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magnetism and emergence

Introduction



what are the fundamental laws of the universe?
what are the fundamental particles?

reductionist approach
given those | can explain the universe



electrons and lattice

electronic Hamiltonian
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lattice Hamiltonian
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if we crystal structure known
we can concentrate on electrons
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a single iron atom

26 electrons, 78 arguments,
1078 values
10 X 10 X 10 grid

\lfo(l’l, Ko, ..., I‘26)




more is different

Philp Warren

Anderson
Nobel Prize in Physics 1977

http://www.emergentuniverse.org/




do we want the exact solution?

Nno.

e to0 many details

e really we need to understand idealized cases (thermodynamic
limit, ideal crystals,...)

e elementary entities depend on energy scale (electron vs spins)

e we want to understand cooperative phenomena
(ferromagnetism, antiferromagnetism)

e co-operative phenomena/ effective elementary entities =
emergent properties

e prediction is difficult, experiments normally first



anti-ferromagnetism

prediction: Néel (1932)
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experiment: Shull and Smart (1949)
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temperature and at 80°K,



exact solution?

Bethe: ground state of linear Heisenberg chain has S=0

tit4t 4t

Anderson: broken symmetry & quantum fluctuations




magnetism & emergence

@

from electrons emerge spins

a effective elementary entities

spins interact

‘ ' ‘ ' cooperative state
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this lecture

e the general electronic Hamiltonian
e isolated atoms and ions
e jons in solids
e the Hubbard model
e idealized cases: itinerant & atomic limit
e itinerant limit
e Pauli paramagnetism
e Stoner instabilities
e atomic limit

e [ocalized moments 4T
e paramagnetism of isolated magnetic ions > ;‘_\_\_

* interacting magnetic ions —
e the Kondo model M’M

e conclusions



the Hamiltonian



electronic Hamiltonian

non relativistic electronic Hamiltonian
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Kinetic Coulomb potential constant

magnetism is a quantum mechanical effect

interplay between Coulomb interaction, Pauli principle and hoppings



atoms and ions



atoms and ions




self-consistent potential
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HER:_5;V?_;T_¢+;IW—W|

B = 23S VS em(r) €9, DFT/LDA

contains e.g. Hartree term

hydrogen-like atom

HNR = —% Y VI-> Zeg/r;



atomic functions

(hydrogen-like atom)
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Laguerre polynomials



real harmonics

S =y =Yy =
py ==Y +Yh) = y/r
Y2 = Y0 = YQO = 2/7“
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atomic functions

spherical potential

eigenvalues: n
eigenvectors: n,I,m
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many-electrons

HER:—%ZV,? Z +Z

) 1>

one shell, 2nd quantization
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Kinetic+central potential Coulomb interaction

z]z j /drlfdr2 ¢zm0 r1 %m o’ (r2)¢j 'm’a’ (’r2>¢z ma(rl)
mm mm’ |’I"1 . ,',,2|




many electron atoms

does the atom/ion carry a magnetic moment?

total spin S and total angular momentum L

filed shells
S=L=0

partially filled shell: magnetic ions

1. Hund’s rule max S

2. Hund’s rule max L




strongly correlated systems
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here in particular transition-metal oxides
and f electron systems



origin: Coulomb repulsion

direct term: the same for all N electron states
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exchange term: 1. Hund’s rule
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Coulomb exchange

C atom, p shell
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positive, hence ferromagnetic
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a C atom

incomplete p shell: [=1
total spin and angular momentum

S 112 ® 1/2 =0 & 1

L 1®1 =0e102
S P D

[He] 2s22p?

2. Hund’s rule
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H3® ~ MNL-8=

3. Hund’s rule

e total angular momentum J = <

3p

spin-orbit interaction

if weak, LS coupling approximation

%A (J? - 8% -L?%),

A~ 2602~ 1) guy o (1 5on))

S
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r dr

( |L -S| forfillingn < 1/2
S for fillingn = 1/2

L+ S  forfillingn > 1/2
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energy scales

local magnetic moment depends on Coulomb & spin orbit
but also on energy scale...

