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Review

Chapter 6 Magnetism of Itinerant Electron Systems

» Ferromagnetism in Electron gas

» Hartree-Fock approximation
* Diffusion Monte-Carlo calculation

» Hubbard model: mean field theory

« Hartree-Fock approximation: Stoner criterion
« Magnetic susceptibility

» Magnetism in 3d transition metals

 Slater-Pauling’s curve
 Density of states by APW method



» Magnetism In 3d transition metals

 Slater-Pauling’s curve
* Density of states by APW method

» Kubo formula (linear response)

» Fluctuation dissipation theorem

» Random phase approximation (RPA)



3d and 4s electrons In 1solated transition metal atoms
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3d and 4s electrons In 1solated transition metal atoms
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Magnetism of 3d transition metals: Slater-Pauling’s curve

Magnetic moment per atom m [p_]
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Experimental data are in line.
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APW method to calculate DOS

A (r) = [—;—mVQ + V(,,.)] o(r) = Eo(r)
Va(r) (spherical) (r <re)

Vo (= Va(re): const.) (r > re)

- 6’\ ¢
- \ | Hartree:  Vi(r) =) (¢i(r)] r _2,rf| 0:(r7))

‘ Muffin-tin potential: V' (7) = {

1

R
f{ ;

1/3
Muffin-tin potential Exchange: v, . = —3¢2 (E) pr(r)1/3

Zl,m Alle (T)lem(gj QO) r < re,
Z?{Y:O B’n exp[z’(k + Kn) . ’I’] > T

4

Iteration for convergence for each k

Variational wavefunction: &..(r) = {



Density of states in NI and Fe
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Explanation of Slater-Pauling’s curve (1)
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Explanation of Slater-Pauling’s curve (2

Magnetic moment per atom  m [p ]
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Increase of electrons — filling up the holes in T
and the magnetic moment increases
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Magnetic susceptibility in HF approximation

Magnetic moment: M = Z£B D [nir) — (nay)] = IHB > ni-

2 - 9 z
Magnetic susceptibility per atom: _ M gusn-
J ptibility p . X=Np= 5 g
' ic fi _ 2 giB
Electron energy in magnetic field: Ep = E(0) + Eon® — NTBn_
1 d*(AE) _ NT m2 ;
where  FEay = — AF — U
2= 5T a2 with 1 [@(EF) m

This should be positive for the appearance of ferromagnetism. (remember GL theory).

2
N
Then minimization of Ez should given_as x = (9/«;127)
2
. i (9B 2 -@(EF) . XPauli(a)
We finally obtain x = ( 5 ) 1 —U2(Er)  1-U2(Er)

Stoner factor 1



Temperature dependence of susceptibility in HF approximation

By using the identity for degenerated w2 dlog P(uo) (ksT
L M=o |1+ + .-
Fermi gas: 6 dlog ug 140
7T2Dl
we write 5[,L = — 6DF(kBT)2 d@(E)/dE|E:EF — D%
F

o 2 D’ )2
By defining A — ©~ (Dg
y defining ) ( o

guB

oy

9(Er)

Susceptibility with temperature correction: x = (

C
) X:T2—T§

2 ) 1 - UZ(Fr) + UA(kpT)?

This is not Curie-Weiss observed in experiments.
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Kubo formula

Dynamical response to magnetic field I + Hoxi (L)

Time-dependent perturbation

dp
ot N
Single body density matrix: p(z,z’) Z P, (T

Heisenberg equation of motion ih—— = [ + Hgi (1), p(1)]

. . 1 o
Initial condition: ¢ = —oo P(—00) = peq = e G
0 B

Unperturbed system partition function:  Zo = Trlexp(—7%4/kT)]

Then the density matrix should satisfy (see lecture note for the calculation)

where th J s

Uo(t) = exp (fi: t) = Peq T zii / dt' Uy (t — t")[ Aokt (1), p(t’)]Uo_l(t —t)

p(t) = peq + - / dt'[Uo(t — ') Haxs (1)U (t = t), Uo(t = t)p(t")Uq * (¢ — )]
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Kubo formula (2)

For linear response we can replace p(t') — peq made of eigenstates of unperturbed Hamiltonian

. 1 /[ -
Then we can write  p(t) =~ peq + - / dt' [Ug(t — t") s 8 Uy (£ — ), Pog]

External field ex:(t) = —PF(t)

U

Expectation value of general physical . B 1 , o ,
quantity O (@) = Tr{p(t)Q} = (Qeq) + — f_ . dt' ([P, Q(t — ")) F(t)

where (Qeq) = Tr{peq@}, Q(t) = UO(t)_lQUO ()
([P,Q(t —1t")]) isapureimaginary.
Field with frequency ® F(t) = Fy cos(wt) = Re[Foe ™ ™"]

Definition of susceptibility y(w) AQ(t) = (Q(t)) — (Qeq) = Re[x(w)Foe "]

1 /[ -
We can equalize this with AQ(t) = = / dt' ([P, Q(t — t)]) Re[Fpe™"" ] .

(4

— o0



Kubo formula (3)

Definition of susceptibility y(w) AQ(t) = (Q(t)) — (Qeq) = Re[x(w)Fpe "]

1 [t o
We can equalize this with AQ(t) = z_ﬁf dt' ([P, Q(t —t')]) Re[Foe™"*" ]

The first equation » Re[x(w)Fpe '] = 70 [x* (w)e™ + y(w)e ™"]

The sec:‘roidteiugtion - % { [fooo dr ([P, Q(7)]) e—iw} et 4 [fooo dr ([P, Q(T)]) eiw] e_i‘“t}

?

