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® Single - band Hubbard model
- designed as the simplst model to capture elictron cocrelations
- lattice model with the Four- state local basis

O =D @ = Cop D @ = et @ = ChaCry 1>

1) Single - eleeteon pact - 'ﬂoppl'na oF electeons on a given lettice

Hig= -t Z Z %: CR+SG Akc —> bace drspersion €, =-2¢ (cosk, + COSL:a) ete.

2) mtcaionic Conlomb cepulsion - energy W pe\n«kzvv\é dounble oceupation of ocbitals

Heut = U i: "R ey —> correlated behavior of electrons



® Full model Hamiltonian

, 2t &
H = f\j(ek-(u) el . tU %"‘m“m’
(]

kinetie enecyy / \

diagonalized by Bloch waves Alasonalized by local-zed states
¥ 9 ¥ 0
® © O R
Mege 1D
O @ @ Occunpied
sites £ G
® ©® ®

—> CO\M\Oeft’tCou: delocalized x localvzed —> teansvtion: wmetal / Mott insulator

Conlomb repulsion

® Bloch basvs repceSentetion of N tecm k-\-n\,T l“—-yl,

- 1 A A A ~
HCouL N n Z' ck+1¢ ck',?l. Cr'y Cuer > .............. <
kk\,

local intecaction — Constant matrix element k1t k'y



@ Mean - Freld solntion and Stowner eriterion

° reara.naehenfs tn the yntecaction

)

Fourier component oF 1 or 1 electrown a(ensrf'a Vo= 2 C:c Chrec
k

. ¢ . e e
At V\‘ﬁq' Site occnupanc hRs = %‘: 'Y "’-‘,c

mtecaction HC,M =UNJ K
*
- tena(enca to o(evzto‘e nowvnzeco <\n,\_1.) 3 <V\_,\r¢,> to optimize the Conlowmd eneryy
1) wow 2eco 94 <\n,\,.,> awnd <M°‘N> of opposvte fign - AF Lke wodulation
2) 2eco 4. (w,":o,‘.) and <"1=0J,> spb't aromnd % w = FM band loolo.n'zo.t-on
- dewded 'oa the d«‘spusfon &, auwd baund Fn‘tt\'nz

o treatwments - mean-Freld o(ewup'a'na - von-2eco <M‘\¢> reduces total enecyy

- maa\ne'&‘c ora(en‘na siavmlleal Ba a(c'verafna SPiw S’uscep-\‘:cb\'(r% 7((1"“’_)0)



mean- Freld o(ecohf(»'na

~N

(/&“(A))(g‘(B)) = Kg -A<KBY - <A>E +{AYLBY = 0 deviations Frowm
~ A ~ ~ the avecages Swmall

- AR ceplaced !:a ALBY + <AY R - <A

Hye = %, (€ -edef e . + UN % (\73,\'1. {niyyd + (gad - <m,w><v._“>)

FM case - onla 4=0 avergges wonzero: <“1=°»“> = % % <c:; Ce) = {Vged = {ngd

1) <nyd and <m+) deffee = FM ocdered moment corresponds Lo

local occu‘umca
2) Fuxed occnpancy W = dny) + <nyd

Hie = & (gt Wdmp> =) i iy + ?E (B % Uy =) ey ey
\.—-—N '~

€ur €y

— Free-electron Hamiltontans with spin-dependent band shift

k- independent N EH,— E?M; = UKD -<npd) = A



Y q.n«kf«ﬁ'vc preture

A~ L =-LKn> nou - polasized bands Spin-polecized bands

\ .
€y

o eevtieal UW/¢
ro(nt

o selFeonsistent Solution

/‘
+ _ = - —
band occupation éiven 52 Fecmi - Dicac <Ck6 Ce? = V¢ (ekc) - epg& +1
1 1
1 1
<V\ = - Z D -

foaetka with (mq_) + <ht> =wn afves <w¢>.<n¢>. & as Punctions of T



e existence of FM golution

nd+nd = wn
Y v } <nc>=2+c?% G=%1

u ((\n.'.) - <n¢)) = O
ownset of FM State chactacterized La Small & — expansion of <ngd

-2 ~ 1 w_g8
{ngd = N%Wg“u*“@-ﬁ) x ~§ Me (6.t UG -G 2)

~ 2 hy_ OV 2 2
N%[VIF(&(*ME) ot leeus S | t O
- u Ay o 3
b= U (o) =W T TG, m & + 00
— ' )
1 e(8) 1
= ‘J% S(e + M-;--CA) = o(engcta oF states

\ 0
. at Fecmy level W'(Eg)