10 eV U, v central potential, direct Coulomb
1eV J Coulomb exchange
0.1eV dJ Coulomb anisotropy

10 meV A spin-orbit



lons In solids



lons In solids
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one-electron basis: Wannier functions

crystal field & hopping integrals

tit = [ dr Bona [—%v? " vR<r>] Birmra(7)



crystal field



crystal field

-

1=
ii i —— 1_,
6T;L,m/ — tr;b,m’ - = dr %‘ma (’I") _iv + UR(T) Zpiﬂl’a'(frb)

modifies on-site energies
and thus local magnetic moment



perovskite structure ABC3

4Cs3

KCufs

it is the symmetry group of the cube



crystal-field theory

how do d levels split at the Cu site?

point charge model

(1) = 2 [ g = 00+ 2 g = k)

crystal field

KCufs

K+ Cu?t

dk gcu

(in real materials, also covalency effects!)



cubic perovskite

point charge model: Fe octahedron

35 qc 4 4 s 34 4 4 4 34
oc - = — =D - = .
Voet (T) 1 a5( +y + 2 =7 x4y +z <
m=-2 m=-1 m=0 m=1 m=2
/ Dg 0 0 0 5Dq \
0 —4Dq 0 0 0
Hep = 0 0 6Dq 0 0
0 0 0 —4Dg 0
\ 5Dgq 0 0 0 Dq
Unim (0,0, ) = Ru(p)Y;™ (0, ¢) atomic functions

Dq = —qF<r4>/6a5



atomic d orbitals




cubic crystal-field

Cus* 3d°® eg3 * \k
ool el R

“Wannier functions”

spherical




energy scales

Hilbert space

10 eV U, v
central potential, direct Coulomb

1eV J
Coulomb exchange

0.1eV dJ
Coulomb anisotropy

10 meV A
spin-orbit

crystal field




density-density Coulomb



tZQ

no 1. Hund’s rule!

A>3J

strong field

t29

4d, ruthenates

t29

S=1
6U-15J



iIntermediate

eg’
A tog® eg’ 3d, manganites
t293
1. Hund’s rule satisfied S=2

6U-18J+A
however, no 2. Hund’s rule!



gquenching of angular momentum

perfect quenching
(L) =10

partial quenching: L smaller than expected from 2. Hund’s rule



' magnetic ions

If no hopping integrals....
magnetic ions=isolated localized moments

insulating behavior



Coulomb interaction
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inter-site Coulomb exchange
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ferromagnetic!



lons In solid: conclusion

itinerant vs local moments

local moment regime t<< U
local moments survive integer filling: Mott insulator
In crystal

local moment determined by Heisenberg-like model

Coulomb & crystal field AFM kinetic exchange

ferromagnetic Coulomb exchange

itinerant regime t> U

local moments melt integer filling: metal

hoppings, bands Stoner instabilities



hopping integrals



hopping integrals
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one-electron basis: Wannier functions

crystal field & hopping integrals

tit = [ dr Bona [—%v? " vR<r>] Birmra(7)



hopping integrals

171

ti;f,/m’ — —/d’l" %ma("“> [—%V2 + UR(T)] wi’m’a(r)

generates band structure
delocalizes electrons, suppresses local moment



hydrogen molecular ion




hydrogen molecular ion

Aes V, 1 S
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hydrogen molecular ion
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crystal
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Bloch functions
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two-center integrals
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two-center integrals

= cos 6 Rl  +sin®




an example: KCuF3

atomic orbitals replaced by localized LDA Wannier functions

K* Cu?* F-

K4s0 Cu 3d° - 2p°




an example: KCuFs
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one-electron basis: localized LDA Wannier functions

only Coulomb effects contained in LDA

™mo



LDA band structure

partially filled d-like bands, metallic
non-magnetic & no local moments

8 ——
s S
6 - /\y\- K 4s Cu 4s
4 - / -
g 0 t—=—— Cu 3d
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% ) yéé
B 'Zz% —— - F2p
Z r X P N

