¥
i &, INTERNATIONAL ATOMIC ENERGY A GENCY
L

UNITED NATIONS EDUCATIONAL, SCIERTIFIC AND CULTURAL ORGANIZATION

INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS

34100 TRIESTE (ITALY) - P.O.B. 686 - MIRAMARE - STRADA COSTIERA 11 - TELEPHONE : 2240-1
CABLE: CENTRATOM - TELEX 460892 - 1

SMR/384 - 7

EXPERIMENTAL WORKSHOP ON
"HIGH TEMPERATURE SUPERCONDUCTORS"
(30 March - 14 April 1989)

PHENOMENOLOGY AND THEORY OF SUPERCONDUCTIVITY
(Lecture 1V)

Narendra KUMAR
Department of Physics
Indian Insti-ute of Science
560 012 Bangalore
India

These are preliminary lecture notes, intended only for distribution to participants.



- R v YEfpIAles P50 I &
“NTRODICTION 4, HTZr o Llecture Z)
> Lal_é‘ (‘30 s}l-)s Cu Oq_y TE ~ A k(é6-nus ,Y*-'q) {H§ 4 k
4ids) (')Mrﬂ"(,‘
» Y&, f“i Op. . Te~ 10k ( £wn) Te NbyGe) > 2304
| u!) ‘ N Litg o~ 4.9k
LNy
{Btz Co (,,2 cu 09 T~ 89- 1254
3 “‘ " /4 2
512’ /0 /)E e ~ 1 De
v (her a5 007 e o7
emical’ s,pegr LON T1iC7oRS Band
Cenameic  Ox ’C(ES s40ichip mcf,\,/ impertant . Med

interme tallicg

s i i85
+0 s La,Cu D Tetnagonaf 1-x Bay By "3 7¢~'u‘xw
‘l 0  layered Feroyskite -~
: & f strweture (K, M.y
I |
[}
@'ra, :@ 0 H)I P Main Electvonic
featuve : gauare
RS nar (u0Oa 1ayers
Ciigei Ry
Nyl Cu-0(1) : 119 A
:‘ vt 'I 0 ) q . Caa ’I‘.“
[ @ cu-0(g): 24 A s o)
o 5 5¢’dY¢
: Weak infer- layer 4 ¢-axi
# T cowpling by ~6 K
- ANISOTROPIC
SR ; L;,.ch(J(Low Jamenstbhd}
e .
s \ - — ~01--» Lascuo, uﬂJaIZ¢J Ingulafer
IR Y ——3, Conductiy -3ev
ot 9 L7 @ j"*f’.;’ €
\: /- . _f'. v, ,o ‘ﬂ' vc ;Do- L _1°x’03
R
d i+ o0 T : r‘uo’
@ .o Wz 3.78 4 :
1+ {: a
Cu Joo ¢ H
» ] -
o 01‘ c-/3-26 A E rond’s
’ .E\' 100 & 1 §\
L 347 - half. Lilled 8 /: A ,“:
o e ¢ :\ 100 ..,’/ ‘ Sl
&’L_M——e— 1 : -~ ¢ 17,41
4 fu k!l : o 0 :bo XY  Jeo p/"
CPure
/ﬂ “ :

T ( K)
-"“'”’1(' yBéy cUs 07“ - m sinele Crystal ¥ 801CU:00, g_.n



Tetna.

T &) l 800
P;leﬁq-lz Novymel
U~ weta
~ Funcm\
§u 1M X

1no

b - A

Anle Lang, S —»

Lag.y Bax €404
200 |=

Ty, Tf

.12 a1 [G*DV
(k) ) lr ivated @ |
oLl momen
b vO-S’f‘_‘ on |
I 3+
; e :
quantum: ——

Spm LigD |

Tw !
« LRO desi—rnea‘,
‘r daPlhﬁ '
. Mo ants pevskt
ZD-Sflﬂ‘{-\-Acl-s,
¥ ~ 384
vy :
¢ hole-hale |

Sepavation |

- 1o B

‘AF

InsuS

{ator

5- .1
2

-~

T¢

| .35

Metal
Paul: X
! 9:\- :0;4_1?0’7

Te

o 201 004
Hole conc. &

N EUM RO gcatiering

o Puve Laycuo, !

.51 pig 4,

’ T>(J’N 0‘,—{ ' ) 2/ 06’/4‘
P}'ll'mdh?fj L spitrn-gpin

Lo/\ne/a#.bngvzoc

3D Onderingse;
v Ty Fransifion < 5o e

59@. Iwn, T (1/0) * :
wilh N
AF onder fost 4oy
9>0-03 <<

AF (Tuvzoc

« 4 7~ 1!N

»>

pevceolatisn
thve Cheld .

* spin- Spih Conn. lcm;H.
SE fo ~1oA ot §hu
-‘»-Y T>7'~

CS5pihg {.[uc Fu ate ﬂ_q;("
Tsrniaie s forys oy,

CHotally dyhamic 5¢q 1)

AF — sPINGLAS » 5C

Insul - insul.
us §A
They unlbte $Z/ Syste

(€9. L8y Mooy La, MnOg4)
we Aave fnuly 2D -
Quanfum SPIN Ligurd
Ind  AF oXdesng /s
M ven Ai; F 7hrro
dgme Nsienakd



G- LEMPERAURE SUPERCONDUCTIVITy,
.’.“.’_E.QER'*”IC OXIDEs - DEVIATION FROM

———— . Sal—

IN SUL A TIN G 67/4 /E nater Han @ band-
lny " metaliic  state
w

o WHAT MAKETH A METAL> Band vhesry:
PART/ AlLy FILLED BA~D=> Empfy cnrcg
:n%:nalcs:ma c7os-e fo ferm: leves = No

AP

c nee cenducts wifhout
for CHﬁRGE ExcizA7/0N "hence a?;liuffon_

et n EE— .

