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1 Paramagnetism in nonmagnetic metal (0O 00O 0O)

Zeeman splitting : (£upB) The susceptibility is enhanced, for example,
3 _ X0
XP = 1~ Ixo

due to the electron-electron interaction.

up spin

D(E), D(E)(E)

Metal Freeel. Bandcal. exp.
E X0 X0 XP
D(€) : Density of states per spin Li 1.01 1.65 2.5
M = upB x D(ep) X 2 X up Na 0.83 0.86 1.4
Paramagnetic susceptibility K 0.67 0.72 1.1
in the noninteracting electrons : Rb 0.63 0.70 1.0
oM Ti 3.8 18.1
Xo = —5— = 2popiD(er) v 99 346
Xo can be obtained by the band structure The temperature-independent susceptibility is
calculation. treated as the Pauli susceptibility.



DOS [states/eV spin cell] given by the band structure calculation

Alkali metals
Na bce(Im-3m,229) NM asl

Rb bee(Im-3m,229) NM asl
\
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& Li 2p | | = 0.2NW = co(lm-3m,229) NM as 2 1| total |

0.2* p ; = |
> =7 3 oo | | > 1.0 > 1.0
- 0.0 T 1 i - 027Na3s i -~ 0.8 ~ 0.8
g 024 Li2s i S B g - g -
2 0o ‘ ‘ MNOE 00 | | g 06 g 06
2 0d-n | g oaptu P 2 04 2 04-
A 021 3 12 02F } 1 A 02 A 021

0.0 1 1 ! 0.0 1 1 1 0.0 | | | 0.0 | |

40 -20 00 20 40 40 -20 00 20 40 40 -20 00 20 40 40 -20 00 20 40
E (eV) E (eV) E (eV) E (eV)
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1.2 -Ti4s+4p _ 0.6V 4s+4p _ .

08 ] 04 ] Li 0.099
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2 Magnetic Impurity in Nonmagnetic Material

/

(Nonmag. material)

(Example) Fe in Mo

2.1 Anderson Model

Anderson Hamiltonian: (n, = dl.d,)

H = Zek C;Lack,g —|—Z€dng -+ Un¢n¢

ko o
1 T .
+ m;{vk Ckgdg + Vy dackg}

(Na: the number of unit cells in the crystal)

Is the system "magnetic” or "nonmagnetic”?

2.1.1 Hartree-Fock approximation
(=1, {)
H, = Z ekc};acka + eqne + U (n_s) Ny
k

1 :
d, *d cr,

Self-consistent calculation for (n4) and (n)
Energy : E =Y (H,) — U (ny) (ny)
Virtual bound s’?ate
Partial DOS of d state:
Dao(€) = (e — Ei/)72T+ AZ
€do = €4+ U (n_,)
A~ <]Vk|2> D.(er)




€R \ €F
\
T LT
Dy(e) I Di(e)  Dy(e) I Dy(e)

No moment Local moment

Virtual bound state
(parameters: Eq, U, A)
Starting with no magnetic moment,

Dq(er) = Dat(er) = Day (€r)
Appearance of local moment:

UDd(EF) > 1

2.2 Local magnetic moment u

Susceptibility has a Curie term:

B Nu?
T)=xp+~; B=

example) Fe impurity in various 4d metals,

12}

(e

1
0 _é I‘ 1 ] J
3 4 5 6 7 8 9 10 11
Y Zr Nb Mo Re Ru Rh Pd Ag

BTE

X 11-11 1% Fe #&€1y&4& D Fe 0.
KE— AV b (Clogston et al)

The Fe magnetic moment induces large
moment at surrounding Pd atoms.