(in reality: Mott insulator, local moment, paramagnetic for T>40 K)



the Hubbard model



the Hubbard model

HzedZchacw —tZZCIJCi,J—FUZanN = H;+ Hpr + Hy

(i) o

o=t
U = Ul
half filling t=0: Ns atoms, insulator

U=0: half-filled band, metal



the t=0 limit



atomic limit (=0) & half filling

[N, S, S5z) N S E(N)
0,0,0) = |0) 0 0 0
LY = o) 1 1/2 e
X ! S=1/2
‘1a27¢> — Ci¢|0> 1 1/2 €d
2,0,0) = clcjo) 2 0 2q + U

Hyg+ Hy = €4 Zm—I—UZ[— (Sé)Q—I-nZ]

emergence of the spin!

half filling: highly degenerate states, 2Nsdegrees of freedom

iInsulating behavior



the U=0 limit



energy (eV)

d

1

the U=0 limit

Hy+ Hr =Y ) [ea+erleh cpn
k o

hypercubic lattice

d
e = —2t Z cos(k, a)
vr=1

d=2 d=3
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unit cell and Brillouin zone

unit cell Brillouin zone
(0.a) (a.a) Y=(0,m/a) M=(11/a,T1/a)
0.0) r=(0,0)

X=(1/a,0)




energy (eV)

d

1

the U=0 limit

Hy+ Hr =Y ) [ea+erleh cpn
k o

hypercubic lattice

d
e = —2t Z cos(k, a)
vr=1

d=2 d=3
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high-T; superconducting cuprates
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high-T. superconducting cuprates

VOLUME 87, NUMBER 4 PHYSICAL REVIEW LETTERS 23 Jury 2001

Band-Structure Trend in Hole-Doped Cuprates and Correlation with T,

E. Pavarini, I. Dasgupta,* T. Saha-Dasgupta,’ O. Jepsen, and O. K. Andersen

Max-Planck-Institut fiir Festkorperforschung, D-70506 Stuttgart, Germany
(Received 4 December 2000; published 10 July 2001)

By calculation and analysis of the bare conduction bands in a large number of hole-doped high-
temperature superconductors, we have identified the range of the intralayer hopping as the essential,
material-dependent parameter. It is controlled by the energy of the axial orbital, a hybrid between Cu 4s,
apical-oxygen 2p., and farther orbitals. Materials with higher T, nax have larger hopping ranges and
axial orbitals more localized in the CuO, layers.

TI2Ba2CuO6




energy (eV)

d

1

itinerant limit

Hy+ Hr =Y ) [ea+erleh cpn
k o

hypercubic lattice

d
e = —2t Z cos(k, a)
v=1

d=2 d=3
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DOS

density of states

d=1 d=2 d=3
YR e
0 2 -2 0 2 -2 0 2

energy (eV)




parameters for high-T; superconductors

VOLUME 87, NUMBER 4 PHYSICAL REVIEW LETTERS 23 Jury 2001

Band-Structure Trend in Hole-Doped Cuprates and Correlation with T,

E. Pavarini, I. Dasgupta,* T. Saha-Dasgupta,’ O. Jepsen, and O. K. Andersen
Max-Planck-Institut fiir Festkorperforschung, D-70506 Stuttgart, Germany
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band and density of states

r=0.2 r=0.4

panN

energy (eV)
o N
RN
/

-2 0 2 -2 0 2
energy (eV)