° WHAT MAKETH AN /H:fUZAIOR-* BAND 7heor)r
fILLED BAND = LER FERM/ LEVEL in the g ab =
C}//?KCE !XC/ 7ARTION EAP » feonce actfivated

e conduction
ME7AL
T 1- 8AND N 'b 7‘ -n electrons
E ¢ lof
EK - -- I PAR7/AL « N orlitalg > N

F‘;I?LNIf;G_» b é é ?,l *Cmpty Ctates o
| . Singly occ. &, ¢
IN‘VLH#.g;% ér ¢J o & *Doully occ. &l

. sh:ar :;:'te }:\< N R, <o
— ' 1-8AND 7N Z“ >0
Ek gi‘L > ﬂ élo &l H, “N:z 2N M‘.%}
e . ly olouf’
b'[ a &{ £j . i’: ‘: . ::; 1‘,:;

k. "/d. ﬁj y ?l H'

snap shof PAULIS Exclusion
Real spac Fordids Trangport.

DOPIN G BAND (NSULH?’DR—) 5em:cahdkc+toh

e, 4 8 ;;;@ YN S
| U HH &8s

Hole : € sping Formin D Ry >0

-) .l—-_-.... e

N [aLcao ' Parenf c‘oM,oouna’({ Zau,srxcw#} Aas

FB?{'VSD_;:'C_‘/:T N lled " Conducdion bany” sHoUL»

o H7TSC be mets! a fa BAVD 7#Ecr, BUT s o 2)




LV,

La 54!04 . IS nota Hand /nsulctor
h /9 /ﬂsa/a;zpr {cc:aage sf
i/’Oﬂy lg:/e C'f‘fo_ﬂ- e/ectron fe/afsf'pn
(on-site re,bé/sio g/ Jz’;fal/o_{:ﬁ??
double occupancy  §ingly-0ccupia.
Ondrfals- on/y at Z j‘:'///'ﬂj (N=NJ
Any charge Franspori inwives ’
double occupancy => loulomé ~U

Jnsulaters MOTT- Hubd arey n:a/;f,.j
STRoNGLy CORRELATFZ FERMIONS

->

¢  COMPETITRON bef/een Lowerrng of
finetic ;;;rjy by 3/¢éc_:'_d‘//;,:a‘7‘f'aq(~‘_r
Band Widfs ) ana’ of pofential energy(y
b lecalization oefer mines ha 7[;::‘:_.,—0;

— norma/d §C srareg
e Deviation from L -fi/ing 3 [finerans
charge carriers ( different from oopesd
land Semicenducterg

. Strong Coprelation (on-5ite repulsien U

— Insulator af + - filling
—> An{.'fermfnayﬂeﬁ's‘m ‘*j("‘ft'”:'nf ”
 Jeyaton frem £ f/ing (by oeping $
Lda:i 3a1f'J or oxrgen JO{:Z:@H‘;}

—> destreys AF oraer puickly for gmalls

—b c’ﬂﬂc_{kf‘/r'dn ;n nerme/ ﬁ'ﬁ‘chnml.u;,

_, gc af dew femp. g hiphers.

Seems thot: . ,
. We are aealing Wik SIANGY
Non-ferm i comnelateq @/most (9EE /ipeor TBFice

ﬁuld behe yiour: /dkno/ formiansg e C“-r,e_
F(rﬁ??j%n and#85Ph - egrees of ﬁfca’om
K | * may gef ssociafed deas/ing %

Andersen (187) g posnventiona/ superconomctivig—RVB
£ vonmal Sfafe Properties veflect hé unconnn-fg.'.(nd




STRUCTURE —> HuBBARD MODEL (2D) ,

£ELECTRONIC
_ﬁjﬂ,laz f&( 04‘

-« Cnysta/ s?nucture /_y,/w}/r Ne.u#fzoﬂs/

Anie
CTvopy UT'/G-‘L ~ 10 (electnicel)

Magnes, s .
. g Tic  cotre/atioh . ne s persion _ rnelaslic Neutron scat

e Oispe rsienlese

2

E/é‘cf/’wm/_'c_@_/{y_ 270  systfem uf /,”ayerg of Corner.

