）（揖）－（羊ニ）2宝（1）（山）ニー÷（こ（0）（山）－（一半＝）2託（0）（山）），
2n n　　　　　　　　　　　　2n

（4．4．18）

from eqs・（4・4・15）and（4．4．16）．Furthermore，WeeXpandL…（O），

G…（む），咤（む）as

G‡（O）＝G（山）・dG（1）（O）・0（m2，h2），

L‡（O）＝L（O）・dL（1）（O）・0（m2，h2）・

専心）＝軌）・βが1）（む）・0（m2，h2）・

Thus we have from eq．（4．4．14）

n l
‾　　　　　　　　　　　！　　　　　　－

2　　　　　　万 J
dU f（揖）工m G（0），

m＝－÷巨…）ImG（1）（U）・

where G（1）（O）is obtainedas

G（1）（U）ニh五両）・己…（0）

（4．4．19）

（4．4．20）

（4．4．21）

（4．4．22）

fromthedefinitionofg…（u）andeqs・（4・4・16）and（4・4・19）・
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For simplicity，Wedefinel…（O）…L…（O）－（』ニー）2蠍O）・‡…（u）≡Ⅰ。（u－

hd）and also their expansion factors by　工（O），‡（1）（O）and

工（1）（O），Similarly to eqs．（4．4．16）and（4．4・19）・Thus we have

‡（1）（山）ニー⊥聖一工（む），h惹工（両・‡（1）（山）＝工（1）（山）
n

Ⅰ（1）（U）＝一審G（1）（山），

工（山）＝L（揖）－（一旦＝「）2立（む）＝
2n

1－n
【U＋　〃＋

nn

1－n

（4．4．23）

一一百て前】・

whereweusethefactthatG（1）（u）＝一語L（1）（u）・Fromthese
equations，itis easily derived that

G（1）（山）三一G（山）【h惹1nI（む）一旦】
n

（4．4．24）

S－ubstituting this intd eq．（4．4．21），　and using eq．（4・4・20），We

Obtain

m＝－hC・÷す，
n

C＝－÷巨…）工m【G惹1n…）】

Wlth

（4．4．25）

（4．4．26）

Thus the staggered magnetic susceptibiiity XAFis given by

2　　2－n

XAFニー〃B 1－n
C， （4．4．27）

This reduces to the form of that of thelocalized spin system：

XAF＝電Pin thelimitofn→1・aSeXPeCted・Thisformis derived
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from the expansion C　＝　－　B（1－n）＋0（（1－n）2）whichis easily

Obtained from eq．（4．B．2）．

Next we calculate the staggered susceptibilityin the case

Of J≠0，in the mean fieid approximation of the exchange term．

Thisisperformedbyputtinge…＝－P－hmdande≡＝－P・hmdWithh…h・M

and M≡2zJm・Thus the staggered magnetization is obtained by

replacing h with h in eq．（4．4．25）：
m

m＝‾hmC＋÷十・
Which leads to

XAF

ー（トn／2）〃芸C
（1－m）＋（2－n）zJC

工f we take thelimit n⇒1，We have

XAF T　－　ZJ

（4．4．28）

（4．4．29）

（4．4．30）

On the other hand・the AF transition temperature TAFis

given by the condition in which spontaneous magnetization

appearS：

1－n

2－n ＝ZJ÷巨f（山）工m【G（山）惹1n工（刷・（4・4・31）

工n the n⇒11imit・We againobtain themean fieid result TAF＝ZJ・

For various hole concentrations・TAFis numericaliy calcu－

1ated from eqs・（4・4・20）and（4・4・31）・We showTAFaS afunction

Of nh≡1－n，in Fig・4・3・エーis found that dopeditinerant holes
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destroy the AF order very effectively・andTAFVanishes even for

Very Smaii hole concentration．The critical hoie concentration

n芸・at Which TAF Vanishes，areShowninFig・4・8asweiiasin

Fig・4・3・For example n芸；0・022in the caseofzJ＝0・06W・This

behaviouris consistent with the experimental results of the high

Tc oxides which shows the rapid distruction of the AF phase with

Siight hole－doping．

Lastly，We eXamine the equation of the magnetization for

T＜TAF・First we examine thatin thelimit of n→1・We begin with

the reiation：

1－n＝＜；i記＞＝－÷蔦（トf（…））ImG…（山一〃）・（4・4・32）

Here we note that the Green－s function can be written as

己…（…）＝A二㌔（…）・0（トn）， （4．4．33）

near n＝1With a spinindependent function g（u－FL）defined by

g（…）＝【U・告…（げ1・古今。（け1－（己…（山）・己空。（0））】－1

（4．4．34）

This reiation is obtained from eqs．（4．4．12）and（4．4．13）。

Substituting eq．（4．4．33）into eq．（4．4．32），We have

1－n＝e‾肋（÷・可D，

with D…－÷JdoeB（O‾〟）Img（u），
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that is