2.2.1 Band structure calculation: Fe in Mo (bcc*8-sc supercell)

Mo

Mo bee(Im-3m,229) NM asl

1_5_MONSS+5£) ‘ ‘ ‘ | PDOS at MO1 Site
1.0— - .,g (a) up: FeMo,s sc FM mits
7 I I I I
8'(5)‘ M B ) % IO.O,MO*S 4d _
. T T T = ~ |
~ 1.5-Mo4d - : 2'8,
g 1.0 . FeM015 FM % 4'07
T 05 /\A/L i : 2 20/
S oot M C PDOS at Fe site o L
% 1.5total | (a) up: FeMo, 5 sc FM mts 8.0 6.0 40 20 00 20 40 6.0
z v T ! E (eV)
wnn 1.0— — = 3.5fF€3d |
] 03 i £ 30 ] Tg (b)dn‘: Fel\/‘IO]SSc‘:FMmts |
| L i 2 .
%0 4.0 | 0.0 | 40 g ;(5)7 | % 100-Mo*84d 1
E (V) g - g 8.0
> 10 i e "
: 4.0
) 00—~~~ | henen] ' A L
PDOS at Fe site 8.0 -6.0 40 20 00 20 40 60 00 0 60 40 20 00 20 40 60
FeMo,5 sc NM mts E (V) E (eV)
T T T T T (b) dn: FeMo,5 sc FM mts
~ 3.5-Fe3d . R |
a 3.0 | = 3.5,Fe3d _ M t, t
520 il ] agnetic moment [ug]
o i > 251 i
5 20— : il ] Total Fe Mol Mo2
g 15 K g sk i
g 1.0 . = Lol | 2.08 2.12 -0.01 0.02
0.0 * * 0.0 ‘ : 1 | :
-8.0 -4.0 0.0 4.0 80 -60 40 20 00 20 40 6.0
E (eV) E (eV)



2.2.2 Band structure calculation: Fe in Pd (fcc*8-bcc supercell

DOS (states / eV spin)

DOS (states / eV spin)

Pd

Pd fcc(Fm-3m,225) NM asl

T T T

T
1_5_Pd 5s+5p

1.0—

0.5
N
0.0

T

. T
1 5Pd4d

1.0— .
0.5 .
O O | | | |

. I | | |
1.5_total
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0.0 e —

FePd15 NM
PDOS at Fe site
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PDOS at Fe site
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I I I
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A

0.0
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8

PDOS at Pd1 site

(a) up: FePd,5 bcc FM mts
I I T ] T
21.0-Pd*12 4d ‘

18.
15.
12.0
9.0
6.0
3.0

DOS (states / eV spin)

0.0 ‘
8.0 60 40 20 00 20 40 6.0
E (eV)

(b) dn: FePd, 5 bcc FM mts
\ \ \ \
21.0-Pd*12 4d

18.
15.0
12.0

©
=

SN
=

DOS (states / eV spin)

ey
=1=)

0. ‘
8.0 60 40 20 00 20 40 6.0
E (V)

Magnetic moment [ug]
Total Fe Pdi1 Pd2

6.69 3.19 022 0.24

Large moments are induced at
many Pd sites.
The supercell is too small.



2.2.3 Band structure calculation: Fe in Ru (hcp*8-h supercell)

DOS (states / eV spin)

Ru hep(P6
T

Ru

_3/mmc,194) NM as1
T

T T

3_0_Ru 58+5p

2.0—

0.0 | |

T

I
3_0_Ru 4d

2.0
1.0—

0.0 i
3_O_total
2.0—
1.0—

0.0 :

4.0
E (eV)

The Fe impurity in Ru is really nonmagnetic.

DOS (states / eV spin)

FeRU15 NM

PDOS at Fe site

FeRu,5 h NM mts
1

3.5_Fe 3d

3.0
2.5
2.0—

T T

T

A

T

-8.0

1.5
1.0~
0.5
0.0 :

-4.0

0.0

4.0
E (eV)

The LDA/GGA calculation works well.

FeRU15 FM
No magnetic solution




2.2.4 Band structure calculation: Fe in Ag (fcc*8-bcc supercell)

FeAgl5 FM
PDQOS at Fe site
Ag fcc(Fm-3m,225) NM asl (a) up: FeAg,s bcc FM mts
T T T T T T T T T
2 5-Ag 5s+5p 4 = 3.5 Fe 3d -
2.0 . FeAgis NM & 3.0 i
1.5 - > 25k ]
1.0- . PDQOS at Fe site g 207 ]
0.5 1 FeAg,s bcc NM mts g 15+ 1
0.0 F,JJ}\«/\,-?\_,‘L_/— T T T T T ; 1.0= |
Ag 4d —_ 35_Fe 3d - o
2.5-408 A s 7 A 0.5+ -
i g 3.0— 7 |
2.0 0.0 *
s % T 25 . 8.0 -4.0 0.0 4.0
1.0- . g 20 | BEY)
0.5 | g 1.5+ = (b) dn: FeAg,s bcc FM mts
/a . = | i T T T T T
B 0.0—H+— —t 2 1.0 ~ 35-Fe3d .
> 9.5 total J a 0.5~ 7 2 30— ‘ J
L 0.0 :
g 20 T 8.0 4.0 0.0 4.0 % 2.5- .
g 15 . E (V) 2 2.0 1
2 1.0+ . 3 15m ]
8 2 1.5
A 0.5+ = 8 1.0— i
0.0—+— 0.5 .
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E (V) 8.0 4.0 0.0 4.0