Calcwulofed dano SAANU Cfore [/ - Gx/s

PARNG  elongate y Cul, ocfuhedva  iayer Separafionih

e 4. . :
M’? e f_”'_"ff/ But dctuall, Tnewleter=> $IAhg CoPlelaton (Like .A_/f

Q
i
, CU " §ite syma
24 A Dyp ‘s
€lenga
2_7) ZGYGU Ol G“Ccf /O . j "4
cuo, o 40 0T S4Y
sydare p,. g, , 1 g
0ca vy mom P/af},,r cy,,_l 60 (a/ Y
“f ew’ :p i+ rr
44 micuf"of ) 34X

| . Tx1+2:2x4 Pr S 8D 4
Energy Level D/ajram _harge belance Px

. 2
E¢sen ,‘;‘l/), &nzﬁg&ldkysfal Elec fpon count R r,

tieldasplifling and stafibyation |
{y semicovelent ayéncd yation f:,ﬂj"i" ,
wiHh tigands [02"/ eending dpp bu

u—§:'r‘;a'()( 3) | ’ M A édn y
| Oy et ey /// :
ym M'Sﬂlen'ca:/ A z)"% Cetra A"Jy‘.!} °enang il

Octahedre/ iquare

<)



TWo-band iIGhL - Lindrng Ham Hen, gy -

viy 2
\
Cof G ,/ +
Y L&Cu o éoé‘f /’{r 4r f éJf/[ lr*’"f/
. : < Hyby,

e Yive  pgn- bonolin

bon Jt‘nj te n of 4n¥f'/an./,'rgf édnq/s

Non-de ndr ng

;M/
\ ,@0/70/”7_9 f“///

Fon

€d- bp 4 >> 14, | The high bing  perdally ud
Ant . /s . , .

’77( é ne. éAha/ /5 We// /55/07;._4&/) anog /s
7"7“.‘-"/@ ﬂb/etx‘an-/.

Th's  fend can new Le AFpACKImLtey .iz @

e ,/0!’?;4‘/ -:/f:f"/l.’zw é;'n‘//yzir Vel m-//#cn;'aw

_ 1 o
/45 —-‘{Z, C“‘“ C;cr' Hene /¢£) Cffectie Wwannr'er
b | . ’ .
W20 écesss orbits / f e lattce cell ¢
Naw e Cayi ‘nirnoguce Che — NTNG&-orlital Cadoms
ulsion [J 2 cost of dendle ©ccenpancy -
puison L 7 Hudders
H z Mot He = = ¢ Z (ool + U2 'QA“; e Hamiren ey
E - <

<<J>

s 1 yalid 4 A 13"azze Configurahena/ Inferacts)

©

1



» Owne- Band Hubbard Mode| in D=2
flectnons (+ight-dind ng)

tort  s5tnengly. LoN, elafed

N, v

o Hict) CacGoe 4 UJ WMy n,ict,
4D L ! o
T " f

t - transfev nn wmeitnix gclepent ~ ey W 23f land widH

(J-  Intne. ghiitz]  olomb nepulgen ~ivey (C'kzifah;_g(,ugi‘.’uﬁ

thy << Tonization — Affinis
(- Pabess The Wannier atomi'c| cré/tal &4

sife « N Ne.ef §ites

5 : { = n/,\_;“ldev{m‘:bn ‘{YOM Aﬁ{{- —fl'”fhj‘ =
Ne o{ ha[zs /s:‘/e cnected Ly qoﬁr'ng '
(et Bag*] or Oxygen deficiency '

- S-J'MP[esf
CThiststhg;  Hamilton ahrdesenibes Narrowd band trang don metal exides -

n: no, D,f f{éi’fﬂons < N

¢ Exacily solved {svr D=/ only

tev . Groeund State Enervgy
Elfementury excifadicn Spechium

f,"fh-sr)l'h COM{/‘?‘IBH
M"Jddl J;‘sén-h'nm'ﬁ( uf Ef

PHySrcs /5 determined b roM£e7’f?qu Letween

afffOéG/!S&f/'aq{_{J Laering Rinedrc energy
localigufron (V) Eauering ratentii] €nersy by Supprecring

qouble *)y bccupdancy

und ho.of holes (§] the uvaileile free velume n P
| T eravded cendifion
o LonfAel A awmeter wrreats “5 e ({/USI-’
JC.Ué >pB - Aniferromaygné tigm
for t/, <<
Jf/ug < S —farrorﬂagnea‘fsm 6 <<
4 ( tus ~ p - nen- magnetic .

s Fov Half-Lrlled Lm(szv) o Metael-> Insulador

transition (c.oy\,.h'nwu) (¥ ‘t/U gecrease s ‘
below G ewheal votue ~y, FoF sS40 always metallic

’-L‘l Ld
(mayne be Ferm: 1wd)




Gt §:0 Hilf-filled, >Nep.shet vlcupanc,
t/
U—soO @ ‘5 4 1 )
4 P }5 2 26, dealle.nce -
N Lopnn. | 2 . )
e T
A v 25 % UNnore st handom
3 % TR G S L o
N 5 R & & (3 50 °, gingle sec. teili pargmag
voﬁmfd)ojlmﬁ’
~hdrngee E
£/U S0 . ’ Ses F
. 4 6 8 5/,\ f 2 g ¢/, doudle vec.
\:r‘honj (o}u.)_ E 5 5 $ £ é IHSU/G‘/O?L
“ - 50 7/, single occ.(?) | Prramagne
RERE / —
' 56 M. ¥ . (Jj do/b/'ﬂft >0
ﬁ j’ ir ? b ﬁ > finife
swuppnresses aoulle 7¢¢. cond.
No TRanspont bC ?
- / Iy ..f;"[’
v Inten polation fetween 747 £im s
doulble e
vec. B pa— el
bt e '\ Jpper-Hubbard Land
f telectron bénd) ‘
: oolble. gecupohncy(r y
CO:J. ‘ )AI ___ moves. (-‘ + T? Ay ip
¢ wwt :
Sl'ﬂ’le‘ ;
acc.o’ lowey Hu.‘(Gra’ bend
thfe ¥ ﬂcf) +
L eceny eves. (" t o2 ox 1*)
| “-..\\ _‘_”_ - ‘ 7
_ | T
- Ep »2©
0 Y
. band
Atom - - >t = i N
. ’p-#"
. ] G# Es (5:nFly occ Nl
Adomic '/6!)3/5 Cénf'é'yfd o ‘ - cfthﬁ‘,‘!
g ef ot _couby vcc) ;fajzpad at »hede
o fo ,/)MJ_S ‘), /Lo/b/ofn.f Mernk 0/6"‘””77’(-{/
Conforey at o Gng  Eary TWIpectively