2（1－n）＝　－（cosh（BM）－　2m sinh（BM））D，

0　＝（sinh（点M）一　2m cosh（BM））D， （4．4．37）

up to the order of1－n．Thereforein theiimit of n⇒1，We Obtain

m＝÷tanh（2zJmB）・　　　　　　　　　（4・4・38）

The behaviour of the solution of m of this equation，i．e．the

average value of SZ are shownin Fig．4．4．Equations（4．4．30）and

（4．4．38）　Coincide with the mean field resuit of Heisenberg modei

as was pointed out by Kawabata，2）in thelarge UHubbardmodei，

With some assumptions．

Second we examine the subiattice magnetizationin the non－

haif－fiiled band case．The seif－COnSistent equations（4．4．11）～

（4・4．14）　are soIved numerically for zJ＝0．1W，n＝0．96，uSing the

DOS given by eq．（4．2．16）conventionaliy．The results are shownin

Fig・4．4．エーis found that the spin moment shrinks by　～13％　because

Of the hole－doping and that the temperature dependenceis essen－

tially the same with the half－filling case．

工n addition，　We Calculate the momentum distributionin the

AF phase and the result are shownin Fig．4．5，Where we found that

the electrons are more localized in the AF phase thanin the

normal phase．　However，　We Should note that our treatments are

Within the mean field approximation on the exchangeinteraction

J，in which the lowlying excitations such as a spin－WaVe are

negiected．
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§4．5　Superconductivity

工n this section，We Study the superconductivityinduced by

the exchangeinteraction given by the second term of eq・（4・1・1）・

Corresponding tothenormaiGreen▼sfunctionGij。（u）…く；i。J雪。）。，

we definetheanomaiousGreen▼sfunctionFkj。（O）≡く払誼。）。・We
regard the average：

ム蒜≡4J＜雪。言∴＞

＝一号笹的）Im【Fkj。（両8）】・ （4．5．1）

as an order－Parameter Of the superconductivity，Which actuaiiy

COincides with 4J＜弓。ek！。＞
in the t－J model．

First we study the s－WaVe pairing：

△芸。≡≡e‾1p●RkjA芸J。

dA鷺

0

ーt ep，

Where e is the bare electron dispersion defined by
p

（4．5．2）

亡。…至e‾1p●Rij

・tij・Forexampie・ep＝一2t（cos（px）＋COS（py）＋COS（pz））forthecubic

iattice．

Now we note that theidentity

＜雪露＿。＞＝－＜軋晶＞

requires theFkjd（O・iB）to satisfythe condition：
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蔦工m・Fkj。（摘）】＝0・
（4．5．4）

The empioyed approximation scheme shouid not destroy such an

identity．However a straightforward appiication of a decoupiing

approximation scheme sometimes destroys the aboveidentity・Thus

we propose the modified approximation scheme，in which the

Fkjd（O＋iB）satisfies the reiation：

Fkjd（u＋iB）＝Fkjd（－u－iB）・

（4．5．5）

Which guarantees the condition（4．5．4）．We apply the decoupling

theory studied in the preceding sections to each term of the

equation of motion of the symmetrized form：

1－－訂Fkj。（t）≡i嵩トi8（t）く【電＿。（÷）・雪。（－÷）1．〉】・

＝÷【く【払。，H】鶴〉・く乱打雪。・H】〉】・（4・5・6）

This procedure makes no difference in the appiication to the

normal Green－s function compared to the treatmentin　§4．3　and

§4．4．Under the assumptions mentioned above，We have

OFkjd（山）

＝÷【

－　∑
1

（－〃く電一班。〉む一五至tklく雪■雪d〉u

tklくBnk。C1－。鶴〉。一書tklく電一。；k。；I。）雪6）u

・至A；k一。く；1誼。〉む）
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ーモー〃く射雪。〉山一孟夏，tjk・く電■電－d〉山