the small /U limit



perturbation theory

Hubbard model

HZSdZZCL;Cw —tZZCIJCi,J—I—UZnZ‘Tnu = H;,+ Hr+ Hy

(i¢/) ©
half filling: N=1 electrons per site

np = number of doubly occupied sites

idea: divide Hilbert space into np=0 and np>0 sector

next downfold high energy np>0 sector



two sites

N=1 per site; Niot=2

np=0 sector np=1 sector

e
bt
L
|

site 1 site 2 site 1 site 2



Hilbert space

np=0 sector np>0 sector

next downfold high energy np>0 sector



low energy model

eliminate states with a doubly occupied site

- ¢

virtual hopping v
energy gain
AE Hp|I)(I ! I)(I|H 2t



low energy model

energy gain only for antiferromagnetic arrangement

- ) <

1 1 442 Pauli principle

"'~ (AEw — AEy) = - —
5 (AEw 1) Wi

:—FZ [S . Sy nn]

(13")



a canonical transformation

Hubbard model

here for simplicity eq =10

half filling: N=1 per site

PHYSICAL REVIEW B VOLUME 37, NUMBER 16 1 JUNE 1988

t / U expansion for the Hubbard model

A. H. MacDonald, S. M. Girvin, and D. Yoshioka*
Department of Physics, Indiana University, Bloomington, Indiana 47405
(Received 8 January 1988)



a canonical transformation

Hp = —tS‘S‘cw c,. =HY}+H:+H,

(13")

_t E E n?, O-C/LO'C’L O_nz —0O

(¢37) @

—t Z Z (1 - ni_a) Cjacz"a (1 - ni’—a) ’

(ii') o

no change in rnp

_’522”@ Sl o (L —ni—o), from nptonp+1

(¢37) @

(H7)] from npto np-1

np= number of doubly occupied states



a canonical transformation

_ _tS‘ch ZJJFUanan—HTJrHU

1 —
S:_E(HZ_L__HT)

| | 1
Hg =" He™™ = H +[iS, H] + 5 [i5, i, H]] +

[HqinU] = ?FUH%E cancels H{F + Hp

in Hr = —tS‘chcz,a—H%—l—H;f—FHT_,




half filling

thus

Hs = Hy+H+ o {[Hf, Hy] + [HS, Hy] + [Hf, B} + 0w )
these are zero at half filling

(no hopping possible without changing np)

the remaining term is

example of kinetic exchange



interacting spins

:—FZ [S .Sy nn]

(13")

T4

from Hubbard model

to antiferromagnetic Heisenberg model

(remember, Coulomb exchange ferromagnetic)



magnetic properties



linear response theory

linear response

Mz (Q§ w) = Xzz (Q§ w)hz(q; w)

magnetization magnetic field

response function

thermodynamic sum rule

. OM,
e(0:0) = i,



interaction with magnetic field

Zeeman term

HZ — g,uthSz

.. plus second oder corrections (van Vleck & Larmor)



y4

I,

4
¥

Zeeman term

HZ — g,uthSz

Sz=1/2 Z='g|JB/2

Mz='g|JBSz

S,=-1/2 M,=+gug/2

)




the itinerant limit



U=0 case



Pauli paramagnetism

1
Ek — €ko = €k T §OQMth

Zeeman term



Pauli paramagnetism

Ekt = €kl

=

. n

N
.



Pauli paramagnetism

1
Ek — €ko = €k T 509u3hz

+D

Er

g W |
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Pauli paramagnetism

4

zero temperature

1 1 1
M. = —5(g1s) N > ey — ] ~ = (gus)” per)he
k

1

x"(0) = -

4 (g,uB)2 p(&‘p)

finite temperature

(@) = 5 on)? [ deote) (- )




finite temperature

d=1 d=2 d=3

DOS

RPN

2 0 2 2 0 2 2 0 2

energy (eV)
d=1 d=2 d=3
1 —/_\ R — |
o \\
X | |
O ....................................
2000 4000 2000 4000 2000 4000