Jhedo are M any -fody

bands decevtivel,
Semicoenducger PIETEAZ

®

a



_ F.q
A HUBBARD CORRELATION ([L| on Copper | C: i Mgf(f‘azm
- - ‘ : ‘ A

roA 00 ~ ~ L - ~—
Rag JRANSFIR ENERGY 2] 24 2- /e 2

Bﬁ’/\/? En€V§y(_,/] C A w7 = Cu
: - (Par/ metes 1) A fvem vulen
ZQ"’II /;Aa o~ "jﬂ"::g,;ﬂ opdico !
. | | o >crr’4wn
ton ;ﬂc,tr(_ai.fanu! Inderaction ¢1) Impoxtunt cvh‘.l‘"{ shift

U« A Mot - Hullars Tnsuliten fen
' — . B orn all
'] A o : | f
> 2D CHARGE  TTRANSFER  IN~ULR7CRS

—

in nele refhese nfahen

Zt [hole vaCaum?, . /o', Oa- >

707 28°

[ -‘/‘21*03“ 7 - opne hole on Copte —» Enerdy - O 58y
T ;una/o[ygc{/ '
Z- . .
P50 D wdded fole sl50 oin Coppers ERETTT o o ~ 510V
[Cuzj 72 > wdled he le E0n °¢X/ 5en s Enerpy - B v2-4eV

. WHERE _ARE 7wE WOLES (M sign of e3¢ ia Fhofoemission .
Jhe oxsAuton 67‘(27/2 ;;-— Cb( ac éAf net c:/(anje

Wit doting L Added holedw 9e s OXy5en [O- } or 0"

" 0" .
hole  Exchinge  coupled o Lot Plu-exisAng hole —» ‘9"79’/3"’

e S

J%q EWre e Z%e /_/,.--/Q 2.7 4 .ﬂ/?r-é/ﬁﬂa/ 7”’0"3’/,

LJAG MM AN fﬂﬂfu/h,' Iﬂfu/ad;rgf
V-0 nepping, OX}/f'f/? boley Move T4 C'f/é/a/)

of Lands MNe Linaed

* ]
Spin $inglet (CK L—} Ao(c.‘f)a v
DO vy bke & hole in

one-band meded. rﬂi’&YHLl
Sstaucfure ©f Ha's Singlef ?
A compesife pbyect

7



_-N ¢ k" ; b3
*Loe on Kinetic eg;i__éhie_- T- %ﬁ *f Anderssn

A . . - %
lo é:'é. _ OJ E:0 [,n,'h-ﬁo Tl'us' virtual ]'orpcg;_; in
/ bohich ¢he OMbitas 2

o ; . ‘S virfually oopd/

é‘.f ©  Edntermediate) U vccupies (:AJ %)'5”‘/,“’4

LS
# J Ezo (in/tial) );"""“ 'h Which paditar
(s a/oﬂ/;/:/ bccified
4 lowers rhe “cneryy 54
J(S% / :h/f/:artl/c/ starte Nelad ve
! L-;)J FRPAE . faara/lg/.x;oin state 4,
| I 2 (—H’/U  Antiferre magne

2

¥ Ppn He actuc! System Spins on C«f Erdlped
: 2=

‘; dre ma',ng,l,'c_ o , de A&V¢ 5'64’{9”- QrcAdnfe

Ntigovre maon, /.

Sdgin frre mapnes

30’*&),&
Hole representetion

racaumyz [T 0™

Jeut OF Y B2 U

S eu o Jeu , O7> _—_>'E:0,u‘

\g A\ cu & lea't T > =3 gae,- ¢,
p R

:l -t ? v o => energy bwering

A ¢ - -k )R

A/ - 4 bl e ’);zz-aj

— &y P S
ri o ™ 2 “P"J) . t4

2 hele

é'\ on 'o‘ . - (‘f“-lj"

é o ? Energy {")Pr,'nf:

Py
§ S

| ) — ¢ x-’.‘x ‘té
§ Fo.e 3 fr-l.:é )fr"-./ +)} U (6r-8y )2 U
a

T
s
T4 ti ® v L 4
$1hiles N i..{.:i._ + ..._4_{_..-
o e ) gy ) (&)’

Here 0On-$ife Mapulsion vf Asles sn Ck is ug-100y 7

N r n £ re onm



l{'lv"L Il_}_}_’j—[. Lol AR ./wll-f\‘-vriuvwr:y/(/ LA
1- BA~nD HUBBARD MODEL n 2-

DIMENStonng AWAY FRoM - FltLine
( $7RoNE COUPLING LIMIT U/:'iol)

o N electnons ano N sifes (opditals
$-1-N/, , deviatien from ¥, ‘ff”"h?‘(fy
deping | Oxygen Stoichiemetyy; >0 hele
§¢, §<o ,electron S$¢j . Longidey $50

+

e /‘/: -t Z' C"r CJO" ~ UZ ns‘} n;‘d,

iy <

c_ .