一雲，tjk・く完－。lBni－。完・。）。一夏．tjk▼く完－dL雪6；j－dCk・－d）O

・至．A；k・。く電万言k・－。〉日日・　　　（4・5・7）

Herethedecouplingt；kI。・Hex】；至Al芸－。；iIdhasbeenused，Where

Hexis the exchange termin eq・（4・1・1）・Our approximation on H eX

resembles a mean fieid approximation，althoughitis different

from the usual mean－field treatment of Hexin treating the

PrOjection operator nkd＝1－nkd・The scattering correctionin the

first term of eq．（4．5．7）is calculated from the equation of

motion：

（…）く8広丘謹；。〉山

；云∑tlmく6転；三＿。可。〉U・∑△；那く餌㌫；m。鶴〉。

・ム；k。く；kJ雪。〉。・ （4．5．8）

（…）く転。；m。l雪。〉。

；云∑tmnくBn；。言n絹。）。－サtkmく；k膏。）。・　（4・5・9）
n

Where k≠l and k≠m．Here we neglect theinhomogeneous terms and

fiuctuationtermsincluding監軋。－＜完。；L。＞inthepresentmean
field iike treatment．　These equations are solved with use of

くBn這払。喘〉＝サFkj。andくBn；。；k誼。）：サGkj。・Wehave
the expression of the scattering correction up to the first order

Of A：
0
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至tklく餌謹三一謹鵠・i∂

芸サ見（‾）Fkj。

－」」（ト⊥）
2品　　　　n

2－m
dA着

0

－t 見卜）Gkjd

L卜）見卜）－L見

－t L卜）－L Gkjd・　（4・5・10）

where St（－）≡立（－0－i8），52≡立（u＋iB），L（－）≡L（一針iB），L≡L（u・iB），etC・

The scattering correction in the second term of eq・（4・5・7）is

Similarly calcuiated as

吾，tjk▼く；：－。lBni－。電▼。）。・iB＝－E．tjk・くBni－6完・6度6〉－u－iB

；一十見F鵠・

＋」」（ト⊥）
2云　　　　n

2－m
－ぬ鷺

0

2五　　一七
先G罠。

－ぬ：L卜）虫（上し見

L（－）－L
Gj∴　（4・5．11）

The resonance broadening correction in the first termin

eq．（4．5．6）is caicuiated from the equation of motion：

（…）く電＿先払鶴〉。

…云∑tlmく払。；k。竃。I雪。〉。・（1－n）tkiく完＿。t雪。〉。・

・∑A；m。く電一㌔如㌔＿描。〉。・電1。く；k誼。〉。・
m

（冊）く弘㌔如；m＿。巧。〉。

…五∑tmnく完＿㌔k。言n＿。J雪。）。・サtkmく言k。鶴〉。・
n
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where k≠1　and k≠血．　The resuiting expression for the resonance

broadening correctionis

至tklく電－。；k晶雪九・16

＝・・・む一見卜）F頼2云

ndA着0

2品2　‾t

dA薯

0

一七 見卜）Gkjd

しく－）立卜）－L虫

L（－）－L
Gkjd

（4．5．12）

Simiiarly，　that of the second termin eq．（4．5．6）is caiculated

With the results：

藍，tjk・く；：－。T雪。；3－。Ck一－。）。・i8＝守tjk・く雪。；3－6Ck・6度6）－u－iB
～十　　　　　　　　　　　　　　　　　　　　　　　～十