[ Kubo formula xor(w) = = /OOO ([Q(T), P)) e*Tdr J
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Fluctuation-dissipation theorem

Green’s function G$ p(t) = :F%H(it) (Q(t), P])  (+: retarded, —: advanced)

o
— —

oy 1 (> eaviside funci
— 0 (t<0 eaviside Ttuncuon

Kubo formula is re-written as:  Xor(w) = =G4 p(w) = —FAGSp(1)}
Fourier transform to w-space

Sar@@) = [ d (@), P) e

> Correlation function

Fluctuation-dissipation theorem:

(

Sor() = 15195 p(«) — Ggp(@)

See the lecture note for the calculation
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Example of fluctuation-dissipation theorem

Gy(w) = 4kgTRe[Z (iw)]
= 4kgTR

Johnson-Nyquist noise
Thermal noise

Low pass 5 kHz

100 kHz
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Random phase approximation (RPA)

External magnetic field: B(r,t) = B(q, )"'(q""—wt)

Hubbard model: I = Z t'L]CZSCjS +U Z nzTan,

1,7,8

Local magnetization (in 1
unit —gps ): S =3 Z > o(r —ri)clooapcip o = (03,0y,02)

Perturbation Hamiltonian: .72 (t) = guB/B(r,t) - S(r)d’r = gupS_q - B(q,w)e ™"

. A
Sq+ = Sqz +15gy = Z CLLTCLk+q¢,
Magnetization in g-space ~ Sq— = —1Sgy = Z ap | Ok+qt> \

Sq- = (1/2) Z(GLTak_FqT - a;rqakJqu-
k /
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RPA: susceptibility

Kubo formula xor(w) = %/Ooo ([Q(T), P]) e™"dr

Correspondence P — guS_4 Q — guBSq

Susceptivility  --(a.) = ()5 [ dt{[S4-(0).S-g:]) €

X+-(q,w) = (QIJB)Z% /OOO di (| [STC S piwt

To calculate above, let us consider a sl ;
Green’s function Grq(t) = —i0(t) (lagy (t)aktqu(t), S—q-])

., O0G , ; >,
ih 3:(1 = —i0(?) ([e %)t/h[a’}tﬁak-l-qb He U S—q-]) +0(t)h ([aLT(t)ak_,_@(t), S—q-])
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RPA: susceptibility (2)

Hubbard Hamiltonian 7 = J4 + 7w

[a};*rak—l-qu S—q-] = Z[CLLTak-l-qia aLf+q¢ak’T]
kf
T |
= OOkt — Ay q| k+ql>
[GLTGJH@» ] = (€ktq — Gk)aLTCLkJrqu

[0 coktqy, Hue] = (U/N) D lobiaksqy, of oroh. ik |0kl
k’lakQap

_ tot t
= —(U/N) | 3 Uit U, pyOhtqipl@ht + ) Oy 1Ok, g Oks Ok tal

k1,p ka,p
Mean field approximation — Z aL+pTak+q+p¢ (CLLT(II«:T) + Z GL¢ak+q¢ <0JL1T%1T>
- P k1
T T T T
Random phase approximation (RPA) Z Qg Ahetql (O, | Oksl) + Z Ot pt Okt q+pl (Opt gy Chtql)

ko p
20



RPA: susceptibility (3)

0Giq
ot

In paramagnetic state:  ih = (€k+q — €k)Grq(l)

— (U/N)({aly0k1) — (ah s 10k 1q1)) ) Clhp)a(t)

p
+ ({afganr) — (ah g heq1))o (D)
_ [ |
Fourier transformation:  Grq(w) = hjkl ffﬂw 1— Nzgpq(w)] fies = {@stis)
s Eata p Fermi distribution
function
- 2x9 (g, w)
_ 2 :
Summationonk  x1_(q,w) = N(gus) T 20 (q. )
Susceptibility of non- (©) (g ) = - S fe+ay — fit it (gpm)?
interacting system: 2N = hw + € = €hiq
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Susceptibility of non-interacting system

h—1 Wavenumber unit: kg Energy unit: Ex

1 6)
— I p(er / k2dk / d(cos
2N —~ WA €hq — 1w+ q? —2kqgcosb

1 5 w+ q® + 2kq
_ ]
zp(EF)/O kdk%q %S 0¥ ¢ — 2kq

o 1 ’
Mathematical identity: / zlog(ax + b)dx = 7 [azQ — ( b)

a

log(ax +b) — — + —x

2
’ 2 2q |2 2q w+ g% —2q

v 1 —w + ¢° ? —w+¢* —2q
. — 1= ——— log > +
W+ q° + 2q

Boundary of Kohn anomaly: w = +(¢° £2¢)

:
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Kohn anomaly, Stoner condition, SDW

Re[x”(q, 0)]

N =

qmax

=0

Stoner condition

In region I

tnlx g, )] = 222

Ry (g,0) = 2 L f (1 Y10 2114
p(gp) (@ > 0)

2x%(q,w)
_ =N ’ :

Magnetic order

1
UX(O) (qmaxﬂo) > 5

Amax 7 0 Spin density wave (SDW)
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Summary

» Magnetism in 3d transition metals

 Slater-Pauling’s curve
 Density of states by APW method

» Kubo formula (linear response)

» Fluctuation dissipation theorem

» Random phase approximation (RPA)