T (K)



linear response theory

Pauli susceptibility: uniform and static

Mz (Q§ w) = Xzz (q; w)hz(q; w)



small U/t case



Fermi liquid
In some limit an interacting electron system can be described via

Independent quasi-electrons

weakly interacting: small U/t ratio
one-to-one correspondence between electrons & quasiparticles

m* 1
=14 -Ff>1, F2>0
- + 541 1
enhanced masses
X 1
—— = > 1, Fl <0
Yl 1+ F§ 0

enhanced Pauli susceptibility

Fo? and F+5: Landau parameters



Stoner instabilities: Hartree Fock

HU — Uannu — H(I}F

Hy" = UZ[nn<nu>+<nn>m—<m¢><nu>]-

ferromagnetic instability?



effective total magnetic field

1 Zeeman
Cko = gga + s9uBho

Hi" =UY [—Qmsi T m? HF



Stoner instabilities

linear response

M, ~ x*(0) [hz — WLBUm] =x"(0) [hs + 2(gup) UM,

self-consistent solution for M

X" (0)

S(0:0) —
xA50) 1 —2(gup) 2 UxF(0)

RPA susceptibility

U.=2/plep) critical U



2-dimensional case

d=1 d=2 d=3
n
) A |
2 0 2 0 2 0 2
energy (eV)

logarithmic singularity

any U>0 triggers the instability




band and density of states

r=0.2 r=0.4

panN

energy (eV)
o N
RN
/

-2 0 2 -2 0 2
energy (eV)



Stoner instabilities with finite g

oscillating magnetic ; _ iqR; i
field and spin polarization 52(q) zj: e 5y

(89" = mecos(q- Ry)

supercell

a b
< > < >
=1 =2
=1 =1 =0 =0 =1 =1

linear chain, g=(11/a,0,0)



antiferromagnetism

(0.a)

two dimensional case

(a,a)

(@,0)

Y=(0,1/a) M=(11/a,11/a)
=00 X=(11/a,0)
M
Q2=(Tr,1M)




Stoner instabilities with finite g

2
iy =3 |1 (hzmmU)-

sums over supercell sites!

+m2+n—2
1

1 Xo(gq;0)
S 2 9
x~(q;0) = =(guB :
(4:0) 2( ) [1 —Uxo(g;0)]
1 ng — Nk
Xo(q;0) = =+~ -

k7 €kt+q — €k

1

X0(0;0) = 2 (gug) "> xF(0) ~ §P(€F)



Stoner instabilities with finite g

£k = -—I— cos(kya) + cos(k,a)]

finite temperature ~ 350 K

%0(a;0)
_ 4 _
d=2 d=3

2-dimensional case: M point!



two-dimensional case

Y=(0,11/a) M=(11/a,11/a)
=09 X=(11/a,0)
M
Q2=(1T,1M)




perfect nesting

Ek+Q; — ~Ek

1 [fer=Y 1
X0(Qi;0) Z/ dep(e)— — o0.

~ oo 3
2-dimensional case: Q2=M point

2-dimensional case: divergence also at [' point
however, finite T. Q2 singularity most important one

what about ' ?

Ek+Q, = —€k + 8t' cos(kza) cos(kya)



two-dimensional case

r~t'/t

X X

e = —2t[cos(kya) + cos(kya)] + 4t cos(kya) cos(k,a)



remarks

e in general several instabilities possible (different q)

e which one dominates: check finite temperature susceptibility!

e instabilities possible at any doping

e g can also be incommensurate with lattice

d=2

%0(d;0)

d=3




non-interacting magnetic ions



magnetization

non interacting ions
uniform magnetic field h,, Zeeman term

Tr [e_g,uB hzﬂs;]

M, = (M) = —gup = gupS tanh (guph.S)

derivative with respect to h;

oM,
Oh,

1
— (gupS)” T 11— tanh? (9nBh=6S9))]