Uz on-site repu/sion 20
2Z4+- Band wid A ccub enc
t)y<< 1 o isfaveurs double- ¢ v
£ Jev U~ 5-10eF

. - rs
s @ rex:m afien
e fon f/u << | gse /, ‘.‘,n{,y‘,rdfon_g

fré/ccf ou;‘ aoubly oecupied
We// know h fransformatfion —»

)Julo me {ieh

~ -
+
Feot 3 on ek Geine) 4
<D SPin- dynemics

T -~ e, —
+ i ., .
-%i Z,(Sf-'fz-’.?_*_’% + -0
\_-\,...J , <0 '
(within ~ sub- spsce of Nehn- dloull, ,’“‘"“""’
Sjﬂ‘e_:J ‘
The censfra&in + U "
. albpreximcte
an.f si ’ /’/’ 4 / ﬂ' ('Oh/”/

o , §4+ hen
(end WidK,6 > Ot ) .
s 1%( yatce -7/51" :‘4 /;‘:“’/ state

£ nen- cdouble 0Py
reducas The effechAve

ptrﬂnev‘rr

defermines e nefere af"‘“/ﬂ net availeble.
. ﬁr e//m,m.r:'onl‘/”s‘ »/ ”"" fate ;&

Feor D'z'z, /%e fr‘kﬁ-’ <

M



TWO Scerndaries odjgetrceadger (1/U<<1)

A— Coa

? 1.A+-2’—-{.'“;n515:o = i{_u(fﬂ%'ferromafne‘ficj
Ground state ( Neel lLke Ordering with

m,wﬁng‘_ spin fluctua fons " loco -
cﬁ_m £n Sion a(.~;), (3:_3_) ch./ Lo SF;h (ii)—hiﬁ:/:/e/

heles (820) | m;gé_ in AE {_EWijraunc/ and

ArNi : i et ¢ Fian
P IRiNGg  Of. M agnetic mo/z;stu?.éf;/:“‘, Q,,:_"Jf::fmfu

Sl'rWlee 'Miﬂe/ed , Emery rars
-" o : (‘t8r
Hirsch )

Mohen & Kumar

. @ At z"--ﬁ:’”.’ny (and ar'afc./l; ‘/o/“’"”f}, Re
Ground stete s a Kuantum SPIN
Liguid » Resonating Yelence Bond
Stete (RVB) and = daping (s Solifenic
/,a‘/,-,,f'*y, l/ncon vendiona] Super -

('ohc/ac/‘h' Y
Lfraacr .ﬁ'-—' Origineted | An-/erso»(ﬁls?
y

/

ThIS (s TAe Mos¥ A o exfapded
. J indersivel Princatorn #voup
folﬂffre/)/ ~on thiensvely ‘.‘.“"e Zou
strolie o mecKen sm Ans Sanfa
Barbere Eroup
Kiva/sen .. .

Mcn; P #cr;‘

« Numericef Simul/atrons  Tend fo

5«6@;{ 7R e non-jg_(m' ﬁ'fus'./ -(elaw'uwﬁ
Gut He grosnd state omo e

10 m'/f/j of £C /7 Z fon ;;ne/m’w.
7¥ﬂ [{ard Moe [ St naf -

v An lemerf £y

_
A rcoant f”'”'r-

(i2)



P B4ckGROUND ( Neél Like) o3
— close d -loops ! Confining 5tring 4

hele- PARIRING
. J . “
Py AN

4) —»

oniginé/ gife on closed -loop dut

ltckgnuh.{ chenced S b

eNntively iy -}-_-—L = dé'SCr./b.-/Jn

- &) Nt 4 Erms oy hele Pesitisn alene
& "OéffiU(. (unu)in.h'nj -j.ntn'(/c‘).

'}‘
0
?

4-";_.‘__‘;

t THUS ) — ¢s) hole N€Furns 7

Ignoﬁ.e Hlefe cloged. [5¢.f> (A/:ylmarjeyj metion

=> QELF__ KETRAC/NG PATH APPROXIMATION
=> ef{ectivel, BeThe (i7Te 7000 )

8 ) . ,
- capn loe-m witkout amering backpreens
.Tw?_,, Hele s n bemeove Mition of hele cpncemitant wik

3ph Fli 5 ctveng €rn-hele cowpling

ter ot t1dF? td 147
711&7" 1001y Jrooy
AR RN
? i ; 1 1‘ B ('311 c—:r‘bh.(
£ ri © 0 ";f:”' (’J‘—: :‘U Al\F h‘olej undogy
N B ,,‘,_?5"“!‘13\:/-":{:
— ()
_BoonD HOLES R
e 1 W:K‘[E%Uﬂf ! 1 -fff-'f-;.'!.’-‘-‘ |
S F Lt 4Ty e FHIP IO
t o o6 71 1—;,—;:,:*.;?41‘4‘5.%
L7 Foet s ‘ﬁtn‘o{?‘fv‘bz AF- bendls
1+ ¢ 1 I T T - Linear Confining f‘;:&f;;l