E (V)

The LDA/GGA calculation has a magnetic solution.
The LDA/GGA calculation fails to predict the ground state.
At low temperatures T' < Tk, the local moment disappears.

Kondo effect

10




3 Magnetic Impurity in nonmganetic metal (Kondo effect: T < Tk)

Tk <T
/ 3.1 Anderson Model

Anderson Hamiltonian: (n, = d!.d,)

g

(Nonmag. metal)

H = Zeko— C};Jckg + Zedng + Unwu

(Example) Fe in Cu ko o
1
. Vi T d, + V* dt .
At high temperatures + VO kga{ k Chodo + Vi dl croo }

Susceptibility : Curie low

Local magnetic moment
For a "magnetic” impurity:

Y
Vie < U
At low temperatures I

Susceptibility : — a constant

Large U perturbation theory breaks down

No local moment at low temperatures.

Kondo singlet state (T < Tk)

Kondo effect
11



3.2 Large-U perturbation theory

Ae Ae
|F’) : Free electron ground state ('Fermi sea’)
Unperturbed ground states:
€q 1+ U
di|F), d}|F)
Perturbation term in Anderson Hamiltonian E -k
T LT
1
H = Vieek dy + Vidl cio
m%:{ ko k } ¢
Vie =V (U
ke =V (<U) Dy(e) | D& Do) | Di(d

Approximations:

€ko ~ €p = 0

I (2-nd order perturbation) Unperturbed system
Effective Hamiltonian:

1 V2 /1 1
Hoft =~ - e
f NAZ 2 ( ed+U)Ck k’o

kk’oc —
1 V21 1
5 o rcir ). S
+NAkk, 2 (—ed+ed+U)C’“ o0’ k' o

€1 <0, —eqg~eq+U>0
12



The first term = 0, when —eq = ¢4 + U,
The second term:

P

spin-flip scattering | of conduction electron)

Scaling theory:

T | Jeer| — larger (T — lower)
Hix = —— Z Cko O oo/ Cllgr + S
2N A

kk’oo’ Jof — —00 (T — Tk + 0)

1 1 812

J— 2 = —=—
J=-2V (_Ed €q + U) U <V Kondo singlet state is created.

Kondo model

Antiferromagnetic exchange interaction
Local spin S attracts antiparallel conduction spin o .
= Kondo singlet at low temperatures (T" < Tk) Joft A
Kondo temperature : Tk

Scaling (renormarization of J) theory gives

1 —mU

BLK “P T De(er) P TgA

The large U perturbation expan-
sion breaks down in T' < Tk.

where W is the conduction band width and A =
7|V|?D.(er) is the width of virtual bound state in the

Anderson model.
13



3.3 Perturbation theory from U = 0

Unperturbed system: U =0
No local magnetic moment e
"Fermi liquid”

Perturbation: H' = Unqn;
1 (evenif U — o) L7

No local moment state is kept.

Dy (€) | Dy(e)

No moment

"Kondo singlet”
This has the property of the "Fermi liquid”.

DFT must describe this "Fermi liquid” state (ground state).
But usual approximation (LDA, GGA, ...) may not express the state appropriately.