Curie susceptibility

1 C
X22(0;0) = (gupS)* —— = /2

Curie constant

(gug)° S(S + 1)
3kp

Ci/o =




generalization

J=S+L
 (JJ.LS|(9S + L) - J|JJ.LS)
9= (JJ.LS[J - J|JJ.LS)
3 S(S+1)—L(L+1)
2 2J(J + 1)
j=|s-l|,...|sH|

ground state:third Hund’s rule M = —gjupd

M. = (M}) = gsupJ By (gsuph.BJ)

2 1 2 1 1 1
Bj(x) = S+ Coth( S+ x)coth()

27 2] 2] 27"

Brillouin function



transition-metal ions

Ion n S L J 251,
V4t Tidt 3d* 12 2 312 *Dsj
V3+ 3d®> 1 3 2 2R
Cr’t V2t 343 132 3 312 “4F3,
Mn3t  Cr?t | 3d* 2 2 0 >Dy
Fe’t  Mn?T | 3d> (52 0 572 °S5
Fe?t [ 3d° 2 2 4 °D,
Co?t | 3d" '3/2 3 912 *Fy
Ni2t | 3a4® 1 3 4 3F
Cu2+ 3d9 172 2 5/2 2D5/2



lanthanides

Ion n S L J 2S+1LJ qJj
Ce3t 4 f L 12 3 052 2Fy /2 6/7
Pr3+ 4 f2 1 5 4 SH, 4/5
Nd3+ 4f3 32 6 972 419/2 8/11
Pm3+ 4 f4 2 6 4 5], 3/5
Sm3+ 4 f 5 512 5 512 SH. /2 2/7
Eu3t 4f6 3 3.0 Fy 0
Gd3t 4 f T2 0 IR 85, /2 2
Tb3+ 4 f8 3 3 6 "Fy 3/2
Dy3+ 4f9 52 5  15/2 6H15/2 4/3
Ho3* 4 f 109 6 8 5 Jg 5/4
Er3+ 4 f 312 6 152 15 /2 6/5
Tm3+ 4 f 12 5 6 3 Hg 7/6
Yb3+ 4 f 3172 3 1912 2F, /2 8/7



generalization

(gspB)?J(J + 1)

O, =
/ 3kp
0 kgT/|Mylh, — 0
X22(0;0) ~ < Cy/T |Myl|h, /kgT — 0
CJ/T h, — 0

Curie susceptibility

M, ~ gjupJ = My



magnetization




correlation function

Siirv = ((Si —(8i)) - (Sir — (Si))) = (Si - Sur) — (Si) - (Sw)

paramagnet

B <Z> <SZ> ~ 0 Z#Z
S’i,’i’ — <Sz' ‘ Si’> ™~ { SZ> — 3/4 i =1

uncorrelated spins



paramagnet vs disordered system

(Si) ~0 i

_ (Si) - {
Sii = (8 - Sir) ~ { (S;-S;) =3/4 =1

paramagnet
Curie susceptibility
different from
D> (82-80) ~0
i/ #i
spin disorder

e.g. spin glass behavior



fluctuation-dissipation theorem

(at high-temperature)

g:uB i, e’ )
(@:0) ~ ST }:8 @ (RimRy) — ¢ (T)

MO . Cl/2
kT T

8MZ

local susceptibility



spin as emergent entity

one-site Hubbard model

(guny? [T (51)°]
XZZ(O;O) ~ kT TI‘[G_B(Hi_MNi)} B

Tr [e—ﬁ(Hi—MNi)}

Tr [6—5(H¢—MN1) S;} ] 2}

Cija €PU/2
T 14 ePU/2

U=E(N;+1)+ E(N; — 1) = 2E(N;)

infinite U limit: the spin S=1/2

only S=1/2 part of Hilbert space remains



Van Vleck paramagnetism

second order correction (i.e., beyond Zeeman)