－」」免F罠。2品

n－ぬ曽0

2品2　　‾t

1
＋

n

－ぬ★
0

Lt 立G鵠

LH見‘上し見堤。
L（一）一L

（4．5．13）

工nserting eqs．（4．5．10）～（4．5．13）into eq．（4．5．7），　We Obtain an

expression for the Fourier transform Fpd（u・iB）

Fkjd（u＋iB）uptothefirstorderofA薯：0

Fpd（肘16）

；÷【
n

＋

△芸。・

ぬ：4＿n
ーt　　　2－n

n（2＋n）

（2－n）2

Lト）見卜）－L立

L（－）－L

（一）

pd　　　　　　－p－d

LH－L

立HG　一兎G
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0

－t

∑
k

≡

】GmG

e－ip・Rkj

（－）

pd　－p■d

（4．5．14）



The first termin the bracket gives an anomaious Green’s function

With vertex correctionl斤in an analogy of a diagramatic tech－

nique with the renormalizedGreen▼s functionGpd・Theimaginary

part of this expressionis an odd function of U，and satisfies

the condition（4・5・4）and（4・5・5）・aSis expected・The Tc equa－

tion for the nearest－neighbour s－WaVe SuPerCOnductivity is

Obtained as

1　＝　－

＋

2J

五dt2万

n（2＋n）

（2－n）2

dU f（山）工mト
L（－）G卜）見（－）－L G見

L（－）－L

（Lト）52（－）－L St）（L（－）G（－）－L G）

（L（－）一L）2

4－n　見卜）見
2－m

G卜）－G

L卜）－L

Where d＝N‾1≡eS／2t2

（4．5．15）

is the dimension of the system for the cubic

iattice　（d＝3），　Square iattice　（d＝2），andlD chain（d＝1）．Then

Since z＝2d and band width W＝4dt，the prefactor of theintegralin

eq．（4．5．15）becomes2J斤dt27r：16zJ／加27F．

On the other hand，for the d－Symmetry SuPerCOnductivity，the

iast two terms vanish because of the symmetry．Thus we obtain the

Tc equation for the d－Symmetry SuPerCOnductivity：

1＝一意Jd…）Im【N‾1≡γ芸G。烏！古　（4・5・16）

Where we set A　＝dA T With d－Symmetry real function T．For the
pd O p p

nearest neighbour pairing，We have T　＝
p COS（px）－COS（py）・

The detailed structure of the DOS does not seem to infiuence

the estimation of eqs．（4．5．15）and（4．5．16）very much，Since the
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damping of the quasi－particleis ratherlarge asis seenin　§4．2．

Thus we assume the DOS given by（4．2．16）for numerical estimation

Of Tc・and moreoversetT芸…1intheintegrandofeq・（4・5・16）・

The results are shown in Fig．4．6　for the d－WaVe CaSe andin

Fig・4・7　for the s－WaVe CaSe．We find that the superconductivity

does not appear near nh＝Oin the both two cases・Thisis due to

the presence of the damping of the quasi－Particle，Which becomes

mOre remarkabie as one approaches nh＝0・aS Seenin§4・2・This

effect is remarkabie in s－WaVe SuPerCOnductivity owing to the

last two termsin eq．（4．5．14），Which corresponds to the contribu－

tion from the vertex corrections in a diagramatic technique．

Therefore the d－WaVe SuperCOnductivityis more favourable than

the s－WaVe SuperCOnductivity，aS Seen in Figs．4．6　and4．7．

Moreover we show the numerical estimation of the criticai J

Vaiues for the superconductivity and the antiferromagnetism at

ground statein Fig．4．8．エーis found that for the weakJ（＜0．7t）

CaSe・　the t－J modei does not exhibit the superconductivity for

any nh・
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U

ト

Fig・4・6・The hole concentrationnh dependence of Tc for

d－pairing．（a）2：J＝2．2，（b）zJ＝1．8．The unitis taken as

W＝2・We put　2：＝4　as an example．
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U

トー

Fig・4・7・The hole concentration nh dependence of Tc for

S－pairing．（a）2：J＝2．4，（b）2：J王2．2，（C）zJ＝2．0，and（d）

ZJ＝1．8．　The unit is taken as W＝2．Z＝2d，W＝4td．d de－

notes the dimenSion of the system．The brokenlines are

COnVentionaiiy drawn・in parallel with Tc axis・Here we

Omit unphysical soiutions of the Tc equation・Since

they corresponds to transitions from the superconduct－

ing phase to the normai phase as decreasing tempera－

tures．
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Fig・4・8・The hole concentrationnh dependence of the

Criticai J value for the appearance of the antiferro一

magnetismJAF and the（d－Symmetry）superconductivity

Jc・at T＝0・The unitis taken as W＝2・（a）zJc for z＝6・

（b）zJe for z＝4・（C）zJAF・
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§4．6　Green－s funCtion for Other Band Structures

The numerical calculation in the preceeding sections are

based on the particuiar choise of the DOS given by eq．（4．2．16），

Which gives the analytical solution of the self－COnSistent equa－

tions of the Green．s function．We expected that this costslittle

error at ieast qualitativeiy，because theimaginary part of the

Green’s function is necessariiylarge owing to the structure of

the self－COnSistent equations．The purpose of this chapteris to

Verify this point．

First，We Calculate the Green▼s functionin the paramagnetic

CaSe，　for electron systems on the cubiclattice，the square

iattice，　and lD chain with n．n．　hopping．We soIve the self－

COnSistent equations（4．2．11）～（4．2．15）numerically or analytica1－

1y using the DOS for each band structure for n＝0．95．Figs．4．9

～4．10　show the results　＿for theimaginary part of the Green’s

function，i．e．　the one particle spectrum muitipiied by　7（．エーis

found that for the cubic lattice the band width narrows into

about O．883W with thatin the free case W，While for the square

lattice the band width does not change from the free case。The

band width narrowedin the former caseis very ciose to the vaiue

caicuiated by Kubo30）in the systemof only one hoie doped to

half－filling．　For the lD chain，the band widthis unreasonably

broadened because of the qnuSua1　0riginal band structure。

Neverthless we find from this calculation that、any Sharp peaks

and edges are smeared out as expected，and that the resulting

SpeCtrumS are eSSentiaiiy of the same shape with that of the

SOlvable DOS case if the band width are scaled．Therefore it is
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Obvious that our resuit obtainedin the preceeding sections are