¢

m#/



A= UNE) L + 0C*) graphical solution: L+ LHS
VA N RHUS
initiel bnear SLOPQ Seturztion
o * A/
- Fonvte A = FM state if UN(E) >1 (Stonec crvtervon) 0 A
u/w
Ex"""‘l’(‘: 60 1.0 1.2 1.4 1.6 1.8 2.0 2.2
cubie lattice with n=010 ——
5.0 F n=015 ——
£,=-2t (cogkxfaosha-f- eosky ) o025 —
40 b
low electcon occupation = 4ol
= bottom oF the band relevant 2ol
€. % E,+ tk”
10 f
4 1 1 L 1 L
N(EF) ~ \rE: ~ kF ~n3 R 14 16 18 20




@ Equation oF wmotion approach to the spin susceptcbvt\'{-a

° Spiv\ Shscepﬁ'bt'(cfa

_ . S A on L(E+«'o*)t ox _ A -'aR S
Xup 46D = 1 i([s;:'(t),sw(o)])%(t) et oAt \S’,,y = %: e Sy

hp . . =
Matsubeara counfer\oa.rf, ’)‘“‘3(0\”{\7) = % g <T{S:(z), g}:’(a)}> el\’i Az

® Sammetra of the susceptréilc{a tensor
Spin - isotropic system without magnetic ora(ert'né: Kup = S X
FM/AF ocrdec with M«éuﬂz«t’om Il 2 developed — stcll isotropic (n xy fa(qne
Kxx = Ny (transverse) # X2z (longrtudine()
transverse components captuced La

%= £<TLS @ 8% = 5T I8% )~ 590)] [$%00) +¢83a)] > = K x* Xy



. ae,\nemt equation oF motion

A

def: A ap(T) = % (T {A() B} A - bosonic operators

EOM: a%x% =2 §cc) + +<TH gAm B1) = 2 8(x) + 1 T{[A, R, 21>

decivation

Xaa (T = %<T{3«(t)5§(o)}> = % [(3(1)&0)){)&) + <BHA@S V(2 |

) A A A A
& 37 Xas @) = AR B ) - {B(o)A(T)) §CT)

+ <’32(z) Ro)) dz) + <B(o) aA(t) > 9(¢e)

L

= {[ARD S + LT QA(” R 1D opecator EOM
QR('E) 1 A A
A A A A A = = - A
([A,B]) 8§&) - $LT{[A K] R} 3T x [ARD
‘R (R



® application to X-+ Q)

® &
h 5 = L8 8510 8 - 3<T{LE; Ao+ e 1,551
Q'Cx”"(‘ht) - 17 Y 4. Hret Heo -4
A_ . A_ A -aR A= _ 1 ~taR ~ A 1 ~
S Founrier component S%'\r—“’) %_ e 'Y SR —\‘:_; %C ¥ C:A.CKT = \E-I; Z +
1) <[8,.8:,1> ~2S% Spe

k‘f%] k‘

. - 1 -t‘ﬂyk raR' - + - 1 ? _
Shortent : =5 RZg‘e 'Y <[SR'SR']> =3 §<‘25R> = > -<nyd
Pedegﬁrl'cn;
- St = A + + - et +
< LS, S-'y] 7 N é‘, < Cha Creqr Cilt Cigy 7 Ci'r Gt Sy kgt b
‘ — | 1 -
= 1 + + -t +
N §<ck~bck~\; ck"“\'T Ck-r-ﬂ Ck+l\,1‘ ck+t“\‘ ck.»cu, >
—— —~—

]
A B

% <<“k“l> - <Wﬂ_"‘> = <v‘k+%1> + <W>) = <V‘¢> "<Vﬁ1->



a st~ =1L S o+ &
H = Z(E - e Cue ¥ "t Z Ck-nyr Cllog Ci'y Cher S % % €i Crtqr
?

2) commutator of Clicy ,q With Hrg

+ ' = + - + t '
[cktckwp‘;%d(sk > Ko c_lis] = (- [cﬁckﬂ,mck.;c_ui,] k=k c=l

k+w=k' =1
+ + )
+ (€k+; (k) [cktck-tﬂ"l‘ | ck+a¥‘lck+$1‘]

+ + - et t - /E/ + = ~ct ¢
[ckvbck-h‘,fack&ck&] "‘"’c"""‘rf c. ke ki 2 ¢c/*/¢ck¢ck+11‘ ki “ktqT

Va'e o ad

N o /

+ + - + + -t + -t
(Ck-l,ckﬂﬂ‘ 1 Choeqt Ck-«-o,,?] = CkiCieqr C%« C}A? Cleat Cletq® CkaCrrat = Oy Cupqr
N o 7

