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Magnetism is a collective phenomenon in which
many spins interact and order.

Important theoretical developments in the context of
magnetism have been relevant for other fields (mean-field
approaches, Goldstone theorem, critical phenomena)

Many applications.




Microscopic description (MODELS)

Macroscopic description (phase transitions)




Magnetism originates from:

v The magnetic moment of electrons
V' Electron's kinetic energy
v Pauli exclusion principle

v Coulomb repulsion between electrons




Magnetic moment of electrons

Spin magnetic moment: | eh
The Bohr magnetonis Uz =—

g = —gUgS 2me
For free electrons: g=2.0023

EPISOA

S=6/2 with

. . 01 0 —=2 1 0
Pauli matrices — — —
(spin operators) Io = (1 O) %y (Z O> Oz (O — 1)

Eigenvectors:

Eigenvalues of S,
etz 11 =5 (o) 5 110 =75 (1) 5 11 =5 (1)
1 /0 1 /1 1 /1
5 |¢z>=§<1>; Hx>:ﬁ<_1); My>:ﬁ<—i>



Spin operators
Total spin operator S — (Sx, S'y, Sz)
% = 82 4 62 4 §°
S%|W) = s(s + 1)|0)

Conmutation relations Ladder operators
[S@, S ] — Qlewksk SA'i = S’x 1 igy
A 1l /7~ 4 A A A
S, S y] = iS, S=3 <S+S— +S—S+) + 57
S, 5] =0 Syl ) =112)

+1 if (4,5, k) is (1,2,3),(2,3,1), or (3,1,2), SA, L 0
gie = § —1 if(4,4,k)is (3,2,1),(1,3,2), or (2,1,3), + | Tz> —
0 ifi=j,orj=k ork=1 6



Magnetic moment of electrons

Orbital magnetic momentum: U, = e
= ——(rXV) = ——— (r X p) = —pig] 2me

The atomic nuclei also have magnetic moment, with nuclear spin |
p=gnpnl

Much smaller than the electron’s
UN<<UB (due to the much larger mass of the proton)

EPISOA




OUTLINE

e Free magnetic moments
e Environment
e Magnetic order and susceptibility

¢ Interactions
e Between localized moments
e Localized moments + itinerant electrons

e [tinerant electrons

e Excitations.

e Altermagnetism > Alberto Cortijo
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OUTLINE

e Free magnetic moments
e Environment
e Magnetic order and susceptibility

¢ Interactions
e Between localized moments
e Localized moments + itinerant electrons
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Magnetic atoms/ions

Electrons move in the effective potential created by the nucleus plus an average
potential from the other electrons (Hartree approx)

Ynim (7,0, ¢) = Rni ()Y, (6, ¢)

=0
(s-orbitals) 2 (21+1) degeneracy
=1, m=-1,0,
(p-orbitals)
=2, m=-2,-1,0,1,2
(d-orbitals)
e
o =3, m=-3,-2,-1,0,1,2, 3

< VLM (forbitals)
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Magnetic atoms/ions

Electrons in incomplete shells (d or f orbitals) L = Zmli S = Z Mg,

|ONS

Periodic Table of the Elements

2 40
alkaline earth metals I-b

easily and form the H

s and p electrons overlap ——
1 101 number?{ lr weight

2809

. Hydrogen . . —_ i mekais Helium
con d u Ct Telg b an d S (I aree 3 .6.94 7 o0 Sl ~— symbol: | transitiona 5 W081]g  1201]7  1401]g  19®|g 1898|1021
8¢ N L=l o otve et B|C|N|O|F|Ne

.
b a n d W I d t h W Lithium Beryllium T red gas Boron Carbon Nitrogen Oxygen Fluorine Neon
¢ 7% 2431 nonmetals %0

11 12 name whit® synthetically 13 14 2809|715 3097|171 320617 3545|718 399
prepared -
Na M g - noble gases Al | Si P S | Cl|Ar
Sodium Magnesium Aluminum Silicon Phosphorus Sulfur Chlorine Argon

10 10|90 4008|217 4%[pp 4790[p3 094[p4 s16[5  s494[pf  66.85]p7 509328  6810[pQ 635530 6637 |31 6972|32  7259|33 74%2(34 7896|35 79%0[3p .0

KICa|Sc|Ti |V |Cr Mn|Fe|Co|Ni|Cu|Zn|Ga|Ge|As|Se | Br | Kr

Potassium Calcium Scandium Titanium Vanadium Chromium | Manganese Iron Cobalt Nickel Copper Zinc Gallium Germanium Arsenic Selenium Bromine Krypton

37 47|38 62|39 seo1[40 912241 @91|4) 9594[43 G044 10107[45 10291[46 10640[47 10787|4g 1124149 m4s|5p 1ees|57 1217552 1276053 1268054 13130

d and f electrons have Rb|Sr| Y |Zr [Nb|Mo| Tc |Ru|Rh|Pd|Ag|Cd|In|[Sn|Sb|Te| I |Xe

Rubidium Strontium Yttrium Zirconium Niobium | Molybdenum | Technetium | Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Antimony Tellurium lodine Xenon

Sma”er Wave'funCtionS. 55 1201|566 13733| 57 13891 7p 17849|73 1809574 1885|765 18621] 76 19020|77 19222]|78 19509|7Q 19697|8Q 20059|g] 20437|g2 2071983 zc:aga g4 (w)|g5 (@ol|gs (22
Cs|Ba|la> Hf |[Ta|W |[Re|Os| Ir | Pt |Au|Hg| Tl |Pb| Bi | Po| At | Rn

T h M | M I I Cesium Barium Lanthanum Hafnium Tantalum Tungsten Rhenium Osmium Iridium Platinum Gold Mercury Thallium Lead Bismuth Polonium Astatine Radon
elr Over ap IS SI I Ia 87 (23|88 22603189 227.031104 (261)(105 (@62|106 (266)| 107 (262|108 (265))109 (266)[110 (7111 (@2)|112 (277) 114 (289) 116 (289) 118 (293)

A 53 (113) (115) (117)
a n d t h e e I e Ct r O n = FrEm m AcllngtRutlﬁum ﬁ]ﬁ S&%m 5@ Pa:'squu@n M%fi?ﬂ

electr‘on interaction 58 140.12 59 14091 60 144.24 61 (145) 62 150.40 63 151.96 64 157.25 65 158.93 66 162.50 67 164.93 68 167.26 69 168.93 70 1730471 17497
Ce| Pr Nd|Pm|Sm|Eu|Gd| Tb | Dy | Ho| Er |Tm| Yb | Lu

L]
I I I a CO n t r OI t h e I r Cerium Praseodymium| Neodymium | Promethium | Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Ytterbium Lutetium
Q() 232041071 23104[Qp 23303 (244) (243) (247) (247) (251) (252) (257) (262)

93 23705194 95 96 97 98 99 100 101 0102 (91103

behavior. Th|Pa| U (Np|Pu|Am| Cm| Bk | Cf | Es |Fm|Md| No| Lr

Thorium | Protactinium | Uranium Neptunium | Plutonium | Americium Curium Berkelium | Californium | Einsteinium Fermium  |Mendelevium| Nobelium La&@\cium
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Spin orbit coupling

p)
= Interaction between the electron and the magnetic field created by the orbiting nucleus.
= ; dV (r)
- . ExU - v (r
|_
L
2
< 2 2mecer dr
= 1dV(r)  Zene e N
Ll — ~ T .
L r o dr 4dmers3 50 et (777
oc
¥ Fora Hydrogen like atom, Spin orbit is more important for

<’r_3> ~ 73 small r (f-electrons)
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Spin orbit coupling

|ONS

Periodic Table of the Elements

atomic atomic i
1 101 number_l l’ weight alkali metals e
H alkaline earth metals |-b
14 80
Hydrogen » o Helium
3 6%z o0l SI ~— symbol: transitional metals 5 W081]g 12017  1401]g  19®|g 1898|710 2018
. : )
Sil black solid
LI Be — blue liquid other metals B C N 0 F Ne
Lithium Beryllium red gas Boron Carbon Nitrogen Oxygen Fluorine Neon
11 2%|1p 431 o whits synthetically nonmetals 13 %%|14 280915 3097|1p 3206|17 35.45|18 399
prepared il
NalM g - noble gases Al | Si P| S |Cl|Ar
Sodium Magnesium Aluminum Silicon Phosphorus Sulfur Chlorine Argon

10 910|p0 4008|27 4%[pp 47%0[23 094[p4 5196[25  5494[pf  saes|p]  5893|p@ 5810 2Q  6355|3(0 653731  6972|3)  7259[33 7492[34 789635 7990|36 830

K|Ca|Sc|Ti| V| CrMn Fe|Co|Ni|Cu/Zn|Ga|Ge|As|Se|Br|Kr

Potassium Calcium Scandium Titanium Vanadium Chromium | Manganese Iron Cobalt Nickel Copper Zinc Gallium Germanium Arsenic Selenium Bromine Krypton