O|(L, + gS.)|I)|?
M;/V:%ZMQBZ (O](Lz +¢52)[1)]
I

relevant if J=0

J=0: non degenerate state, linear correction (Zeeman) is zero



Larmor diamagnetism

1
MY = —=h.(0] 3 (@2 +92)]0)

diamagnetic contribution, same order of Van Vleck term



interacting local moments
1
= FZ[ nmz]

mean-field approach

S
I

guB Z (h 4+ h]") + const]

hi® = nu < )/ 1B



antiferromagnetic case

bipartite lattice
sublattice A and sublattice B

& Zeeman term

{ M2 /My By o [MO(hz + Ahf)ﬁ]
M7 /My = By [MO(hz + Ath)B}

— (M7 /M) S*I'n iy /Mo

{ AhZ
— (M2 /M) S*I'niny /Mo

ALP



self-consistent equation

order parameter

Om = (Mf — M?)/QMO = B1/2 [UmSQan')ﬁ]

Tn: Neel temperature

L LI
~ ,0’
. *
T>Ty S T=Tp
~ — R4
N N+
< o
< Re
N Q

0 0.5 1 1.5 2



Om

around Tn

order parameter small




uniform response function

01/2<1 — 0'7277/)
T+ (1-02)Tn

Xzz (05 O) =

Curie-Weiss high-temperature behavior

C/2
TETN
no divergence!

X==(0;0) /

-TN Tc T

Xz2(0;0) ~

Q
’—l
~
[\

>

AFM PM FM




finite g
(M}") = —omMycos(q- R;) = —gupm cos(q - R;)

relation between critical temperature and couplings

1 o
kplq = S(S;_ )an [ =— Z 100,45 piq (Ti+R;)
i §£0
Cl 2(1 — O'gn)
o2 (q;0) = =7

B T.(1 - U?n,)Tq

divergence at critical temperature



correlation length
g=Q instability

fluctuation-dissipation theorem + Fourier transform

ng,ji X e—"“/ﬁ/r

§ o [T/(T —Tg))'?

diverges at critical temperature Tq!



effective magnetic moment

generalization to materials

C1/2 — Cet = Mgﬁ‘/ng

depends on: Hund’s rules, crystal field etc..

effective moment
SkBTXzz(q; O) —7 Heff

very large temperature limit



local moment regime and HF

Hy = Uannu — H(I}F
Hy' = UZ i (niy) + (nap)nay — (nar)(nay) -
(Nig) =Ny = g +om
. n2
o = Uz; [—zms;g +m® + -



local moment regime and HF

paramagnetic & ferromagnetic case

Bloch function

L-Dk:a( \/72 zk:ngp )

spin scattering function

1 - /
S:(k, k') = 5= ) et o Zacw Cio
( SZ



ferromagnetic case

Hartree-Fock Hamiltonian and bands

H = ZZeknkg—i—UZ[ 2m S, ( —|—m2—|—”j}

diagonal in k

mU=0 mU=2t

\\ iy \\\
/

I X M rr X M I

energy (eV)
o N
N\
o




Hartree-Fock bands

very large mU case, half filling

spin down band empty, m=1/2

total energy

no t4/U term!



antiferromagnetic case

two sublattices with opposite magnetization +m and -m

n2

2
HY = Z [—QmS; +m? + 77;1] + Z [—I—QmSé + m?* + 1

€A 1€B

Bloch function Bloch functions
original lattice two sublattices Aand B
Voo (r) = —= [0 (r) + 00, (r)]
o \/5 ko ko
1 o
Uio () = > TR o (r)

N



(0,a) (a,a)

two-dimensional case

Y=(0,m/a) M=(1/a,11/a)
Y
0.0 r=(0,0)
X=(11/a,0)
(a,0) Vi
X
Q2=(1r,T)




antiferromagnetic case

Z Z ExNko T Z Z Ek+Q2Nk+Qs0
k

2
-+ UZ[ 2m S, (k,k + Q2) + 2m” +QZ]

scattering function couples k and k+Q:

1

1
Sht — 1= (e +EprQa) £ 5\/(% — Ek+Q,)° +4(mU)?

HF bands



energy (eV)

antiferromagnetic case

DO

1

gap: mU

1

Sht — 1= (e +Ert@n) £ 5\/(614 — Ek+Q,)° +4(mU)?