— [s IT(T ] = \‘% {:(E’,ﬁ? K Ct;¢u+«ﬁ Similar structure G S.; 1tselF



3) commutatosr of chckﬂ\T with He kT k+q T k'-i-q."‘ ptaT

[Cfc 1MZC+nc+.c c ] \// \//
klo k+a? N +4'1 Kk'd k| ) : E
— AT pity P+4 PV Ckte) ; N :
; :
+ +
e-h paic with Cota't Cilant Gy Cpy ,A '/4/\
- ky k-4t k'y pY
T4 and 4-shiFt
+ <+ + _ % + .
PZ;T?. Ck.], Ck+1,1‘ Cp-g-%"r ckl,‘_%\'r Ck!"' CP,,, CP*"Y.‘P ck‘*ﬁ'? ck‘vl-cf«b CN Ck.“&'r
- ot 4
gk*‘hl‘*‘&' Cpea't Creqr ng elieny
7\ + + N .
N Wt [ E’_‘_" Clieq® Gty Chrarqgt 7 Cheqt Cileq T WL Cheat

P + . + + + .
+% < Cre CP+¢1~ Ck+-\,1' C-m..;'r Cily Cpy T CP*‘t-'Tck'-w‘T chy el oy ck+-\,1‘> ]

—_—




A“'éoaetl\er 2+2+3
@ ) two-particle propay.

? 14
‘h,é-t-’)‘-+(1,t) = (Knd-<mpd) 8¢ TE %( -8 )(T{cucz)c‘w,w (z) S Co)}>

O \m‘é'ner -ordes Pr‘ofaaqtor

115 Uy A
—1:\ \TY] %- ; T{ (thck‘w‘,\‘ ck¢ck+-~4, ck+q1‘ck+q‘l‘ ck&ckw\,’? ) S"'\'CO) }>

KZ¥)</® ©M@

<"‘k0 Sk‘ki"\ - dney> & ket a-ef <"‘k+1.1‘>5

k+¢.k'+y‘ <“k+y1>8k+1,',k+1,
@ fDeCauptcma of Eom - aenemlczeo( Hactree ~ Fock Scheme
® ©
-AlsU4 + +
P %: ~N [(T{ [%Q"k'&) CkiCheqr ~ §<V‘k+¢r> ChiCh+q®
+ + ot
' k.

@ @



a(lfoéeékeo 14243 after a(ccompb-'né

‘hé— %\%.Z(T{(cu crqrde 831} K2 ot (g0
- %%@ = s s>) 8CO (D (g-shtt kept For comvenience)
-%é %(ikﬂ- £,) <T{c:¢(z)ckw,‘. Cz) §f%co>}> @
%\fﬁ ?E (U<ny> = ULnd) KT (@ ¢y 1D §’_1(o)}> @Y @9
- %%( MW > = M) [‘% \:-',—\, %(T{chc:) Claqr ) §i\r(o)]‘>] (32 @
denote X-4Ck,9,7) = T = & i LT €y pat st L@ X+ (e) = Z Xox Chygx)

)F'.;é.'c K-+ kg0 = = [(£k+c,,"' Un) - (€ + U<ngd )] K-+ (ki@ ® @ @
F5 - ) [S@r u I g 0] D @D



shibted bands £, = & + U<n_ > X-+(q,T)
) ~ ~ '

¢ in Matsubara representetion: X4 (T) = X_ (") t% =2 =iV () 1 *

(Kviegd - <"‘k+.\,1>) (1+ 1 X-+(q.'v) ]

[' ‘o - (gkq.‘ gk-«-q,‘\‘)] X4 kg, V) = '%

exteact X-+ (kG 19) awd fam over k 1o et Y-+ (3.49) :

<"‘k+a‘r1~ > = dnyd

Xertpior = (14 s cyoo]

k 1'\9 + ?kif - £~k+$1‘
~ Lvnothasd Function ’)QS? (1,,"0)
o Final result

’)\(f:_ (4,tv)

4~ Mxﬁ’; (4,°v) </ leads to o(:'veraeuc:.
at ucn’t

)
0) enhances ’){.(.o...

Xee® X

(eUx) = Xy @) =



@ Di«ar«mm«t‘c evalnation of the Spin Susuptcért\'fa

trs
A
K-+ (4,i0) = 3‘ {T{%; <z)s RORD eV dz S:V w 2;_ Reqr Ciy
|' \. A‘- - -1 +
correspond na d agram .S% == % ckd’ck“‘ﬁ
Sf.\r T T S,(®
,)‘ = - % — - - two-particle
o 4,(v y LR - 32 - propagetor
\) \g
Fe gpwwv vectices @
o lowest ordec - Lindhacd Function o 5P <
A
) . A 1 e .
. . R ’)\_+ (0%\\‘)) = (—4) (ﬁ) % g ‘ZE %o(k-ﬂ\”l&?;o) 5o(k"6)
+q. VE+ITV,
'KEO)‘ > R _a hpfi’k*_?q.)"\nr_-(fkq,) A 5
a}l“o AV N k V- ¢ A+ £ N
£ oL kiq T Ene 2

bubble w/o (-1)