37 47|38 @e2|39 ssor|40 9122[47 291[42 %94[43 @44 10107[45 102014 10640[47 1078748 1i241|49 14s2|50 mas|5] 12175|52 127s0[53 126%0]54 13130

Rb|Sr| Y |Zr |[Nb/Mo| e |Ru|Rh|Pd|Ag|(Cd|In|Sn|(Sb|Te| | |Xe

Rubidium Strontium Yttrium Zirconium Niobium | Molybdenum | Technetium | Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Antimony Tellurium lodine Xenon

55 1201|566 13783| 57 13891|7p 17840|73 18095|74 18385|75 18621|76 1902077 19222|78 1950979 1997|g() 20059|@] 20437|g2 207.19|g3 20898|g4 (09)|g5  (io)|gp (222

Cs/Ba la- Hf [ Ta| W |Re|Os| Ir | Pt [Au|Hg| Tl |Pb| Bi | Po| At | Rn

Cesium Barium Lanthanum Hafnium Tantalum Tungsten Rhenium Osmium Iridium Platinum Gold Mercury Thallium Lead Bismuth Polonium Astatine Radon
87 (223)1@8 22603189 22103104 (261|105 (62)|106 (266)|107 (262|108 (265)]109 (266)[110 (271|111 (@2)|112 (277) 114 (289) 116 (289) 118 (293)
Fr [Ra| Ac Y | e | Sg | Bh | s | Mt o 1 o
Francium Radium Actinium  [Rutherfordium| Hahnium | Seaborgium | Bohrium Hassium | Meitnerium

58 14012159 14091(g0 14424167 (145) 62 15040163 15196)|g4 157.25|g5 15893|gp 16250|Q7 16493 @@ 167.26|GQ 16893|7() V7304|771 17497

. Ce|Pr |Nd|Pm|{Sm|Eu|Gd| Tb|Dy|Ho| Er [Tm| Yb| Lu
I IC rea S II Ig Cerium  |Praseodymium| Neodymium | Promethium | Samarium Europium | Gadolinium Terbium Dysprosium | Holmium Erbium Thulium Ytterbium Lutetium

Q) 2208[gq 2104|gp 3803|Q3 23705|Q4 (49|95 @43)|gg  @aN|g7  @|9g  @sN|99  @2]100 @N[101 @e0[102 @9[103 @6

SO Th|Pa| U [Np|Pu|Am|Cm| Bk | Cf | Es |Fmn|Md No| L
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Thorium | Protactinium | Uranium Neptunium | Plutonium | Americium Curium Berkelium | Californium | Einsteinium Fermium  [Mendelevium| Nobelium | Lawrencium
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Magnetic atoms/ions

Total orbital angular momentum: L = Z my,

¢ Degeneracy (25+1)(2L+1)
Total spin angular momentum: S = Z M,

(

In the absence of spin orbit coupling, L and S are constants of motion.

However, with spin orbit coupling (ALS): J=L+S is conserved.

L+S
L-S| < J < L+S d  2J4+1=(2L+1)(2S+1)
J=|L—S)

15



Magnetic atoms/ions

‘2 L+S
Total angular momentum: J=L+S Z 2J +1= (2L +1)(25 + 1)
O |L-S| <J<L+S
— -7 J=|L—S|
Example d': L=2, S=1/2
Including SO as a weak perturbation (Russel-Saunders) 158 < 9S+1=2 states with
o degeneracy 2J+1
« The (25+1)(2L+1)-fold degenerate level splits into
(2J+1) degenerate (2S+1) [for L>S] or (2L+1) [for (x6) J=L+5=5/2
L<S] levels. (x10)

« The lowest energy state is J=L+S if the shell is more (2L+1)(25+1)

than half filled or J=|L-S| otherwise (3" Hund'’s rule)

(x4) J=|L-S|=3/2

fine structure

Note that the hyperfine

interaction with the nuclear

S(S+1)—L(L+1) moment produces a further
2J(J + 1) splitting: hyperfine structure.

16
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Magnetic atoms/ions

Vs

w4 Ground state (GS) selection: Hund'’s rules 1. Maximize S

@) 2.  Maximize L

B Lot = GI1B \/J(J +1) 3. Minimize spin-orbit energy: 25 I—J
et 3 S(S+1)— L(L+1) J=|L-] if shell is less than half-full
— 97 = 5 T 2J(J + 1) J=L+S if shell is more than half full
L

Z ik 0 1 2 3 4 5 6

O

< S P D F G H |

>

" m, =2 |

" Mn3* (3d)4 1 ] S=2 3DO

or o 1 B _

L 4 1 =2 Hes=0

-2 J=[L-S|=0 ,



Magnetic atoms/ions

Vs
w4 Ground state (GS) selection: Hund'’s rules 1. Maximize S
@) 2.  Maximize L
B Lot = GI1B \/J(J +1) 3. Minimize spin-orbit energy: 25 I—J
et 3 S(S+1)— L(L+1) J=|L-] if shell is less than half-full
— 97 = 5 T 2J(J + 1) J=L+S if shell is more than half full
L
Z ik 0 1 2 3 4 5 6
O
< S P D F G H |
> m=3 1|
2
" 1V s=sp Hisi
L Dy3* (4f)° 0 t
E _1 $ L=5 Heff_/I O63UB
2 1 J=5+5/2=15/2
3 1 :
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Magnetic atoms/ions

For (3d)#, we got p=0.
But in a solid Yey,=4.821g

In contrast, for (41)°, Uetr = Moy

We have to take into account the environment of the atoms: the crystal field

19



OUTLINE

e Free magnetic moments
® Environment
e Magnetic order and susceptibility

¢ Interactions
e Between localized moments
e Localized moments + itinerant electrons

e |[tinerant electrons

e Excitations.
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Environment (breaking orbital degeneracy)

Crystal field (CF):

> Electrostatic interaction with electrons in surrounding ions.
The medium is not isotropic: it has the symmetry of the
crystal or magnetic molecule. It can be affected at surfaces
and interfaces.

>More important for less confined electrons.



Periodic Table of the Elements

atomic atomic i
3 v irRber lr welght alkali metals BT
H alkaline earth metals He
14 2809

Hydrogen - o Helium

3 694|490 Sl ~+—— symbol: transitional metals 5 1081]g  1201]7  1401]g  159®|g 1698|710 2018
- Silicor black solid

I-I Be — blue liquid other metals Ne

Lithium Beryllium T red gas Boron Carbon Nitrogen Oxygen Fluorine Neon
11 2%[12 %3 . whit synthetically nonmetals 13 698[14 280915 3097[16 3206|717 354518 399

prepared N
Na M g mast stable isotope noble gases AI SI P S u Ar
Sodium Magnesium Aluminum Silicon Phosphorus Sulfur Chlorine Argon

19 20|20 4008|27 496[p2 47190[p3 094[p4 519%[5 5494[2f ss.85|27 589328  6870]pQ  6355|30  65.37|3] 6972|32  7259|33 7492[34 789%6|35 79%0[3F es.e0

KiCa|Sc|Ti|V|CriMnFe|Co|Ni|Cu|Zn|Ga|Ge |As|Se | Br | Kr

d e I e Ct rons. Potassium | Calcium | Scandium | Titanium | Vanadium | Chromium | Manganese Iron Cobalt Nickel Copper Zinc Gallum | Germanium | Arsenic Selenium Bromine Krypton

37 84738 @839 eeo1f4) 9122|477 @942 94|43 @44 10107[45 1029146 10640[47 10787|4g 12|49 mase|5g 18|57 12175[52 12780|53 12690[54 13130

Large CF Rb|Sr| Y |2Zr|Nb/Mo|Tc |Ru|Rh|Pd|Ag|Cd|In|Sn|Sb|Te| I |Xe

Sl“a” SO Rubidium Strontium Yttrium Zirconium Niobium | Molybdenum | Technetium | Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Antimony Tellurium lodine Xenon

55 120156 13733]57 13891[7p 1782073 1e09s5[74 1e385]75 13621|76 190.20[77 1922278 19509]79 19%697|g) 20059[87 20437|g2 207.19[g3 2089%8[g4 (od)[g5 (w0)[gs  (222)

Cs|Ba|lLa> Hf |[Ta|W |[Re|Os| Ir | Pt |AulHg| Tl | Pb| Bi | Po| At | Rn

|_
=z
L
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O
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Cesium Barium Lanthanum Hafnium Tantalum Tungsten Rhenium Osmium Iridium Platinum Gold Mercury Thallium Lead Bismuth Polonium Astatine Radon
87 (223|188 22603180 227.03|1104 (261|105 (@62|106 (266)|107 (262|108 (265|109 (86)[110 @1N[111 @2112 (217} 114 (285) 116 (28) 118 (293)
Fr |Ra|Acl ¢ | Ha|Sg|Bh| Hs | Mt i1 19 m
Francium Radium Actinium  [Rutherfordium| Hahnium | Seaborgium | Bohrium Hassium Meitnerium