(12) string tansien 47 =



yalence Bonod 4 Reso N61iNG Yajence Bond P.ra

CA_Q[)?«IC'@/ Bond .
Valence Pond (H):

t
60 C“r C;a— 4 fp(;q’ C’U" - t(cld' C:a-‘f h*‘ ) 1‘
+ Ufl,,)’mi‘ Unlran

. Mg{eca/ag Orbital : tly>>1 Weak coupling
1IN OVALEBNCE

. . P CIOC” solved
Two Orbitals end 2 e/ecluons ( p);a care)

n

M=

L_"’ ponding ¥
o e "\f‘, Boni ¥ _y Ground s+afe.C+1 +J [0 _y Linear combof  pMop
'1. \ 5 ginglet (Bond. state occ. 1”/“1" ;‘""’ — (imi
Andi- bond. emph) VAT conf.

: (H>+f2> ; ,
e e pTenie Y

(
(rr‘ (Cfﬂ' b Jq) r.]ay(_mﬂl()

{one- eluf;wn ;hfu}
o Heitler- london Exchanie . -t/u<‘<1’ strong Coupling
without
ginglet state | -
dosdle oSHIT Ny 5 8 4+ ¥ b
p)er > 3
toni¢c <Confi'q

(c te, ,p-ﬁw €34

w Extended System (t/y «i) {Bmglct bond 0“)_ “”)tf
« SPIN. PEIERLS sfate (JahnToltar) dancted 4y
s Y % — ¢T3 = hn -ginglet bends (1M
‘on: Alter ﬂ:-‘{,"n (n;c‘:n-in r , pogsiéie lona- /eng?h g“n:”d”
. . . - r
(dimeriyafion csps 4‘8’:&5\? YT ETRY ETATE

oo RESONATING VALENCE SonD
F a2 ¥_ & ¢ 3- Y Two deganeraie fend
X

*(kuonance} adenna parterns and
’ « § & _ T 8 fionee quantam Jeson#nce

(ef Valance bonds]),

ummm po Gpatia/

inoken Symmeiry

Ruonanee singlo-and |
douile-bond llhrn atisn
patierns Mssonkte

eond ‘5{4 0. bond

rgone R.cng, un,u"*‘/ a#nulcncs « 5 bong, Alfarnoie
<\




hDES
. Noanosf Nek](nbmm (nn) Bonds
fan nesonafe

obe/nuction Jo nesonance.

e oo _;mcﬁﬂaﬂous nesonahce

'zeyfu.otc: _____
A-jﬁtr adrmen 5r¢ﬂ£ i /

L )D)
\m

rﬁl/ paforn of
th 22,

A gnep-
grnglet bonds

n RYB

100‘{(‘[( 14 tHarns

o Lol The (Mff).;/rsz
spmn mu/ffb%at)« givas state

o he RVE i,mmc/ iz‘afe ‘s

wr we shall fee

SP/AONE _, Pseudo ferm! Surface

‘aﬂnder.ump sp. heat
et low tewnp. in nermal
énd $¢ state

* Pauii Lke 7

Helon . Bese (,,,
i .'.“Jl P-7 - helonm
€pinen gcater.'ng

- *Punn ‘{""j

only Synchnonously

siale i qleherent Mpar/ﬁ'on
Sinelgf (grmer

o). double occupancy and Ae Singlef

P15

: .
pard ’

) L [ -

r 2 F 4 & 4 F §

Parge A pange or fand

] l Asynchre nous
A

asonance (>
ends in 3D

(Nof ort sqon dﬂ

a/y
COYOR/ NS o/

e Thpeleyical siaucsarng Overcomplek

Mﬁu/ gyrmm. brecking

witheut O fau'nuc

Faarura®ss) I ok d sy
Witk $ n(covuuﬂac{um
Aut CAareg gonic)ocitotions Leve

—- v NSULATOR
f. e 4 RvE 4 |
¢« ”anle Mmade condu ctng

by doping (remeving eleche
__i ;,o/[b,,' -mownf in bdack-
Y ﬁ“.“b occ.

‘,i(!

siog (ca! gxcifations —»

- < (ry“'",‘ ‘faﬂ/"f."
Q_/on hard cors Lesors)

/
. gpin £ NeKTAK
s §Rlpens ( e
have magheilc mes 04l



A (_‘glgmuch'on oF RVB GRrRound S7TATE (6:0) b 16

L. .« singlet va_{g'nce bond T:

/ +
. i . ™ - - ., !O = -L f ¥ + +
= -6? 7 mj C‘T Corev -Cuu € )ID>

i+t
Pernea fes < 1
bond

- . . . o °

.;ooM Pa.ir"w avefun ch’y

4 «“ ,t $ ¢

L gt Jdetd s Janigie,
T & -

+ lonsirainl of Mo double OCCu)bﬁhCy( a’t:o:) > 2 a(";j =0
X

[ﬁnomalous Kb>H0, suppressed by phage - {lucte ation fer =
for N elecinrens

- Genera| bend with bond-length
f/fsf'}l.i‘u'f'l'or\ t’f we:‘yhf IQq-’/z

e 1 constauct an RVE sfafe

an J N hiffiasites [ §20): |
@ Prapare o f:'ny/c-( palr n fz_a 4 f)lo>
Jete momentum riate .. % T T