® (nclusvon o} the Hubbard mteraction term,

k+°\'T\/ P+?T 4) Hactree SdFenera:%
: s . ¢® leads to &, —> €,
5 N wpa P”” Ctq.r CriCpl 'a ~
: o € = €.+
ki /\ ol ; kg k H
= Ek+ u<“~6>
2) RPA -Like series For X-4
k+c\,1‘ ktq T ‘n-l-q,'\“ k+ta 1 ptat p'+q T
<O - :
A 4 A
= (1) =P = 1) =-P(-4 al N2 "
Xe= COEPE +EOZPCE)PS + COZPES)PCE)PE +
N . s X4
- - = — vt ey .
W qele A- U X with  x© =-3 P



@ App'«'c«fxow - Hubbecok model om a cubie (atéice

® Spiv SMSCEfﬁ\'LﬂL‘f}a I a pu«m«aneﬁc state (A< Ueece)

')\‘“’ (4,i9) A 5 Micegr? = iy > A s e (£,0) ~ e (€)
t = = = =
- PR 0Bt By N W Vgt
(‘o': FO('ev\f\‘«( O(l'Vef‘éeuce For S‘troné enoual« U
x""’ - 4—M (-a_) /
xX-+

- happens at U=Uce , =0, and oro(en‘ua 9= &

e onset of Fecromaanetcsm Foe Ugeee @ A= Ueere ’)(f‘:’_ (q>0,6=0) =0

a0 M K ~ Euea T Eu

—> A= Uee N(EL) =0

ne (& Y ~we (&)
) R _ _ . A F k+o, F k dn
X (420 0 =0) = (im 0 { —a—— = WCE.)

AL

vdentreal rea,m‘remewé as in the Stoner ervterion



Imx_, (q, ®)

0 /4 2 ) . 3n/4

o/t

0 /4 /2 3n/4 T
qx = Qy = qz

0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01
0.00

0.30
0.25
0.20
0.15
0.10
0.05
0.00

o/t

/4

Imx_, (q, ®)

/2

/2
qx = qy = qZ

3r/4

3r/4

T

T

0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01
0.00

0.60
0.50
0.40
0.30
0.20
0.10
0.00



[ 1/t units ]

-0)

xX-+(q, ®

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0.00

0 /4 /2 3n/4 T



[ 1/t units ]

-0)

X_+ (@ o

/ oll'veraes at 4=0 > FH ordem‘wa with ora(en‘na vector Q=0

10 T T T T
1
i U=0t
' U=5t
8T ' ’('\ U=10t —
\ U=15t ——
H rapid increase For U171 —m—m
\
61 H [/} approacl«u'ua Weeie U=178t ==--
‘\
\
\
\
4} \
\ n=0.15
\\
\
\
2 | \
N\
______ \\\
§_~ — --—~—~ I
0 /4 /2 3n/4




® Spin Suscepteb c’h‘ﬁa h F&Cromqanet‘c, wmetallic state (U > Ueeee )

<V‘k+ﬁ,1>-<hk¢> h’:(?k_‘_%,(;)_v“.‘(gk‘)

(0) . - 1 = _4_.
')&_4.(1-1“’) N - _ + 5 N Z 'V - + +4
kA0 = Epear T & ko MV Ek*’r €x
€k+$1~ = £k+-\,+ M <V‘¢> £k+ M(Vbr) A = M ((V\q.) - <V‘,L>)
4~ 0 lemet
A
o ~ ?:_ (<'ﬂm> - <nyd) dnd - Lnyd DI (a50) VAYA
= = = - - - = —_—
K-+ (20, o+ Lo +0 w+d A+ «

Ze(‘o—ﬁrea,ueuca pola
Wore appropriate 7uant:t9 For <nyd> > <y (a>0)

“ I X+-
x_‘:: produces won-olamped spin wave
r)‘*" = (o) Lbelow Stover comtinunumn,
1- Mo‘_‘_- .

quadcatie digpecsion €o, ~ 9 0 A,“r



Imy,_(q, ®)

0.5
0.4
0.3

o/t

0.2

0.1

- 0.0
0 /4 /2 3n/4 i

14
12
10

N A

o

0 /4 /2 3n/4 i
qx = qy = qz

o/t

Imy,_(q, ®)

/2

3n/4

T

0
Sp th wave

/4

/2
Ay = qy =0,

3n/4

T

20

15

10



° teualenca towasd AF ora(en'na near the halF-Filled case

Imx_, (a9, 0)

0 /4

/2 3n/4 i

2D TB case

with n=1 F2

Imx_, (a9, 0)

0.5

0.5

0.4
0.3
0.2

0.1

0.0

/2 3n/4 o

3n/4 o

0 /4

/2
qx = qy = qz



[ 1/t units ]

-0)

X_, (0 o

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0