Hg 1401z2[RQ 14091150 14424161 (145) G2 150400163 1519614 15725\ 15893|fp 16250| 7 16493|pg 167.26|QQ 16893|7() 1730471 17497

f electrons: Ce | Pr (Nd|Pm|Sm|Eu|{Gd| Tb|Dy | Ho| Er | Tm|Yb| Lu

Cerium | Praseodymium| Neodymium | Promethium | Samarium Europium | Gadolinium Terbium Dysprosium | Holmium Erbium Thulium Ytterbium Lutetium
Sma” CF Q() 23204[Q1 23104{Qp 23803|Q3 237.05|Q4 (244)| 95 (243)[ 06 24197 (2471 98 (251199 @2 1100 @0|107 (60102 (259103 (262}
Thorium | Protactinium | Uranium Neptunium | Plutonium | Americium Curium Berkelium | Californium | Einsteinium Fermium  |Mendelevium| Nobelium | Lawrencium

Copyright © 2009 Oxford Labs




Crystal field

d-electrons in cubic symmetry

(perovskite structure) /
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Crystal field

d-electrons in cubic symmetry

- (perovskite structure)

Z

L /

>

Z Cq

O z

o ] '

— t

> e —_

Z X

L 2_\2 2_2
3A/5 Iy, 1325r) O Magnetic ion

E———— © Anion

=L (xy,yz,2x)




Crystal field

d-electrons in cubic symmetry
(perovskite structure)

In many cases (manganites, titanates) the splitting A is large
compared to the bandwidth W.

= (|x%-y?>, |3z2-r>>)  Manganites La,Sr; ,MnO;,
e, orbitals at E;
(t,, localized)
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p— (Xy/erZX)




Crystal field

d-electrons in cubic symmetry
(perovskite structure)

In many cases (manganites, titanates) the splitting A is large
compared to the bandwidth W.

v W (|%%-y?>, |32%-r>>) _
Doped SrTiO;

A ) t,, orbitals at E;

r— (xy,yz,zx)
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Crystal field

d-electrons in cubic symmetry

= (perovskite structure)

zZ

L

> o .

— If the splitting A is small compared to the bandwidth W.

@)

o

> Wi

Ll A I Iy, 325 All d-orbitals at E;
V (xy,yz,2x)




Crystal field

d-electrons in tetragonal symmetry
(perovskite structure)
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Which orbitals are at E; is important to determine the bands in the model.

sz, 3222
Ea,%_y?, 2% y?
E:,c 2_y2 352y

E3zz—-r2, 322 ¢?

Hoppings are determined by

the symmetry of the orbitals and the lattice

|, m, n are

32m2(ddo) + (I24m2 — 412m?) (ddw) + (n2+2m?2) (dds) cosine d irectors

3im?n(ddo)+1n(1—4m?) (ddx)+In(m2—1) (dds)

3Pmn(dde)+mn(1—42) (ddr)+mn(l2—1) (dds)

3Im (12— m?) (ddo)+ 2lm (m2—12) (ddw) + 3lm (12— m?) (dd5)

Emn(I2—m?)(ddo) —mn[ 142 (12 —m?) [(ddn) +mn[ 14+ (12— m?2) ](dds)
3nl(B—m?) (ddo)+nl[1—2(2—m?) ](ddx) —nl[1—3% (12—m2) ](dds)
V3Im[n?— 3 (P+m?) | (ddo) — 2V3imn2 (ddw) + 3V3im (14 n?) (dds)

V3mn[ n?— 3 (2+m?) |(ddo) +V3mn (24-m2—n?) (ddx) — 3V3mn (124-m?2) (dds)
V3In[n2—3 (2+m2) 1 (dde) +V3in (P4 m2 —n?) (ddn) — 33l (2+-m?) (dds)
2(R—-m*2(ddo)+[P+m2— (2—m?)?](ddw)+ 12+ 1 (2—m?)2](dds)

V3 (B—m?)[n? — 3 (P+m?) ](ddo) +V3n?(m?—I2) (ddw) +1V3 (1+4n?) (1P —m?) (dds)
[ —3 (P+m?) P(ddo)+-3n? (B-+m?) (ddw) + § (P+m?)*(dds)

Slater and Koster, Phys. Rev. 94, 1498 (1954)



For t,, orbitals:

ta,,B —

Nature 469, 189 (2011)

|_

5 In a cubic lattice (I,m,n): (1,0,0), (0,1,0), (0,0,1)

>

zZ

— Y — — Y _

2 txy Xy txy Xy tzx zZX — tzx ZX tyz yZz tyz,yz
>

zZ

L

t,, orbitals don’t mix: three 2dim bands

If only one t,, orbital (as for a low crystal symmetry): 2dim model




For e, orbitals: _fé/ 3/

o @D
P v 0
|_
zZ : :
" In a cubic lattice (I,m,n): (1,0,0), (0,1,0), (0,0,1)
E tgézg—'rz,?;zz—fﬂ = 1/4t tiéy—yz,mz—yz = 3/4t tiéy_yzjgzz_rg = i\/§/4t
i . ] . e, orbitals mix.
O t3z2—r2,3z2—r2 =1 th—y2,$2—y2 =0 ta:2—y2,3z2_r2 =0
o
> 2_y\/2 oy
= X -zy i For cuprates, further splitting (tetragonal)
L 32T Cu (9%x) electrons.
Xy

(yz,zx) Carriers on x%-y%: 2dim band




Crystal field

d-electrons in a tetrahedral symmetry
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Crystal structure of an Fe superconductor




Crystal field

d-electrons in a tetrahedral symmetry
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(xy,yz,2x)
vy @ Magneticion

__] _______ © Anion
3A/5

(| x2-y2>, |3z22-r2>)
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Crystal field

d-electrons in a tetrahedral symmetry

o
X
: Pt

In iron superconductors, the splitting A is
small compared to the bandwidth so all
five orbitals contribute at E;

(xy,yz,zx)
I 2A/5 vy @ Magneticion

C © Anion




d-bands for iron superconductors

energy (e¢V)
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PRB 87, 075136
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Also change the crystal field and lead to orbital splittings:

e strain in thin films

e the presence of interfaces
e surfaces

® pressure
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E.g. on a surface: O

/
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Environment

Orbital “selection”

anisotropies
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Crystal field. Calculation (sketch)

.— Atomic charges

. : q,
Treat surrounding ions as point charges V. = ’

cryst
W La|p R |

“— Atomic positions

...expand for r<R
and rewrite as a function of spherical harmonics.

Vo 2 2 K, r'P" (cosB)e™

I m=-I
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. (z—|m|)vE

"= i 12 L_P™(cos0,)e"™”

l+1




Crystal field. Calculation (sketch)

Treat surrounding ions as point charges Vst = | IR I
“|r-R,
l l

Calculate expected values of atomic orbitals
(also expressed in spherical harmonics) <lplm (r)] Hcryst ()] lplm‘(r)>
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The calculations involve averages over radial wave-functions <r">
The results depend on the number of electrons

Yosida, Chapter 3.
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Jahn-Teller distortion

when the orbital ground state is
degenerate, a distortion in the lattice
splits the orbitals to minimize
energy.

For a cubic perovskite lattice. Crystal field:

(XZ_y2 ’ 322_r2)

(xy,yz,zx)

@© Magneticion

© Anion



Jahn-Teller distortion

when the orbital ground state is

(X2_y2, 3 22_ r2)

i degenerate, a distortion in the lattice

Ll splits the orbitals to minimize

> energy.

zZ

®) For a cubic perovskite lattice: Crystal field: Z AN
o x2-y? ' y
J— 2_y2

> 3z2%-r -<
zZ

LL]

Xy

@© Magneticion

(xy,yz,zx)
Yz, ZX ‘ Anion
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Jahn-Teller distortion

when the orbital ground state is
degenerate, a distortion in the lattice
splits the orbitals to minimize
energy.

X2_y2 ,
322-r2 N — . —
(XZ_y2, 322_r2) L .

Xy

(xy,yz,2x) 2
Yz, ZX




Jahn-Teller distortion

when the orbital ground state is
degenerate, a distortion in the lattice
splits the orbitals to minimize
energy.

Electronic energy

x2-y2
3z2-r2
(x?-y% 32°-r?) E @OJ +
M n3+

Xy
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(xV.y2,2X) Elastic energy

>
— )y ——
—D

| vz, ZX

However, for Mn?* or Mn* —no energy gain by the splitting = no distortion.