E(Kondo) < E(M) << E(NM); F(Kondo) — EF(M) ~ kgTk

14



4 Magnetic Interaction between Atomic Moments

4.1 A pair of magnetic atoms

Two virtual bound states (Eq4, U, A) + Electron transfer (t) between those v. b. states

™M

J/Ae J/Ae AE 4
. g N, € 4 €F
N /
LT LT LT T
Dy(e) 1 Di(e)  Dy(e) I Dy(e) Dy(e) I Dy(e)  Dy(e) I Dy(e)
parallel antiparallel
parallel antiparallel parallel
0 5 10

occupation number of the d state

15



4.2 Ferromagnetic state v.s. Antiferromagnetic state in a crystal

Hubbard model

Hubbard Hamiltonian:

H = Zemw + Z Uinipni|
+ Z tijQio Gjo

(4,5)0

Nioc = aiJTaﬂia
Hartree-Fock approximation:

H Zezanza + Z thaZO' Qjo

(i,5)o
€io = €+ U; (ni—y)

16

A s-orbital at a site

90000
90009
90009
90009
90000



3 quater
filled

half
filled

an impurity parallel antiparallel
€ 3 3 £ 9
€R €F €F
Lt H Lt Lt
AFEp <0 AFa ~ (
an impurity parallel antiparallel
€ 9 £ 9 3
1+ €F S =€ -+ -+ €F
AEp =0 AFa <0

17

The covalent-bond concept is useful for understanding the magnetic interaction.



4.3 Examples of ferromagnetic metal

DOS (states / eV spin)

0.0
3.0
2.0
1.0
0.0
3.0
2.0
1.0
0.0

-8.0 -6.0 40 20 O

.0 2.0 4.0 6.0
E (eV)

metal | crystal p [uB] T,
Fe bcc 2.22 1043
Co hcp 1.72 1388
Ni fcc 0.606 627
Gd hcp 7.63 292
Dy hcp 10.2 88
(a) up: Fe bcc FM asl = (b) dn: Fe bcc FM asl
Fe 3d L Fe 3d
— . g 3.0~
- . Z 20+
Q
L . A 1.0+
\ \ \ L ; 0.0 — } M
7total | 20 7t0tal
— . 20—
- ] Lo yﬁm
| L \—0-—4\. 0.0

-8.0 -6.0 40 -20 O

0 20 40 60
E (eV)

18






4.4 Nonlocal susceptibility

Local and non-local susceptibilities

Example) | 3d transition metals

Magnetic structure?

e ferromagnetic: Fe, Co, Ni

e antiferromagnetic: Cr, Mn
(spin density wave, etc.)

N M
Local susceptibility: yoo(er) = FO
0
Nonlocal susceptibilities:
(er) = 220 yoa(ep) = 0
X01\€r) = Hl, X02(€r ) = 1,
—XOO(EF), - Xo1(€F), ------ on(EF)
PDQOS at the center:
DO(GF) = XOO(EF) + Xo1 (EF) + XOQ(EF) X01 > 0 (FM) for ng SJ 3 Or ng Z 7

xo1 <0 (AFM) for 3 <ng <7

The trend is similar for other lattices, although n4 is shifted.

20




5 Magnetic Alloys (DO 0O 0)

3d transition-metal alloys

(FSHIENT ) =V o— d X5

3.0

Slater-Pauling curve

2.5

2.0

1.5

1.0

0.5

e Fe-V
eFe-Cr
o Fe-Ni
e Fe-Co
x Ni-Co
aNi-Cu
vNi—-Zn
vNi-V
¢ Ni-Cr
v Ni-Mn
ACo-Cr
¢ Co-Mn
o Pure
metals

B 11-1 Slater-Pauling ph# (Bozorth)

21




5.1 Hubbard model

Hubbard Hamiltonian:

H = Zemw + Z Uinitniy
+ Z tijic Gjo

(4,5)0

Njoc = aiaTaiJ
Hartree-Fock approximation:

H ZEZO’nZO’ + Z tZ_]aZO' a’jO’

(i,5)o
€io =6+ U; (ni—y)

22

A s-orbital at a site

(2 )(2)(2)C2)Ce)
00000
90000
00000
00000

A cluster in metal
0: the center, 1: the first neighbors
2: others



5.2 3d transition-metal alloys

Cluster CPA — 2: coherent potential —

fcc Ni-

5.2.1 FeNi alloy (bcc, fcc) Xge= 0

. T T T T T J F
| bec Fe—Ni Disorder

<

n (Kg/atom) o
T
y
vl

!

|
S
{

Tot. complete disorder |

fcc | :
fl/;\/\\ )
\\/

| bcc
Sro

complete (ay=~-.22)