almost unchanged for other band structuresif we oniy scale the

all energies by the band width takinginto the band narrowing，

Whichis found not to be so sensitive to the electron number．

工n fact，　We found from Fig．4．12　that the criticalJ vaiues

for the AF transition for the cubic lattice case are not dif－

ferent from that for the soIvable DOS case qualitativeiy and even

quantitativeiy if we scaie the band width．工n other words，the

result for the cubic lattice with t＝1and n＝0．95is almost the

Same With that for the soIvable DOS with the band width W＝10．6，

quantitatively．Moreover our consequence on the hoie concentra－

tion dependence are not change evenif we use the realistic band

StruCtureS，　because the extent of the band narrowingis not so

SenSitive to the hole concentration．

Now we comment on the ferromagnetism．　The above result

indicates that the magnetic susceptibiiity does not diverge for

any hole concentration，　Since susceptibility for the reaiistic

DOS hass almost the same behaviour with the susceptibiiity of the

SOIvable DOS case with appropriate band width，Which does not

divergence as seen in　§4．4．　This is consistent with the CPA

result．3）
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Fig．4．9．

工皿aginary part of the

Green▼s function for

the cubic lattice

band structure with

t＝1（the solidiine），

and for the soIvabie

I）OS with W＝10．6（the

broken iine）in the

CaSe Of n＝0．95．

Fig．4．10．

Zmaginary part of the

Green▼s function，for

the square lattice

band structure with

t＝1（the soiidiine），

and for the s0lvabie

DOS with W＝8　（the

broken line）　in‾the

ease of n＝0．95．
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Fig．4．11．

工maginary part of the

Green－s function，for

the lD cosin band

With t＝1（the soiid

iine）．　and for the

SOIvabie DOS with W＝4

（the brokeniine）in

the case of n＝0．95．

一一一一一一一一一一一一一一一一一

SOlidline　－　Cubiclattice

t＝1，W＝10．4

blokenline　－　SOlvat）le case

W＝10．4

dottedline　－　SOlvable case

W＝12．0

0．0　0．10．2　0．3　0．4　0．5　0．6　0．7　0．8　0．9　L O

TEMPERATURE

Fig．4．12．　The crlticaiJ vaiue muitiplied by z for the

Cublclattlce band structure wlth t＝1（the solidline），

for the soIvabie I）OS wlth W＝10．6（the brokenline），

Wlth W＝12（the dottediine），ln the case of n＝0．95．

－178－



§4．7　Sumary and DiscuSSion

Now we summarize and discuss the results which we have

Obtained in the previous sections．工n　§4．2，the normal eiectron

Green’s function in the case of J＝O has been examined．For the

analytica11y soIvable case given by the DOS（4．2．16），the Green’s

function and the momentum distribution of the quasi－Particles are

explicitiy obtained．　We found there that the Fermi－Surface does

not appear as can be seenin Fig．4．1，because of the damping of

the quasi－particle resulting from the scattering and resonance

broadening corrections．

However，in　§4．3，　We have found that the magnetic suscep－

tibility changes from the Curie－Weissiaw of thelocalized spin

SyStem tO a Pauli－Paramagnetism－iike behaviour of theitinerant

electrons with slight hole－doping，　While the quasi－Particie

damping is stiiliarge，Whichindicates thelocaiized character

Of the quasi－particles．　This seems to well－reprOduce the

properties of the high－T superconductorsin which the magnetic
C

SuSCeptibility seems to be that ofitinerant electrons，
15，16）

While the iocaiized character of the electronsisindicated by

the photo－emission studies．13）we have also proved the Curie－

Weiss form of the susceptibilityin the nh→01imit of the t－J

modeL Within the mean field approximation on Hex・

工n　§4．4，We have calculated the AF transition temperatures

and the staggered spin momentin the haif－filled and the non－

half－filled band case．At the half－filling our result coincides

With the mean－field result of the AF Heisenberg model，rePrOduc－

ing the localized nature of eiectrons．Zn the non－half－fiiled
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band case，　the spin moment shrinks and the AF phaseis found to