Jahn-Teller distortions are cooperative.
They may lead to structural phase transitions
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Jahn-Teller distortions are cooperative.
They may lead to structural phase transitions

Cubic to tetragonal transitions:
LaMnO; (T,=800K). Perovskite.
CuFe,0, (T.=713K). Spinel.
Mn3;0, (T,=1443K). Spinel.
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Spinel structure
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Jahn-Teller distortions are cooperative.
They may lead to orbital order

N

46
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Jahn-Teller distortions are cooperative.
They may lead to orbital order

/
NN
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Jahn-Teller distortions are cooperative.
They may lead to orbital order

Orbital order in manganites
(0.5 e- per Mn)

Salafranca et al, PRB (2008)
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Jahn-Teller distortions are cooperative.
They may lead to structural phase transitions

|_

= and orbital order

Ll

E 0l | " 4 0 .

Z r 6[ 1T \
—~ 80FF 4

na At high temperatures: & 1T e [

—_ . B e e R f/“

> dynamic Jahn-Teller effect of et \“ ]

Z 0:_35_0='=‘l.=='=f' . |<. L 1 i

L § ool = bom-saneen o?ei 3
Baobo,, ogo,o,o/,,f’ s,‘ 1 Manganites
- *say PRL 75, 3336

0 50 100 150 200 250 300 350
Temperature (K)

49




Pending question: Why p¢#1,,, for (3d)*in a solid?
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Magnetic atoms/ions

W
w4 Ground state (GS) selection: Hund'’s rules 1. Maximize S
@) 2.  Maximize L
B Lot = GI1B \/J(J +1) 3. Minimize spin-orbit energy: 25 I—J
et 3 S(S+1)— L(L+1) J=|L-] if shell is less than half-full
— 97 = 5 T 2J(J + 1) J=L+S if shell is more than half full
L
=
2 4
O L 0 1 3 5 6
< S P D F G H |
=
" m, =2 |
" Mn3* (3d)4 1 ] S=2 3DO
or o 1 B _
L 4 1 =2 Hes=0

-2 J=[L-S|=0 )
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Orbital quenching

Assume L=0 for (3d) ions

3 SS+D)-L(L+1)
= VI +1 =—+
Ueir = 8;Up ( ) 87 > 27(J+1)

Uz =gﬂu3‘\/S(S+1) 87 =2

With L=0, for (3d)* we would get p.=4.89 s
(experimentally p,,,=4.82 ;)

(diff between pgand pe,, due to finite orbital angular momentum)
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Orbital quenching

Experimental observation: When crystal field effects are
larger than spin-orbit coupling (as for 3d ions), the ground
state is non degenerate and L=0. Why?

<GS|L|GS> must be real

Lis purely Non-degenerate

imaginary GSis real

(is an eigenfunction of the crystal field)

<GS|L|GS> =0

53
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Orbital quenching

NOTE

For degenerate levels, you can define the d-levels in different basis
involving any combination of angular momenta.

When the e, and t,, levels are split by crystal field, you can only
make combinations within the restricted set of degenerate levels. In
the e, sector, any combination leads to zero L. In the t,, sector, you

can choose a combination with L°=1. Therefore, 1 electron in a tye
level has a partially quenched orbital.
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Spin-orbit coupling for d-atoms

e Partially restores the quenched orbital momentum
e |Induces magnetic anisotropy
(the spin feels, through the orbital, the orientation of the crystal axes).

55



Spin-orbit coupling for d-atoms

Start from a quenched orbital (L=0) and introduce LS and magnetic

field within second order perturbation theory
Van Vleck

orbital PM
V=AL-S+ ugH- (2S + L) /

Hs = ZZMBHM/)SV — A28, My Sy = uEH, A H,
J7AY,

_ o {0[Ly |n)(n|Ly|0)
Y n En _ EO

Juv/ 2

Induced orbital moment

A

Anisotropy spin Hamiltonian



Spin-orbit coupling for d-atoms

The anisotropy spin Hamiltonian can be written:

H = DS? + E(S2 — §2)

e H lifts the (25+1) degeneracy.

e The first term:
e ForintegersS, splitting into doubly degenerate S,=1S, £(S-1)... £1, and non-

degenerate 0.

e For half-integer S, splitting into doubly degenerate S,=1S, +(S-1)... +1/2.

e S,2andS,? produce transitions AS,=+2. Therefore the second term further splits the
levels for integer S.

e For half integers (AS,=%2 can’t connect S): Kramers doublet.

e Kramers degeneracy holds as long as the Hamiltonian is invariant under time reversal
(and lifted by, for instance, Zeeman energy).
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Crystal field for f-atoms

The crystal field is weak.

Due to large SO coupling, total angular momentum is
relevant.

Ground state is (2J+1) degenerate (third Hund’s rule).

In principle J could be quenched but, due to small crystal
field, an external magnetic field or an exchange field can
change the relative position of the levels.

58



Periodic Table of the Elements

atomic atomic i
] v e it lr welght alkali metals i
H alkaline earth metals He
14 2809
Hydrogen » —_— Helium
3 69%f|g 90 Sl ~— symbol: transitional metals 5 08|  1201[7  1401]g  19®|g 1898|710 018
- % H
Silicor black solid
LI Be - blue liquid other metals B C N O F Ne
Lithium Beryllium T red gas Boron Carbon Nitrogen Oxygen Fluorine Neon
N 2%|1p 2 . — white synthetically nonmetals 13 6914 280915 3097|16 3206|17 354518 9%
prepared -
Na M g i WS noble gases Al Sl P S CI Ar
Sodium Magnesium Aluminum Silicon Phosphorus Sulfur Chlorine Argon

19 210[20 w0821 #%[p2 41%0[p3 004[p4 s19%[p5  s494[pg sss[p7  se@[pg  sei0[pg  esss[30  6s37|3]  e972[32  7259[33 749234 78%6[35 7990|365 .80

=0 (orbital quenching) "k Iga (s | Ti | V | Cr Mn| Fe |Co| Ni|Cu|zn|Ga|Ge|As|Se|Br | kr

S re I eva nt Potassium Calcium Scandium Titanium Vanadium | Chromium | Manganese Iron Cobalt Nickel Copper Zinc Gallium Germanium |  Arsenic Selenium Bromine Krypton

37 4|38 eme2|39 o140 9122[4] 29142  %94[43  ©)[44 1010745 10201[4p 10640[47 107.87|48 124149 mas2|5p meed[5] 12175[52 121.60[53 12690[54 13130

Rb|Sr| Y |Zr [Nb|Mo|c |Ru|Rh|Pd|Ag|Cd|In |Sn|Sb|Te| | | Xe

Rubidium Strontium Yttrium Zirconium Niobium  [Molybdenum | Technetium | Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Antimony Tellurium lodine Xenon

55 13291|56 137.33|57 138917 17649|73 1209574 8385|765 18621|7g 1020|77 1922278 19509|79 19%97|g0 20059|g] 20437|g2 207.19|g3 20898|g4 (09)|g5  wo)|gs (222

Cs|Ba|La» Hf | Ta|W [Re|Os| Ir | Pt |[Au|Hg| Tl |Pb| Bi | Po| At | Rn
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Cesium Barium Lanthanum Hafnium Tantalum Tungsten Rhenium Osmium Iridium Platinum Gold Mercury Thallium Lead Bismuth Polonium Astatine Radon
g7 (23)|gg 2.03[g9 227.03[104 @60[105 @2[106 (e6)[107 62108 (65]109 @68)[110 @1[111 @2[112 @7 114 (289) 116 () 118 (%)
Fr |Ra| Ac}| R |[Ha | Sg | Bh | Hs | Mt e e )

Francium Radium Actinium  [Rutherfordium| Hahnium | Seaborgium | Bohrium Hassium Meitnerium

58 1012[ng 1091]g0 14424]g] (4)|pp 15040[p3 151964 15725| G5 15893 g  16240|G7 16493 g  16126]pg 16693] 70 130477 17497

Ce| Pr|Nd|Pm|{Sm|Eu|Gd| Tb|Dy|Ho| Er |[Tm| Yb| Lu

SO Coupllng Cerium Praseodymium| Neodymium | Promethium | Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Ytterbium Lutetium
J relevant g0 23204[g7 23104]gp 2380393 237.05|Q94 (44)[95 (43)|gp (24D @nog @N]gg @s2[100 @N]|107 @@0[102 ©99[103 @62

Th|Pa| U |Np| Pu|Am|Cm|Bk| Cf | Es |Fm|Md|No| Lr

Thorium | Protactinium | Uranium Neptunium | Plutonium | Americium Curium Berkelium | Californium | Einsteinium Fermium |Mendelevium| Nobelium | Lawrencium