/
: ir + “ll
cinglet pairs .. (z_ Qe 4y ) {D>

() Frepare Nfa 2
= (Zaf_ ‘kf+ 91:&)”“' l°>
. K

Preject out states WA - w My
douile oceupaney - n /- m‘f"»’J‘)gz 2, t) [0>
a Tak. Jastm !“M'f‘mrul
3
the Z %(E axf Sus ) 19
~ ¢

A defermines

?dn’e o{ |
Microcansnick
Natie Of Rva : Q‘f L A
/_\ AN (Inumrrcrﬁt!q
. = ginglet valence
— frairs ¥ Cospear
"'" LI + -
— +
l' - ‘ T Qecanie of shopf pange’ uffr“‘?.;udgre;

Pogsible Symm: of Valence Bondé (Cooper pairg) . AlK)s { PR
Ak ] = A, (cohr+¢n+j §-wave

OHCEj . Ae (coskat +eotk &) Extendad S-WRVe

Fay CE): HDe (‘.fkyc-“f"y.)
& ) Ao [Gockroscothey)+ ¢ (coSkett~Cof

Ge)

Anso -

ik; £ €+ oo DGV¢]\ troplc
vl Chlux phace)

o-wave




arjance dRVB
Hamiltonia )17'7”

5 (5:%- ";’."J)
4

Note on Locel Gauge Thy

) H:" hdf-—{i”fﬁj’ (.S:oj MQ

~
= ~ -5t Z_ Ca\:-"o'r + f“__{:”
| ke TERTE
/5 n var,'an'f Zr:n:/er' 5:é-d¢ﬁendan4
C[odﬁ__lj_f_a“fff
C" —p eiglf' CA.-
¢ - \ + +
no hente b3 (i Ethusir 7 70
ylolr/‘ Zﬂuje Symm. i f The
Sy mm. +Le n

(unlike the

Hamilfenian [pcal FA4s5e
an have

aont 7ua'm“§
Lock! 3244 '
S S

Aas

only fduj‘(-;'nyd’h'
nen-3eve avevage Velue= £
cen 2L be [roken Sﬁon‘fdneaar/y -
(ite @ " nife sy sfem) 2
. . He First er m
. Away f}tom ii.,ﬁ'//"[z 5*“"’/M Aeh Hhe f/'“e
destreys Locea/ jauje sy mM. ; rred jf .y
7 He ST lef n et *° ver -
. ,‘f 50{/; 'f’}‘fl‘onl/ gner!.y ~ ‘.lr (’-w"}ﬂ g.i—a
T 2
| o -Et8° - kT
<.€'J>°( <£.>-r.-o‘ {e e L7 J’ (<LZ- £ —%T[-
- : . .-.'"0
How § 5 ¥he f’klit sf ‘G&J e lative 4o
hey |
tiyhbouring  Paivs.
Thus e RVE u:ffﬁ’f»f, *framdcr agsumes
non- o
+Y fcfé D‘IUC A ‘j'é ‘e 3|V¢y\ ,_ [/} Se'[— CQH:‘.S*QN}-
&ca&mcnf of bt Ham loni cn & h Gor' kev
acHe M ;a-h‘ew\_
the $C

TArs ’;chv'q 5 nof Qquite
/

!

ONder fmrtmekr-
sc wy aTfxluted fo
Frn Ths fck/lu/-e.rr 5""'_7/4/ mea//'a/n

(%)

Aa/on; #"/ mopve



matne W‘ah’ccu"

Thus RVB State ‘S),ﬁ‘ffe 6Cs - paired
state b ut 70/10jec-/ec/ 56 as 7o QvoiS

a/aaé/e\ occapﬁﬂ & Fol) Cxxpct 3—’ {i//,‘nf
the  (nco mpressidibek ' destroys opipe
Bt a/o/bf'nj‘ 7D/ldl/l':/es The heeeffd’}; |
ﬂt’e fa‘Aﬂfe - Space . wne Can Thnk sf

s¢C N e:a//mj ﬁam Zhese fze-
exisfing  Single+t JOGTEearly yonsion

- Mean -%e/a/ Arest ment 7.7/20(9&/5 Uik

the M amelsiuy “xpec 744,_/1.0”4 4 ‘/"”f

KA BcCs “4n< dat Her are r‘m/bsr/th/
Jff-ﬁ Yehe ef !(C'd'ﬂ(e X z% ‘Co”rﬁdl‘”_’/.

¢ f/e ;VJ f/t’or)r (S 6V0/V/f)f ‘t_’oﬂ-r{‘mm{//

i e z}/en-ﬁ'.{;(n‘:‘on of New /n;Grmr/

.« Vn fhe ﬁ//wz'nf, re CONcdeyr Some

rmport ent Refects 79/'c¥o/u‘a/(y_-
JAe nesw ‘L‘Oﬁdt;,‘cd 6b/ects
SPINe g

He e ng

“éujj%d{nj rsral . 5%:’(['0;1 of
chmrge. and  Sir- desrees y Frooun




nsulefor. Vs Poped Band Inulefors N
Doped RVE ! S PINONS £ HOLONS

s SPINONS ( CReafed «n pa:’M/ .‘G‘:E’, q1=o) maa.momcn‘h\ro
oO—0 oO—o G—o o__¢
- axf' The two
U U meve aw‘y
an ' 3£ No char '
Rve “'lﬂura./,-.n e"“‘{"ﬁ‘on: {luc+ua1?ifn