Vanish at a very sma11hoie concentration，in which feature the

t－J modei also seems to we11－reprOduce the high－T

SuPerCOnductors．

Thus our approximation would be appropriate for describing

the localized properties of the electrons andits change to the

itinerant character，　and the t－J model seems to describe the

essentiai character of the high－T superconductors，atleast with

respect to the magnetic properties．Thusin　§4．5We have treated

the correiation effect on the superconductivity through the first

term of eq．（4．1．1）　Within the same approximation whiie the ex－

Change term Hexin eq・（4・1・1）is treated within the mean field

approximation，and have calculated the superconducting transition

temperatures T for the s－　and d－Symmetry CaSeS，With the resuits
C

Of Figs．4．6～4．8．　However，aithough the mean field approximation

On Hex is sufficient toillustrate the above argument・it might

beinsufficient for the quantitative arguments of TAF and T for

the high－Tc superconductors，Sincein such compounds theinter－

CuO2－plane coupling of J may be so weak that our resulting TAF

and Tc should be modifiedinto smaiier values・Moreoveritis

WOrthwhiie noting that the superconductive quasi－long－range Order

remains belowits Kosterlitz－Thouless temperature whiie the TAF

Vanishes，in two dimensions．Thereforeitis naturally expected

that the suppression of TAFis muchlarger than that of Tc・in

the case in which the quasi－tWO－dimensionaiityis takeninto

account with an appropriate treatment．Thus we should be carefui

if we appiy our theory to the quasi－tWO－dimensional systems such

as high－T superconductors．
C
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Nevertheless our theory gives the foilowing qualitative

resuits for the superconductivityin the t－J modei：

（1）The superconductivityis found to be very difficult to obtain

in the strong coupling Hubbard modei（J＜＜t），and near the haif－

filled band case，atieast except beiow the verylow temperatures

mentioned above．The former resultis consistent with the recent

quantum simulationby工mada8）and that of our perturbation theory

in weak coupiing Hubbard model．23）

（2）　The d－WaVe SuPerCOnductivityis more favourable than the s－

WaVe SuPerCOnductivity in the t－J model of the ratheriargeJ

CaSe，　Or the strong coupiing Hubbard modei with some additional

n・n・　attraCtive interaction．　Thisis becausein the s－Symmetry

pairing case the damping of the quasi－particie seriously sup－

presses the superconductivity through the vertex correction which

Vanishes by symmetryin the d－WaVe pairing case．Such a tendency

Of the t－J model is consistent with the recent result of the

variationalMonte－Carlo studies byYokoyama and Shiba．9）

Lastly we calculated Green▼s function and critical J vaiue

for the antiferromagnetism for various DOS．We verified that the

details of the band structure are smeared out due to the damping

Of the quasi－particle and does not affect the physical

PrOperties・As a resuit，for example，We found that the magnetic

SuSCeptibility does not diverge．
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Appendix　4．A

Nowwe show the soiution of fikWhich satisfies that

Lfik＝至tkifil＋Aik・　　　forkii・　（4・A・1）

in ternS Of fii・G＝N‾1≡（L－C。）‾1・C，＝Ee‾ip●Rkitkl・L and

Aip莞（≠i，e．ip●Rk Aik・First we define the Fouriertransform

fi。＝E（，i，e‾ip●Rkfik・Fromeq・（4・A・1），Wehave

C

fip＝トpe＿e－ip・Rifii

On the other hand

・L享誓－。
p

至tilfii：N－1≡elp●Rie，至i。

From eq．（4．A．2）and（4．A．3），We have

至tilfil＝立fil・忘N‾1≡

‾ip●Ri至tiifii

elp・Ri c A．

L　－　6

L　－　C
p

（4．A．2）

（4．A．3）

，　　　　（4．A．4）

With　史＝L－1／G．Inserting eq．（4．A．4）to eq．（4．A．2），We Obtain the

SOlution：

至ip＝（－1＋G・L1－ep）e－ip・Rifii
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1
＋