Copyright © 2009 Oxford Labs




Three energy scales to determine local
moments in a solid

Crystal field (environment)
Spin-orbit coupling

Hund’s coupling (local exchange)

l

Spin splitting




Crystal field vs Hund’s coupling

Low spin state High spin state

4

3d°

4 {k
cf l . T
cf 4 I
4 T I ). ) T
v q H : v

Crystal field > J, Crystal field < J,

5=0 S=2

Crystal fields may be changed with pressure




Crystal field vs spin-orbit coupling

3d ions: crystal-field >> spin-orbit coupling
4f and 5f ions: crystal-field << spin-orbit coupling

m,=+3/2
=+ +
Ce 3+ (4f1) _ m,=+5/2, +7/2
J=7/2 (x8) m,=+1/2
J=L+5 m=t5/2, £7/2
=3 0.3eV
S=1/2 mJ='|_'3/2
(x14)
)
1=5/2 (x6) =2 | Smev
J=|L-S| m,=15/2

SO CF




Crystal field vs spin-orbit coupling

3d ions: crystal-field >> spin-orbit coupling
4f and 5f ions: crystal-field << spin-orbit coupling
4d-5d: crystal-field = spin-orbit coupling

(e) € . Sr,IrQ, 5
(d)
Sd , 10Dq Jo=1 Jsn ] 5d AB_; —12UHB
—————— = T T ——— viett—--
- Lefle I e }"':Jeff=1/2LHB
t2 e @ J3n /J ;7= 3/2 band
8 J eff =3/2 J;s=1/2 Mott ground state
Crystal Field SO coupling Crystal Field SO coupling

Kim et al, PRL 101, 076402




Three energy scales to determine local moments
— Hund’s coupling (local exchange)
— Crystal field (environment)
— Spin-orbit coupling

3d ions:
e C(Crystal field >> spin-orbit coupling
e orbital quenching (L=0)
e C(Crystal field vs Hund’s coupling: low spin-high spin
4f-5f:
e (Crystal field << spin-orbit coupling
e Large total magnetic moments )
4d-5d: All scales relevant. U competes with LS




OUTLINE

e Free magnetic moments
e Environment
e Magnetic order and susceptibility

¢ I[nteractions
e Between localized moments
e Localized moments + itinerant electrons

e [tinerant electrons

e Excitations.



o
Ll
O
o
O
&
|_
LLl
Z
O
<
=

Susceptibility

Response to a perturbation (e.g. external field).
In general y(r,t) [or ¥(q,w)]

aM
0H

Here: magnetic susceptibility

A measure of correlations

2
Xii = (9“3) (S:S;) — (SHS;)
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An atom in a magnetic field (non-interacting moments)

%-+eA ; 2 o
H:Z([pl 2m(l)] +Vi)+guBB-S:
l e

2 - - -
-V L - B B X 1:)4
g <2me Vz) +@p(L + gS) 8me Z( 7"1)

Paramagnetic term. y >0
A magnetic field aligns local magnetic moments

9

-

Co B Xr
A(r) =—

hL = )1 X p;
:
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Paramagnetic susceptibility

2 > >
Pi
-V )+ @ (L+gS) - B er2

Partition function 7 = e"sBksT 4 o=HsBl/ksT 1=1/2 m=1/2

F _ —

ree energy F = kBT In Z [ guBB
Magnetization M = _(E —
OB /; =1/2

Magnetic susceptibility

oM 1
<
oH T

Curie’'slaw )Y =

In 2" order perturbation theory
there is another contribution to the
paramagnetic susceptibility (van
Vleck). Relevant when J=0. Small and
independent of T.




An atom in a magnetic field (non-interacting moments)

Diamagnetic term. %<0

e Orbital effect
e Usually weak: relevant when there are no unpaired electrons.

o 9 12 5
-+ eA(r;

a H:Z([pl ()] +Vi)+guBB-S:

o l 2m,

@

@ Piz ) o

— -V L S) - B 1

Ll

=

O

<

=




Diamagnetic susceptibility

2 - - -
Pi

FV ]+ L+ gS)- B Bx
E ;(Zme l) MB( g ) 877182( T'l)
O
g Apply B,. For a spherically symmetric atom
@) 82 2B2
— AE, = 0 0 0
- o = g MG +3D)10) = 5= 201?10
zZ
© v OF _ _NOAE,  Ne’B )
s == VB - emyi

2 e ristheionic radius
X X —ZLegT e Independent of T
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Now let the magnetic moments interact...

Broken symmetry: rotational symmetry

But note: there can be a magnetocrystalline
anisotropy (easy axes/hard axes), originated by
spin-orbit coupling, that would reduce the
rotational symmetry.



o
Ll
O
o
@
&
I_
LLl
Z
O
<
=

Given a pair of magnetic moments, they can interact
ferromagnetically (FM) or antiferromagnetically (AF).

Ferromagnetic (FM) Antiferromagnetic (AF)
exchange: exchange:

[ [

—J§1§2 (J > O) —J§1§2 (J < O)



o
Ll
O
o
O
&
|_
LLl
Z
O
<
=

Ferromagnetism FM

2= limy5o<S*>

Different orders

Antiferromagnetism AF

A A A A
v v k 4
A A A
4 4 w v
A A
L4 L4 v

Néel order (bipartite lattice)
MZ = IimH90<SZ>=O
M =<2 ,S7>-<255* >

Altermagnetism
v' M=0 (as AF)

v' Broken time-

reversal symmetry
(as FM)

- Alberto Cortijo
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Ferrimagnetism

M2 = limy,50<S?>#0

Different orders

Spin glass Helical
........ iﬂ
¥ T \s
g
q = hmt—>oo<<sz'(o)5i (1)) Skyrmions
. (topological phases)
| ! ﬂ“’**j“j“_,t
Frustration ‘ =7/ ’
(rmpcll:rm—Elc))(i(;Zar:il?t’: Ilgtiice) ’?) k’% * ’ ’

Science 323, 915-919 (2009).
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Frustration

hL(FM) J,(AF

N

l J(AF) |

Anderson proposed quantum spin-liquid (resonating valence bond)

Pairs of spins correlated in singlets with
no long range magnetic order and no spontaneously broken symmetry.

NN N

Materials Research Bulleting 8, 153 (1973)
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Spin glasses

oc Due to randomness:

L .

A e Site randomness

o e Bond randomness (between 2 different magnetic ions which
@) are distributed randomly)

& e Random magnetic anisotropies in amorphous materials.

|_

L

P : : ..

o Cooperative freezing transition: e e
< the system freezes in one of its e
> many possible ground states ??}“t\&
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Ferromagnetism FM

t

t

Magnetization

2= lim,—,<5%>

Order parameter

Antiferromagnetism AF
t

|

Staggered magnetization

M, =<2 ,S7>-<3,57 >

Sublattices A,B
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Order parameter

Ferromagnetism FM Antiferromagnetism AF

Magnetization Staggered magnetization

Z — |y z
= limy—<5*> M =<2, S?>-<Z 5% >

Spin glass
opewe o 4= liMeLo((S(0)S:(1)))  Treezing
e S

Order parameter —0 at phase transitions



The different orders can be characterized by a wave-vector

FM Q=(0,0) AF Q=(rt/a,it/a)
- $ ¢

} }

Ar Ar Ar ' 3

Q=m/2a l — — l
Q=r1/43 l/——\]/ |
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The different orders can be characterized by a wave-vector

FM Q=(0,0) AF Q=(mt/a,it/a)

——p ——
¢ d oy | I
) |

Ar Ar Ar 4r

Q=m/2a l — — l
Q=r1/43 l/—\]/ |

Q can be incommensurate with the lattice
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1004 s, [lepun|g
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Susceptibility: FM

In mean field, the magnetization of a FM system
produces an effective molecular field B =AM (typically
much larger than any applied field)

For T>Tc X

Curie-Weiss law
Ar AP

Ar ‘P




Susceptibility: AF

For an AF there is a different molecular field for
each sublattice, B, and B_

For T>Ty X
1
T+T,

XOC

1 1
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Susceptibility: AF

t T ’

ad For an AF there is a different molecular field for
LLl .
A each sublattice, B, and B_
o
@
For T<Ty X X
L_) ¥, depends on the B e
— direction of the R TS~
L applied field. /7
- PP
O
<
>




OUTLINE

* Free magnetic moments
e Environment
e Magnetic order and susceptibility

¢ [nteractions
e Between localized moments
e Localized moments + itinerant electrons

e [tinerant electrons

e Excitations



Different mechanisms
1. Localized moments (insulators). Heisenberg model.
2. Localized moments + itinerant electrons.

3. ltinerant electrons. Fermi surface instability.

Vg
Z
O
—
O
<
oc
L
—
Z




Interaction between localized moments

EXCHANGE
Heisenberg model ;) S; S,
e Jis the exchange parameter.
e >0, AF. J<O, FM.

e Strong interaction: it arises from Coulomb
interactions between electrons.
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* |Intra-atomic exchange: Hund’s coupling J,,
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Direct exchange

Basic idea: electron-electron repulsion energy is minimized when
two electrons have the same spin (due to Pauli exclusion principle
the electrons are as further away as possible).