= N

i

N e [ R T R B
0 xy2 6x,5 4 3 2 1 O 2
. E
L 1 - pad] |

Fig. 4. The Ni and Fe atomic moments in fcc and bec Ni-Fe. The dashed curves show the Ni and Fe moment I T o
for a given number of Ni nearest neighbors as is indicated in the figure. The full lines are the average . -2. |

Ni and Fe moment with the virtical bars representing the root mean square of the deviation of the moment

from its average value. The curve labelled Tot. represents the total magnetization per atom. The dottec =
curves indicate the corresponding moments in alloys with atomic short-range order (o; <0). x,® A,%%

O™ and ®'? show the experimental data by neutron diffraction.

e Fe:22ug — ~3up e Majority-spin band: fully filled?
e Ni: 0.6up constant e Charge neutrality

23
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5.2.2 FeCo alloy (bcc)

@) 2 4 (3] Xco

Fig. 12. The Fe and Co moments in bcc Fe-Co
alloy with complete disorder. Triangles show the
neutron diffuse scattering data for Fe and Co
moments.'® Circles display the experimental
magnetization data.!?®

pe——
=
—

Fig. 9. The total DOS’s in bec Fe-Co.

e Fe:2.2up — ~3up e Majority-spin band: fully filled?
e Co: 1.8up constant e Charge neutrality

24



Fe-Co

Fig. 10. The local DOS’s and the atomic levels of Fig. 11. The local DOS’s and the atomic levels of
Fe atom in bcec Fe-Co. Co atom in beec Fe-Co.

Neighbor cobaltized Fe makes the Fe moment larger.
=- Large magnetization of NdFeB-magnet

25




(Mg /atom)
3.

5.2.3 VFe alloy (bcc)

g"/,\./\vx e 0 W N

Fig.3. The total density of states for each ‘spin in various V concentrations. The {?ertical
line near E=0 is the Fermi level.

26



6 Free electron under the uniform magnetic field

OO0C
00C
JOC

(Classical picture)

2

Eq. of motion: m— = evB
T

v eB
wC:—:—
T m

. cyclotron frequency

v, r . arbitrary

When B =1 T,
we ~1.8x10% rad-s™ !, hw, ~ 1.2 meV

6.1 Landau level

(Quantum mechaical treatment)
Magnetic field: B = (0,0, B) = rotA
Vector potential: A = (—%, %, O)
Free electron system:

1 eBy ’ eBx )\’ 5
H=— - ——
2m [(p 2 ) * (py * 2 ) R

Eigenenergy:

1 R k2
nkz = h c A =
€n(k.) = hw (n—|—2)+ Sy
2 ,
n=0,1,2,---, k,= 7 (n, = integer)

n: Landau level index

27



2-D free-electron system

B=0 B+#0 .
€4 n Density of states (per unit area) : Dy = —
4hw,. i 2mh
3 ——— 3 The degeneracy of Landau level (per unit area) is
3hwe o
epl. 2 | 2 e 1
2hio, N(B) = hweDy= = = .
1 1
heoe e -
0 0 0 Cyclotron radius: [ = {/ —
. eB.
DOS(e) b; Landau level ~ the radius of wavefunction

cp - Fermienergyin B=0 (ep ~1¢€V)
n : Partially-occupied Landau level (n ~ 103 in B = 1T)

i, 1) hwe
nhw, < ep < (n + 1)hw Landau level :

The increase of energy due to B : E5(B) (F = Ey + FE2(B))

€ER 1
E2(B>:/ de [(n—|—§) hwc—e] Do
nhwe

1
— 5 [(n + l)hwc — EF] [EF — nhwc'] Dy

en(B) = hwe(B) <n + %)

28



6.2 Landau levels in the k space

2-D free-electron system

B=0 B#0
€A
(n + 2)hw, L
n+l | o— n+1
(n 4+ 1)hw, L
€ n o n
Y A o
n-i | .»— n-1
(n — 1)hw, L
n2 | .-—— n-2
(n — 2)hw, -

DOS(¢) D, Landau level

L,L,m

27 h?
The degeneracy of Landau level :

Density of states: D, =

eB

N(B) = hweDa = Ly Ly =~

B+#0

29

Landau loop (tube)



6.3 Semiclassical description of the n-th Landau-level electron motion

[0 A wave packet of the n-th Landau state O
k... the k-space center of the wave packet
r,: the real-space center of the wave packet

Vkn = ﬁdkn 2m m
. dk,,
hkn = FLE = —€eVg,, X B
hk,,
——ee— X B
m
. B
’kn‘ — 6_kn — wckn
m

B : no work to the electron (W.P.)