(i Grouny ‘*‘ﬁj Singlet bon o
a .
"‘lmcdb'ﬂ._’q .
- 'Th Triplef

v Holong i $:0, 9= e[ wag moment=o

————————
o— — e, Holon® 1otion » charge
— 0 p - < & Panspert no pin fuuctation
b—e I L Ex.:
—
RV8 + / holon e
o PHysicAL HOLE (Do:‘:;.va . alactron nemoyal/ o
a.vsw;.nﬂll B
O—e o —e o— Hj?
. e-physica/
RVvS confs 2’/"‘, dep /Ny spinen and
g spinen t k?on separdfe c{lﬂ‘
/ holon charge and Sp/in

pof soparoted

Gorplde €% g akeciron)
DoPinGg oF MNMD mwcﬂroﬁ.Cﬂ"""""‘j‘:fzf:c;qzh)./ #rtes

A hele meying in backgreund *f
motien

ﬁ ﬁ ﬁ[ ﬁ W ﬂﬂ y ;Z't/:s,wm +ve

ﬂ ﬂ »éué cherpa an Hin g,

i{ %hdeféz» 5 ”#”

(1)



RVB Onrder Parameter :

P19

+
(5 SpLS £ Ay
Ay = E‘.’AA
g0 = s-wave
C"-’- 'y => d—w‘ve ] . ) .
bomr o vediwave ] Gt G g G 30 U offtct funnclng

NMAR Re/RX & han
5P Aeat o+
« supercend. Onder paramefer;

< Cq* ‘NU o« <S5 ‘;j) b by)

Relatve  sinbilt °f %7 and §+vd Wave Phatc

S

44 V"y ConfNnoversialt (of- warve oppear /o be f‘nard

FShese affe ot Tunneliag N[s . €/s Ie RvB
$p-Aeat - Lnear
f:"“”* Cu 4 oxygen{ 1 wwm nelavarvn § SN P mevay o
MR Nedlds shouwld .'t""’ Pawili bke ' maite, of
T.Vtou...lf Cc; af fess P . femp. Lincar )“"letcn#dt'bnz
°f Ura fdc@r £lux ’acn/fj‘ff"’l ? WWhiomplel ot .
Andrcer raflecton 7

Light fcalleding CRamen) ?
o Infer- fayer ’Ko/on- helon 1.,-,,,,'0" (!xd‘ﬁﬂ,l 7 ffrnon{/ -

only mhysical hole can _/a:f- Inferiay er (ts)
r-‘_- -~ .. ’

ettt B N B i
—-— " ' M .
! ' - ! hopping =
ever! L.!. P . 8, oy Spinencleney costo J)
n & - cue e s 0N . Jﬂ "““ .M‘r ?
X g (N ¢ hopt 1 e e Tt [on 'RLdLY |
¢ 2 4y ' epinem o holon: holon P
‘ - nelen :r - ¢ ! *.‘
leyerd » I ’ Ve ' \ kat,~ %4 l’ >
' - ] \! . . . P

" --_..-p'-'r"'-‘



ra
¥ Nhat Q{a(,;[g‘;es RVB state against AF long Range Ornder

1. Low ﬂimensfonaf,‘.,l), (‘D) :+ 3D Systems AGVG AF ground s

e

*21D Systems are mumerically found
fo be RE /n f%ckm&d,nam,'c lt'mff-
*/D systam hAas nospo

’-'3'1-,_ J',J-'>
* Leomelnic frustration: on AF couﬂ/fnfr-;?-’f?"w‘
CARN Not mMmake o/f . TRiangwular /a¥ice -
spins hw}opy af # = gular ’ _stJ:ft J>o
Same  fme.

lower Spin > Qusntum Zers.porns fluctuations

3, Low Sp:'n (5) A Hig her Spin -favour; e (/fan./i‘,mk
ST 4 g -integra(» neo ‘a, A:" Ot , Ley my, 0, Lla,%o, ... AF 3D
Spectral 4a} Copne/ation §=¢ g < /
decays glql PIL

' ...",-,,f:,{:.‘f_‘, Crelwalgag L4y cuo, esseniiall, 2D spin £luidg
. k ‘xponendsi’decay - oNnd .
¢ -DOPI n9 5 2 “ved ‘7 ire 46?H¢f.lf"‘.n

ety Roush y/ 21 -/,",,,\'Dopinj | Stabilzes Ry8 f ,
’ J e d‘fff'ys AF M/I!y/)r q’ﬂ".‘\f'c"l?

Com).»c 4:'4;'0}1 L‘-'fUOC eh !

lowering of mobile hofe eveorpy,
due & Jcloc.ch'gd‘*'oh (x Sfj

cost of Magnetic anersy( 4
duea teo s$pin M:‘Ol“.”‘n"n*

/'_I'ﬂﬂ//)r-/ a ?emu,&, < S 'a/b/venfw' Kat {M. o
Valence Yonos fo Neson ate m as ﬁﬁhrﬁc{ |

36/I'c// The re SAsiulof /é'_i?'-%“d-'(éhe'

sr‘/m'cfur@ A &F ‘/{o/‘/;fiso/,-af's/ojef‘er on
‘'ts own Mmore sr Jess O e wig

£ )!esolmn-(
Ma, e blocked by  spatia/ {rek

eh Symme )“Ay

@)