Therefore, direct exchange is ferromagnetic.
Between orthogonal orbitals.

Hund’s coupling is an onsite direct exchange.
Proposed by Heisenberg, 1928. Inspired by H,
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Direct Exchange

[/ IIJ*(rI)II!*(rZ)élll(rz)lll(q)drldrz

4P

Expand W(r) in terms of orthogonal wave functions localized
at the magneticions @, (r). No double occupancy is allowed (U>>t).

Two kinds of terms arise:

2
C, Coulomb int. ¥ . e
between electrons at ff ¢n (rl )¢n'(r2 )— ¢n (r2 )¢n (7] ) dTIde

_ I,
n and n’ ions 12

Jon Exchange int.

Due to Fermi statistics —ffq) (7; )q) (r, ) ¢ ()¢ (r)dtdT,



Direct exchange

Alternatively, the exchange term can be written Ea;sans'a;'s'an's

&L S,

= 1

C_) S, = E(aTaT —-aa,)

— : . : .

<

oc

L) . 1 2 .

— Heisenberg model: —J,mr E+ AR
Z

J,, v is always positive: Ferromagnetism

This exchange depends on direct overlap between orbitals = too small to account for experimental T,

For n and n’ two orbitals on the same site, this is the Hund’s coupling.
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Direct exchange

But note: The same mechanism gives antiferromagnetism if the orbitals
involved are non-orthogonal !

The simplest example: The H, molecule ground state is a spin-singlet
(Wigner’s theorem for the 2-electron problem: the ground state does not
have a node)

overlap?C,, — J 41

Exchange = 2 overlap=0 for orthogonal orbitals

1 — overlap*

Wigner’s theorem does not apply to our magnetic ions because a shell in a
3d? configuration is not a 2-electron problem!
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Kinetic exchange

Basic idea: due to virtual electron transfers. Consider hopping as a
perturbation and go to second order perturbation theory.

Kramers 1934. Formalized by Anderson 1950.
Kinetic exchange is antiferromagnetic (more common for insulators).

Start from single band Hubbard Hamiltonian (on-site interactions) with
U>>t. (The strong interacting limit of the Hubbard model is an AF
Heisenberg model)

- _2 L (Cw jo TCjo 10) + UE R,

ijo



Kinetic exchange

Treat kinetic energy in second-order perturbation (one band model)

= _2 L (Czo jo ¥ Jo zo) + UE Ry,

ijo

Iz, >

I J
AEZ == —azaa o aaza
O e

Vg
Z
O
—
O
<
oc
L
—
Z

For this process to take place you need antiparallel
moments (Pauli principle)




Kinetic exchange

0p) 2
— Iz, | _ 1( . ‘a)
AEZ == U CllO’aJO’aJO’ Qi 5, = E aaq—4qq,
9 310‘ P . P
I_ ? Sx+lsy—a1.a']’,sx_lsy—a‘|’a?
O
S
e 2
L _ t, |
— Heisenberg model: 2 ——+ 2s; S
zZ J

\

Antiferromagnetic




Hubbard model
= _2 L (C:o jo ¥ Jo Cig)+ UE nyn;,

N ijo
CZ) l U>>t
- _ 2
B AF Heisenberg model o J = 4[t|*/U
At half-filling
;E (1 electron per site) ]ZSLS]
Ll t
; t-J model N
T T
i Away from - Z Lij (bwb]a T bjo'biO') +]_ZSiSj
half-filling ljo L]

Hopping only between an empty and a filled site.
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Superexchange

Exchange mediated by an anion: E 4 .+E,,

Note that we are assuming half-filling (1 electron per site)

From this, SE is antiferromagnetic but...



Goodenough-Kanamori rule

Superexchange is AF when the virtual hopping involves

overlapping half-filled orbitals while it can be FM when:
2
£=0 2 Ey=0 E_=-— —alt | a.a._.a..
(note that t; depends on the kin U io™" jo " jo' o

orientation of the M-O-M bonds) yo
Only direct FM exchange

Y T aedv

plY)

c (7Y}
p(X) - +
_ +
@l@ J — Kanamori, J. Phys. Chem. Solids 10, 87 (1959)
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Goodenough, PR 100, 564 (1955)

http://www.scholarpedia.org/article/Goodenough-Kanamori_rule
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Goodenough-Kanamori rule

Superexchange is AF when the virtual hopping involves
overlapping half-filled orbitals while it can be FM when:

t.=0

. itJ involves transfers between a half-filled and an empty
orbital. Kinetic exchange can be FM because it is not
restricted by Pauli principle. (Related to double
exchange — see later)

http://www.scholarpedia.org/article/Goodenough-Kanamori_rule
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Goodenough-Kanamori rule

Superexchange is AF when the virtual hopping involves
overlapping half-filled orbitals while it can be FM when:

e jtinvolves transfers between a half-filled and an empty
orbital.
e *in multiorbital systems:

http://www.scholarpedia.org/article/Goodenough-Kanamori_rule

uollezi|eJauan ,



For multiorbital systems, the model for electron-electron
interaction includes more terms:

V)

< _ ] . 7! M
o H=Hy+U Z NiptNie) + U Z NieMie
— 1, 0 <l

—

@ + J T T CirsC zgf 1Citg! Citl o

;E 10 <t o,0’

L 7/ A

=z 1,0/ £

If spin rotational invariance:
U,=U'2..IH ../I=../H
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Goodenough-Kanamori rule

Superexchange is AF when the virtual hopping involves
overlapping half-filled orbitals while it can be FM when:

* overlap is zero: t;=0

e it involves transfers between a half-filled and an empty
orbital.

e *in multiorbital systems : the onsite interaction for
electrons in different orbitals is U’ —J, (and U’=U-2J,),
Jiin = -t?/(U-34,)

DO OD

http://www.scholarpedia.org/article/Goodenough-Kanamori_rule

uollezi|eJauan ,



For multiorbital iron (b)l . S
superconductors, the sign of 00

o exchange depends on the 50_
= parameters (J,, U, crystal field). S _
O The anisotropies in the B I
— hoppings are included). O )
@) —_—
.50
< i
a'e
w 1,51./2 I I l -100
- i
= 1% 1 |

l I l Physical Review B 86, 104514 (2012).




Goodenough-Kanamori rule:
consequences

e Superexchange can be of different strengths
and signs in the different directions of the
crystal. The crystal symmetry and the orbitals
symmetry has to be taken into account (Slater-

Koste r)° Slater and Koster, Phys. Rev. 94, 1498 (1954)

e Associated to orbital order (competing
sometimes with Jahn-Teller distortions)
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Millis, PRB 55, 6405 (1997).




INTERACTIONS

Example: Interplay of spin, orbital and lattice
Manganites

322-r2 & x2-y?
(disorder)
Metal

-
QO

Insulator

WL . . 9 9 C
3x=-rc | 3y*=-r¢
C.O.Insulator

v Insulator
| \ CE D CxEqx

3x%-r?| 3y%-r* °

=
=
O
%Pr
=
©
m

Nd

0.2 0.4 06
= hole concentration X ™.
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INTERACTIONS

Example: Interplay of spin, orbital and lattice
Manganites

(disorder)
Melaé

3x2-r2| 3y2-r2
C.O.Insulator

v Insulator
| \ CE D CxEqx

=
=
et
e,
=
©
=
©

T
—_

7

Q.

0.2 0.4 06
= hole concentration X ™.
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Anisotropic exchange
(for d-orbitals)

Superexchange in which the excited intermediate state is not due to an
interceding anion but to an excited state produced by spin-orbit interaction in

one of the magnetic ions. H'=AL,-S)+AL, S,)+V.,

Dzyaloshinskii-Moriya H,, =D-(S,x8S,)

D=0 if there is inversion symmetry between the 2 ions

D direction depends on symmetry

Causes AF spins to cant by a small angle: weak ferromagnetism. —_ _—
Examples: a-Fe,0;, MnCoO,, RFeO, (R: rare-earth).

00q 5, BpISOA ")



Different mechanisms
1. Localized moments. Heisenberg model.
2. Localized moments + itinerant electrons.

3. ltinerant electrons. Fermi surface instability.
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Itinerant electrons coupled to localized moments

Kondo model: coupling to an impurity

.I.
H=— Z tl] (Cw ]a 'acia) _jlocals S

ijo

Kondo lattice p = — Yt (CLGC]U + ¢ Cw) ]locaIZS S;

ijo

for f-electrons S —J

See lecture on Kondo effect (Ramon Aguado). Here we are focusing on
the regime in which this term gives rise to magnetic order.