W.P. moves on the equienergy surface.

30

Energy:

Area of the Landau loop:

2meB 1
472 B n 1 5 h
= n — . — —
In real space,
hk,,
Weln = ‘kan‘ =
m
h bo
n — kn —kn
" MW, 2B
ko \° 63



/ Landau diamagnetic susceptibility (Landau O 0 0)
(T ~ 300K, kgT ~ 30meV, B ~ 107 2T, hw. ~ 1072meV, ep ~ 1eV, n ~ 10°)

kBT > hwc
average over various Fermi energy : niw. < ep < (n + 1)hw,

1 (n+1)hwc 1 5 5
(BaB)) =5 [ den Ba(B) = ik Dlen) B
B=0 B+40
d{E»(B))
M(B) = — €4
dB (n + 2)hw, L
_ w N+1 '_.,.:3’— n+1
2 Eppo N .
= 2 ot Der) i,
3 n-1 T n-1
1 (n — 1)hw, L
= TgXP n2 | .o— n-2
(n — 2)hwe

x1. Landau susceptibility
xp Pauli susceptibility

DOS(e) D; Landau level
2-D free-electron system

31



2D vs. 3D

B=0 B #0
€A n
4hw,
3 3
3hw. .
IR 2
iRt
1 1
hw. L
0 a0

DOS(e) D; Landau level
2-D free-electron system

32

5w
3 wwef
5w
5w
DOS(¢) PDOS,, (¢)

3-D free-electron system



8 de Haas - van Alphen effect

€A n
4hw, )
2-D free-electron system 3 Ce— 3
n . Partially occupied Landau level Shwe
EF_____2 _____ _ 2
eB 2hw o
nhwe < ep < (n+ Dhwe ;  we=— 1 —
m o <
B € merp  Bj mep 0 Ctee——— 0
n<B<n—|— " hw. heB B’ ! he 0 N
A 1 < +1 DOS(¢) D, Landau level
B, B B4

2-D free-electron system
The increase of energy due to B :

Ey(B) = /;F de [<n + 1) hwe — e] D, = % [(n + 1hwe — €p] [er — nhwe] D2

hwe 2
e eh
Magnetlzatlon . (,LLB = %> , My = ILLBGFDQ
OF>(B
M(B) = — 2(B) = —ug|(er — nhwe)(n + 1) — ((n + 1)hwe — ep)n| Do

0B
1 n n+1 1

33




In the 3-dimensional system,
de Haas - van Alphen effect

B=0 B#0
Magnetization oscillates as a function of B. 7

In the 2-D free-electron system,

DOS(e) PDOS,, (¢)

DOS(B # 0) : still oscillatory
¢
My = ppep Dy oscillation of 1/B plot

fiw. = ep when B = B, = Fermi surface
(extremal orbit)

— M,

T ~ 1K, kgT ~ 107 tmeV, B ~ 10T, hw. ~ 10meV, eg ~ 1eV, n ~ 100
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9 Quantum Hall effect (2D)

For the electric field £, # 0 and E, = 0, the center
of the cyclotron motion moves in the y direction
with the velocity v. = —-, which causes the Hall

B
current oM,
Jy = ev.Ne = ?Ex :
where N, is the total electron number per unit
area. Namely, the Hall conductivity is| o, = ege

€A n

4hw,

3 3
3hwe

2 i 2
2hw. ER (v =2)

| 1
eoe

0 e — 0

DOS(e) D; Landau level
2-D free-electron system

When Ve =v (r=12,---),the sys-

N(B)
mem becomes insulator. The condition
ives Neh : namel elNe ¢”
=V =v—.
gves g = Y| B I

Thus, for the insulating state, the Hall conductivity is quantized:

62

Oye =V— (v =12,3,---)

h

v: TKNN number (1982), which is proved to be topological invariant.
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