L　－　e lAi。一五e－ip・RiN－15．eip去●…ie：fTAip・・・（4・A・5）

Appendix　4．B

Now we prove the expansion（4．3．19）and（4・3・20）in the

Vicinity of n＝1．First we note that

1－n＝＜；i記＞三一÷薫くトf（…））工m叛（頼】・（4・B・1）

Since－⊥Im【Gd（u－P）】and1－f（0－P）ispositivedefiniteandGd（u一

JL）does not depend on fL，FL becomes veryiargein comparison with

the band width in the limit of n⇒1，　SO that　1－f（O－FL）

e（O－P）B／（e（O－〟）B・1）vanishes．工n the vicinity of thislimit f（か

p）can be expanded as f（0－P）＝1－e（0－P）B＋…．Thusitis found

that e－FLBis order of（1－n）from（4．B．1）．

Equation　（4．3．19）is easily derived from above argument・

substituting f（O－P）＝1－e（0－P）B・0（（1－n）2）into eq・（4・3・11）and

partiallyintegrating the right－hand－Side ofit，We have

A：－B÷蔦eB（O．p）Im【G（u－P）］：B（1－n）・0（（1－n）2）・（4・B・2）

Lastly we prove eq．（4．3．20）．We rewrite eq．（4．3・18）as
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告（1）（山）＝」LG（む）＋
n

and eq．（4．3．12）as

B＝÷卜÷J

1－n

－2
n

－（山＋〃）＋
2諒　G

n G▼

1－n G2

G－

，（4．B．3）

血）f（山）工m G（山）1
■一分

－÷蔦f（叫）Ⅰ皿軒）（…）－÷G（…）1・（4．B・4）

This first term givesl from eq．（4．3．8）．On the other hand，Since

工ml・‥】in the second termis O（1－n）from eq．（4．B．3），We Put f（u－

FL）＝l there，COrreCtly up to O（1－n）in eq．（4．B．4）．Thus the second

term of（4．B．4）is

－÷蔦Imが）（叫）－÷G（…）】
1

＝　　　－　　　　　　　　　　‾

冗 J呂Z【己（1）（Z）－÷G（Z日，
（4．B．5）

Where C is theinfinite circle of the complex z space，and the

function g（1）（Z）and G（Z）is analytic continuation to the upper

（10Wer）　half piane of the retarded（advanced）Green－s function

g（1）（O）and G（O）（己（1）（O）＊andG（u）・），reSPeCtively．Herewe

used the fact that the funCtion己（1）（Z）and G（Z）are anaiytic

except on the real axis．Noting that

G（Z）→与，aS回→の，
We have
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吉（1）（Z）－ユーG（Z）＝－n

2（1－m）
＋0（（トn）2） （4．B．7）

Substituting thisinto eq．（4．B．5）andintegratingit explicitly，

We Obtain

B＝1－2（1－m）＋0（（トn）2）
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Chapter　5．