Itinerant electrons coupled to localized moments

Kondo model: coupling to an impurity

.I.
H=— Z tl] (Cw ]a 'acia) _jlocals S

ijo

Basic idea: the local exchange with an impurity polarizes the surrounding
Fermi sea which carries this information to other magnetic impurities.
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How effective is this process of the magnetic
polarization of the Fermi sea? — susceptibility




Paramagnetic susceptibility of conduction electrons

Without magnetic field nT=nl In a uniform magnetic field nT#nl

41/2 g P(Eg)pgH

P, (E) P, (E)=¥p(E)

Vg
Z
O
—
O
<
oc
L
—
Z

) Pauli PM only affects
58 dqu(EF) electrons close to E
Constant with T.

1
Xpauli = 2
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PM susceptibility in a non-uniform magnetic field

H(r)= EH e lar Consider the perturbative effect of H,
1 on the electron spin
q

Within first order perturbation theory on a plane wave state

PYes () ——L(eik.r+9“0“BHq[e"“‘*‘”-r e"““‘”-rD
- VW T 4 |Baq—Bx Biq—Ex

M(r)=pg( W, (r) [*- [ Wi (r)[?)
l Xq = XPaulif

Ma

q

9
2k,



PM susceptibility in a non-uniform magnetic field

n H(r) = EH o iar Consider the pertu.rbatlve effect of H,
= 9 on the electron spin
@) q
- 1 :
@) (3dim)
< Linhard function
- G
ﬁ ~g.0.5 (in momentum space)
- x
q
% 05 1 15 2 Xq= Xpauii ok
q/2k F
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RKKY exchange

Rudderman-Kittel-Kasuya-Yosida

For Kondo model: A magnetic impurity with local exchange amounts to

having a local external field: H(r) ~ &(r) 2J
. H — local S
Jioeal : Iy OF s-d or s-f exchange. " Nguy
(
Xq = xPaulif 1

2k,

Real space susceptibility: Friedel
oscillations A=2m/k;

I
"
=
=
"
)
p

}00(Q S, uew?a|o)
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RKKY exchange

The conduction electron interacting with the single magnetic
impurity acquires a spin polarization that depends on distance

‘1/’7‘2 - ‘% |2 X JlocalF(szr)

Now this polarized cloud interacts with another magnetic impurity

JRKKY X JlicalF (2kF r )

(The sign of J,,_,, does not matter)

Jrkky OSCillates with distance: A local magnetic moment produces a
wave-like local perturbation, similar to throwing a stone into water.



RKKY exchange

Joery J° F(2k,r)

local

(The sign of J,,_,, does not matter)
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Jrkky OSCillates with distance: A local magnetic moment produces a
wave-like local perturbation, similar to throwing a stone into water.




RKKY exchange

Fe atoms on Cu(111)

V) 0.2
e
O 5 ¢
— 0.1} \\
|— A \\ /I
U \ 2 SN FM
<E > O oo seaesnande s annan R e st
g \ $ o8 \"/
E AFM
= \ ¢
; 2 . TO.256 M
— -0.1r l\\‘/ 01 | 92meV. .\ ... 'A::'.'.f.‘::;..-‘.‘...
— K -0.5 Pl
\
—_— - 156525 0.50 0.75 1.00
. 1.0 15 2.0 2.5 3.0

Pair separation (nm)

Nature Physics 8, 497-503 (2012)




RKKY exchange

Note that if ker is small, Jgy is FM.
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RKKY exchange

e Spin glass in CuMn (Mn is random in Cu lattice).

e FM in diluted magnetic semiconductors, like (Ga,Mn)As
or diluted magnetic oxides as (Ti,Co)O,

(Important for spintronics,
where you need carriers to be
spin polarized).
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RKKY competes with Kondo effect (R. Aguado’s Lectures)
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Other effects of local exchange:
Bound magnetic polarons

Carriers are bound (not-itinerant!) electrostatically by the Coulomb
potential and the spin-polarization is a secondary phenomenon.

Polaron: FM cloud.

Proposed for diluted magnetic semiconductors. Percolation —Tc

Due to the local exchange, the size
of the bound electron wave-
function R, depends on T as

ks T = |J|(ao/as)’Ss exp(—2R, /ap)

Annals of Physics 322, 2618 (2007)



Other effects of local exchange:
Free magnetic polarons

Carriers are self-trapped by a FM cloud they have formed themselves in a
background of disordered spins (above the FM T,). Low carrier density is
required. Can also form in an AF background.
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PRB 62, 3368 (2000)



Double exchange
(J,,.,—°° limit of Kondo lattice)

b td
tap S. — t d;,
CKZ,B l]ZanmCl'Ba +]HZ at Ju = 6%:312]: 'B

J,—e= implies the spin of the conduction electrons is
always parallel to the localized spin

This model was proposed for manganites
Al-xA’xI\/I r"3Jr1-x|\/I n4+xo3
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C. Zener, Phys. Rev. 82, 403, (1951)
P. W. Anderson and A. Hasegawa , Phys Rev 100, 675 (1955)
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Double exchange

B t
rab S. t d;,
%IB l%Cmelﬁg +]HZ a Ju = O%lzj: 'B

e

Note: spinless Hamiltonian

S, S, < Kinetic exchange with real
CK @ ‘\g (not virtual) electron hopping
Mn 0> Mn Promotes FM with metallicity

(as observed in manganites)

C. Zener, Phys. Rev. 82, 403, (1951)
P. W. Anderson and A. Hasegawa , Phys Rev 100, 675 (1955)



Double exchange

AL A M3t Mn** O;  (x#0 or 1 = mixed valency)

V)

2

O 0.20 | i |

— ! #e-"g%____,{,_,.._--? .

5 os | . A 3 TC proportlonal to the

< .| number of carriers

m :Jn.m

- i (actuall it db

— N S actually, manganites are governed by

— 0 o a much more complex Hamiltonian and
.. e—xADEEN=20 | DE competes with AF superexchange)

_ 0-9%.00 0.10 0.20 y 0.30 0.40 0.50

C. Zener, Phys. Rev. 82, 403, (1951)
P. W. Anderson and A. Hasegawa , Phys Rev 100, 675 (1955)
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Double exchange

Half-metal:

e metallic conduction for spin up

e insulator for spin down

Useful for spintronics.

JH



Different mechanisms
1. Localized moments. Heisenberg model.
2. Localized moments + itinerant electrons.

3. Itinerant electrons. Fermi surface instability.
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ltinerant ferromagnetism

Question: Is it energetically favourable to have a spin imbalance for the itinerant electrons?
(spontaneously spin-split bands)

In mean-field, a polarized electron gas produces a molecular field (similar to an external
field) which magnetizes the electron gas - Pauli PM).

T Spin imbalance is
l * non favoured in terms of kinetic energy
Keg * favoured by the interaction with the molecular

\/k field.
FA

133



ltinerant ferromagnetism

. BH
Hubbard modelina gy _ _ Zﬁknka 4 UZ i) — gp Z(nzT — )

28 magnetic field ” 2

Z (o) ? 2

O n

 7it7il = map{na) & (i) — (ra) (i) (nirs) = 5 £ m

O

<

oc n2

L UanTnu—)U(z—mZ)

— T z

= !

- Keg, At some value of U, -m2U will favour a finite -
\/1 magnetization m (polarizing the spins makes o

Kea them less likely to meet) =

134




ltinerant ferromagnetism

| s H
Hubbard modelina gy _ _ Zﬁknka 4 UZ i) — gp Z('”%T — )

magnetic field 2
ko ) ')
ZPauli Stoner
Calculate susceptibility X =
1— U,O(EF) enhancement

(Pauli susceptibility is enhanced by electron-electron interaction)

U p(Ef) =1 (Stoner criterium for itinerant FM)
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Band narrowing and high density of electrons at Er promote FM

seyazed

135
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Itinerant magnetism

If Stoner criterium is marginally satisfied:

e Nearly FM metals (very large susceptibility)
Example: Pd
U p(Ef) ~0.9.
Alloying with 0.1% Fe or Co, turns Pd FM

e Weak (m<<n) itinerant ferromagnetism
Example: ZrZn, (neither Zr nor Zn is magnetic)



Generalised Stoner criterium

For a non-uniform magnetic field we calculated a g dependent susceptibility:

Vs
= X = Xowif
2 ol ]
|_
: In the presence of Coulomb interactions
E XZO) XPauh 2k
X - 0) =
Z T 1-oy

! I_Up(EF)f

9 h
2kF Xp/2 |

0

Iepun|d

Stoner criterium for finite g

137




Instabilities with wave-vector g#0. Spin density
waves. Nesting

p) If xq(o) diverges, you can have a collective mode even for very weak electron-electron
P interaction U. The instability that sets in is the one corresponding to the lowest U.
@

I_ ki + q, « ko —q.3 .