HF bands



antiferromagnetic case

very large U case
half-filling, m=1/2




energy difference

2 1 4t2 1
Er — FE ~N ——— ~ =]

HEF HF HEF
AE™ =By — By =

in this example for this quantity we obtain
the same result as in exact solution!

however, this is not the triplet-singlet splitting

AE = Eg—1 — Eg=o =T



Hartree-Fock problems

Slater vs Mott insulator

insulator with much smaller U than exact solution

gap in single HF calculation ~U

HF does not give correct spin excitation spectrum

NB. HF is used in the LDA+U approach



the Kondo effect



the Kondo effect

diluted magnetic alloys: metal+magnetic impurities

Au+Fe impurities

minimum in resistivity
high-temperature: impurity local moments, Curie susceptibility
low temperature: effective magnetic moment disappears
(Fermi-liquid susceptibility)

characteristic temperature: Kondo temperature Tk



Anderson model

metal impurity
Hy = ZZ&knkg + Zé‘fnfg + Unan]%
o k o

Kondo regime: ns~1

canonical transformation (Schrieffer-Wolff) to Kondo model

Hg =) Y epnre + 'Sy -5:(0) = Ho + Hr
o k

1 1
I~ =2V |*|— —
|kF| L?f Ef-|-U

antiferromagnetic coupling

>0



susceptibility

high-temperature impurity susceptibility

(915)2S(Sy + 1) !
KL(T) ~ IR {1 T <T/TK>}

Kondo temperature

kpTyx ~ De=2/per)l

low-temperature impurity susceptibility

C1/2
X (T) ~ = {1 —al® + .. ) Fermi liquid!

peg(T) = 3kpTxL.(T) o< (S818]) + (SIs%)

magnetic moment screened, S=0



poor's man scaling

eliminate high-energy states, i.e., the states with

eat least one electron in high-energy region @
eat least one hole in high-energy region 0

Dl

D'
-D
eone electron eone hole elow-energy state




downfolding

electron case: projectors

Py ~> > ERIFS)(FSER high-energy sector
o q

P; ~ Z Z CLJ|FS><FS|CIW low-energy sector

effect of downfolding high sector at second order
SH'?) ~ PLHpPy(w— PyHoPy) 'PyHrPy

electron contribution




scaling equations

thus the Kondo Hamiltonian is modified as follows

I — I'=I4+6I

ol 1

S T2
Oln D Zp(gF)

scaling equations

I

I = :
1+ %p(sp)Fln%




scaling equations

I - I'=I4+6I

ol 1

_ 4 2
SlnD 2'0(€F)F

ferromagnetic coupling antiferromagnetic coupling

©  —— | ——p

/\ /\ strong coupling

0
weak coupling



strong coupling case

one electron screens local moment

spin zero system!

starting point for perturbation theory

nearby electrons polarize moment via virtual excitations

effective repulsive on-site Coulomb interaction

Nozieres Fermi liquid



weak coupling case

asymptotic freedom

non-interacting local moment

Curie susceptibility

magnetic interaction as perturbation



scaling: two-channel case

conduction band A

; ; ‘ ; ; ; kinetic exchange: AFM

conduction Coulomb exchange: FM

situation realized in some Ce and Yb alloys

Kondo or Curie?



scaling: two-channel case

VOLUME 77, NUMBER 13 PHYSICAL REVIEW LETTERS 23 SEPTEMBER 1996

Hybridization versus Local Exchange Interaction in the Kondo Problem: A Two-Band Model

Eva Pavarini and Lucio Claudio Andreani

FM

AFM



conclusion

e emergence of spin

+—

d=2

e local moment regime

%0(d;0)

d=3

T4+$13

e emergence of long-range order

X

e itinerant regime
Curie and Curie-Weiss susceptibility Pauli susceptibility
Heisenberg model Stoner instabilities

in strongly correlated system both local and delocalized features present



thank you!