Su皿皿ary andI）iscussion

工n this thesis，We have studied the eiectron systems With

short range repuisiveinteractionin the weak coupling regime and

in the strong coupling one，and discussed the relation to the

quasi－One－dimensionai　（quasi－1D）Organic superconductors and the

copper oxide superconductors．We have examined the magnetism and

superconductivity of the weak coupling Hubbard modeiin chapter　2

and3，and those of the strong coupling Hubbard modei and the t－J

modei in chapter　4．0ur method used for the weak coupiing model

is a perturbation theory，and that for the strong coupling model

is a decoupling scheme of the equation of motion of Green†s

functionin real space．The specific features of the quasi－2D and

the quasi－1D band structure have been examinedin chapter　2　and

3，reSpeCtively．

The antiferromagnetic（AF）susceptibility of the half－filled

non－interacting electron system on the squarelattice exhibits

the square logarithmic behaviour atlow temperatures reflecting

the iogarithmic van Hove singularity and the perfect nesting of

the Fermi－Surface，　aS WaS Shown in chapter　2．This means the

StrOng COrrelation existsin the haif－fi11ed electron systemS On

a square lattice，　eVenin the weaklyinteracting systems・Thus

even a weak repulsiveinteraction causes an AFinstability atlow

－188－



temperatures andieads to the SDW state．Moreover uniform suscep－

tibiiity exhibitslogarithmic enhancement at half－filling as the

temperature is iowered．　However，SuCh an enhancement of the AF

SuSCeptibility and uniform susceptibiiity are sensitively sup－

PreSSed by siight hole－doping．Then the SDW phase vanishes and

the uniform susceptibility becomes Pauli－Paramagnetic．

Such crossoveris seenin the strong coupling Hubbard modei

and t－J modei as well．At half－filling，the susceptibility obeys

the Curie－Weiss law reflecting the localized nature of the

eiectrons．　However the susceptibiiity becomes to show the tem－

perature dependencelike Pauli－SuSCePtibiiity with slightiy hole－

doping．　The doped holes move around and destroy theiocalized AF

iong－range一〇rder very effectiveiy．The sensitive but continuous

Change of the susceptibility and the antiferromagnetism have been

Shownin chapter　4．This behaviouris simiiar to that of the SDW，

aithough their mechanisms are different．　工n theintermediate

COupiing regime，the AF transition temperature takesits maximum，

butit wouid vanish with hoie－doping．

The antiferromagnetism is aiso suppressed byintroducing

SOme kind of frustration such as next－neareSt－neighbour（n．n．n．）

hopping in the quasi－2D case．工nitinerant electron systems，the

n．n．n．　hopping distorts the Fermi－Surface and worsens the Fermi－

Surface nesting．As a result the AF correlationis suppressed．On

the other hand，in the localized eiectron system，the n．n．n。

hopping leads to the kinetic or super exchangeinteraction be－

tween spins on the n．n．n．　sites，　Which is nothing but the

frustration to the antiferromagnetism．The sensitive suppression

Of the SDW due to the n．n．n．hopping has been shownin chapter　2．
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The SDW in the quasi－1D organic compoundsis also suppressed by

the distortion of the Fermi－Surface with the pressureincreased，

as many authors argued．　The same effect for theiocaiized an－

tiferromagnetism has not been demonstratedin this thesis，butit

is quite plausible from the above arguments．

These similar behaviours of the magnetic quantitiesin the

Weak and the strong coupiing regime seem to suggest the con－

tinuous change of the magnetic properties in intermediate

COupling regimein the Hubbard model．However near half－filling，

this problem is closely related to the Mott－Hubbard transition，

Which occurs in the intermediate coupling reglme．The quantum

Simuiation study by Hirsch supports the continuous change of the

AF transition temperature．1）

After the suppression of the AF transition，AF correlations

remain strong and maylead to an attractiveinteraction between

the eiectrons on the different subiattice sites，aS many authors

argued・2・3・4）Thelong－rangenature Of theAF correlationleads

to the same nature of the attractiveinteraction．Such nature

enhances the superconductivity remarkably in the itinerant

electron case，　because in this case the contribution from the

electrons near the Fermi－Surfaceislarge．We have examined this

behaviour in quasi－1D systemsin chapter　3，and obtained the the

phase diagram which qualitatively agrees with that of the organic

SuPerCOnductors，　by takinginto account thelong－range SDW fluc－

tuations a10mg the conductive chains．On the other hand，in the

localized electron case，in which the Fermi－liquid description

breaks down，Or eVen in the Fermi－iiquid systemsin which the
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Fermi－jump is smail，the major contribution to the superconduc－

tivity would arise from the n．n．interaction，SuCh as the kinetic

exchangeinteractionJ in the t－J model．This case was studiedin

Chapter　4，　and it was found that the superconductivityis dif－

ficuit to appear in the Hubbard modei with only n．n．hopping，

COnSistently with the resuit of the quantum simulation by　工mada

et a1．5・6）Moreover，We found that the d－WaVe Pairingis more

favourable than the s－WaVe Pairingin the t－J model，COnSistently

With the result of the variationai Monte－Cario by Yokoyama et

al．7）

Futhermore we have studied the superconductivityin the weak

COupling　2D Hubbard modei in chapter　2．We have obtained the

Vanishingiy smali but finite transition temperature of d－WaVe

SuperCOnductivityin the model with only n．n．hopping．Howeverit

WaS aiso found that the n．n．n．hoppingintegral does not only

SuppreSS the SDW transition but also enhances the superconduc－

tivity remarkably．Such tendency was also foundin recent quantum

simuiation study by dos SantOS，8）inwhich they have studied the

2D Hubbard model with n．n．and n．n．n．hoppings，and showed that

the d－WaVe pairing susceptibility enhances as temperatureis

lowered and becomeslarger than thatin the non－interacting case．

On the other hand，in the strong coupling Hubbard modei，We have

not examined the same effect of the n．n．n．hopping．However we

COnjecture that the n．n．n．hopping may enhance the superconduc－

tivity in the strong coupling case as well，from the above

argument on the relation of the weak and the strong coupling

model．
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Lastly we should comment on thelow－dimensionaiity．We have

examined the specific features of the quasi－iow－dimensionai band

StruCtureS in chapter　2　and　3．However，in our present theories，

We have assumed the three dimensionaiity enough to suppress the

thermal fiuctuations and to make the iong－range一〇rdering

possible．　Such an assumption may beinvalid for the copper oxide

SuPerCOnductors，Which may have extremely small three dimensional

couplingbetweenCuO2planes・9）Inthiscasethequas1－1ong－range

Order is formed，　and then the exchange oflow energy spin－WaVe

like excitation may lead attractive interaction between

eiectrons．This remains for future studies．
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