O q V()= V(g)e"

< V(o) 1

m ki, o ka, 3

L

|_

< =0

— \‘ qq_to / qE_F Reminder: a metal isin the

degenerate limit T<<E,
Excitations around E;
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Instabilities with wave-vector g#0. Spin density
waves. Nesting

For a parabolic band you can have \ g#0 s q=0
excitations at all possible q. g=0is N Er
going to dominate (max | at g=0) /\)

N

However, if there are sectors of the Fermi surface that are
connected by the same g, the maximum of the susceptibility
can be at that particular g: nesting.

139



Nesting in 1d

In 1d there is always nesting at g=2k: leading to AF order (g=m/a).
A periodic modulation of the magnetization opens a gap, lowering the total energy:

. | Kohn anomaly
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In 1d, the AF order competes with a Peierls instability: dimerization and charge

density wave.
¢e-9® ¢ -0 e -9

For d>1, the nesting condition is more restrictive



Nesting in 2d

For a 2D square lattice

(k) = 2t(cos(kya) 4 cos(kya))

For an incommensurate filling: no nesting
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For half-filling (1e- per site):
t/a k<« Tr/a There is perfect nesting with g=(11/a,1/a)

141




Nesting in 2d

S AF: Doubling of |
® & ¢ unit cell I \ I
o oo ] | i
Folding of Brillouin zone
® o o in the reciprocal space I i I

A gap opens at the zone boundary: the system is
insulating at half-filling even in the weak coupling
regime if there is perfect nesting.

(Slater insulator)

Note that we have used U=0!!
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Instabilities with wave-vector g#0. Spin density
waves. Nesting

In general, g can be an incommensurate vector

S. Blundell’s book



Instabilities with wave-vector g#0. Spin density
waves. Nesting

Example: spin density wave in Cr

Q=(0,0,1-5) 21/a (0.037 < & < 0.048)

S ' :’5+ ) CORNER  BODY-CENTER
Y 1 ) LL L
i i 3§ ‘; 11 N Ih,f | P “ | " 1 1}” IT_*T z,
- - [ i i ] ] | +l

——=

-—

(8861) 602 ‘09 dINY

% H: i : I it
# L L L L | 1
BODY=-CENTER  CORNER

ATOMS ATOMS ( c }

| Note: In this case the SDW does not open a gap over the
r Y VE——2 X r| entire Fermi surface: the system is metallic.
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Nesting can lead to different competing Fermi surface instabilities (charge density

wave, superconducting pairing, spin-density wave). The one with the largest Tc setsﬂ\.
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Incommensurate instabilities sometimes suffer “lock-in” transitions
becoming commensurate at low temperatures.

Example: CaFe,As,

Ginzburg-Landau formalism

Complex order parameter

Fﬁ, = % (T TCQ)‘LTF_"

0.390|
0.385|
20380}

“20.375

0.370

(0T0Z) 2OPYST ‘I8 94d

Temperature (K)

U(r) = p(f,a)ei(czc.rw&))

beltl* + 321V =i @) v + Ly [umee]

Elastic term Umklapp term 145



OUTLINE

e Free magnetic moments
e Environment
e Magnetic order and susceptibility

¢ I[nteractions
e Between localized moments
e Localized moments + itinerant electrons

¢ [tinerant electrons

e Excitations.



Spin waves

Low T excitations of a Heisenberg model (localised moments)

Breaking a global continuous symmetry (Goldstone theorem): it is
possible to produce long-wavelength excitations in the order
parameter with a vanishingly small energy cost. Excitations are
(massless) Goldstone bosons.

M
=z
O
—
<
—
O
>
LLl
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FM spin waves

Low T excitations of a Heisenberg model (localised moments)
In a FM: flip a single spin. The new eigenstate is a state with a wave of spins.

YYYVVYYYY

http://www.uni-muenster.de/

p)
Z
O
—
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O
X
L

This excitation can be described as the formation of a bosonic quasiparticle called magnon
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FM spin waves

For a FM Heisenberg model Heo 1SS = 2] o
ST =5, + 1Sy =—2J Nl T %S'z i T ( i T z+l)% J>0

I I

To create an excitation: flip spin | ‘]> = SJ_‘¢>

TTTTMM?TTTTTTMT

|> is not an eigenstate of H: diagonalize the Hamiltonian \q>= 1 R
by looking for plane-wave solutions

M
=z
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LLl

i)

J

E(q) =4J5(1 — cos(qa)) smalqg [w(12JSq’a’

Gapless Goldstone mode 149




FM spin waves

oC T3/2

In 3dim, the density of states is . _ j’. p(w)dw
p(q)dq = q°dgq s =3 exp(hoo | k,T)—1

At low T, the number of magnons & M: M(T) = 1-aT*/2

Bloch T3/2 law

M/ M,

M
=z
O
—
<
—
O
>
LLl

In 2dim and 1dim n, ..., diverges —
spontaneous FM is not possible for
isotropic 1dim and 2dim Heisenberg
models (Mermin-Wagner-Berezinskii
theorem) -

Blundell’s book




But note: Anisotropies stabilize FM in low dimensional
systems and the spin-wave spectrum acquires a gap

H=JY (5757 +5SY+AS;S7)
1) A>1 (easy axes)

AE =4JS5(1 — cosqa) ~ ¢ a* (isotropic)

AE = 4JS(A —cosqa) ~ A — D+ ¢*a”
GAP

There can also be a gap due to dipole-dipole interactions (which can
be important for f-systems)
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2D magnetism

Found experimentally for the first time in 2017

2 in Van der Waals materials. Crl,
C. Gong et al., Nature 546, 265 (2017). (bulk T,=61K)
O B. Huang et al., Nature 546, 270 (2017).
— Johanna L. Miller, Physics Today 70, 7, 16 (2017)
—
<
— 40K 28K 2K 47K
— 30 10 - H e
U %5 ~ 0- -H-t +H
> 20 & Y e —
(| 15 § E, 50 I .HI+ I I
10 2 + Im
Z =
"% g-so-_J 1
0= E 80— I l I I
- ﬁ "
+H
CrGeTe; (bulk T.=70K). 0

] 1 L) 1 L)
“1.0 05 0.0 05 1.0 152
MAGNETIC FIELD (T)




Antiferromagnetic Heisenberg model  J<0

H=-2J SzSz+1 —2J %S‘l i T (S S;fl +S S’J’I)E

Do) = | T4 ...)  (classical Néel state)

The ground state has two sublattices: one with all spins up and the other with all spins down with

E=NzS2J (N is the number of spins, z is the number of neighbors). We are only considering the
longitudinal part of the exchange.

This energy can be lowered by allowing quantum fluctuations (transverse part of the exchange
interaction) leading to

1 B For 1d and s=1/2, E, is

NzJS* > E, > NzJS® D1+—E doubled by including

AN fluctuations
153



M
=z
O
—
<
—
O
>
LLl

AF spin waves

Antiferromagnetic Heisenberg model  J<0

H=-2J |SS.  =-2J ES'ZS 1(S+S,_+1 +5; S:H)E

I l+l z+1
2

Spin waves have to be defined in the two sublattices. These spin waves are interdependent.

The spin wave spectrum is twofold degenerate (x1 excitations are degenerate)

Antiferromagnons

[ [1Jz8 ‘ q ‘ a (gapless Goldstone mode)
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Excitations in the electron gas

* Also spin waves

 Stoner excitations ‘w=FE  —FE +A
o k+q k
= A: exchange splitting
O
— q:O
— ;w
< Er .
— S
o g 5
@
X
LLl Spin wave

Kr

0 key—ke, kpothe
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OUTLINE

e Free magnetic moments
e Environment
e Magnetic order and susceptibility

¢ Interactions
e Between localized moments
e Localized moments + itinerant electrons

e [tinerant electrons

e Excitations.



HOW TO BUILD A MODEL

1. Focus on transition metals (d-elements), lanthanides (4f), actinides (5f)

2. Given electronic structure of magnetic ion, figure out S, L, J=L+S, posible fine structure
(if SO, only J is a good quantum number)

3. Consider dominating energy scales (SO, CF). Large SO =2 anisotropic L.
a) If 3d: SO—>0, large CF, JT distortions may break degeneracies and cause
orbital selection (afected by strain, at interfaces..).
Non-degenerate levels: orbital quenching L=0
b) If 4f: large SO, relevant J, fine structure (|L-S|, L+S). Small CF. JT rare.
5f: SO, CF, JT enhanced with respect to 4f.
c) 4d/5d: like 3d + SO.

4. From orbital selection and Slater Koster determine hoppings (hence bandwidth W).
Which orbitals are relevant. Dimensionality of bands. Possible changes at interfaces.

5. Include J,; = spin imbalance. Low and high spin states. Significant in many cases.

6. Find the Fermi level. How are magnetic interactions? SO = exchange anisotropies.
a)Filled d-f bands: localized moments. Interactions U, U’, J,;, J’. Superexchange J ~ t2/U.
b)Partially filled bands: itinerant electrons. Fermi surface instabilities.

c)Both: Kondo lattice model. RKKY, Double exchange, polarons.
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