


Review of last four lectures

Chapter 1 Basic Notions of Magnetism

_ : _ _ _ » Magnetic charges
Classical pictures of magnetic moments in materials:

> Circular currents

Breakdown of classical magnetism: cancellation of paramagnetic and diamagnetic terms
(Bohr-van Leeuwen theorem)

Quest for the sources of magnetic dipoles in materials.
Spins and spin-orbit interactions

Chapter 2 Magnetism of Localized Electrons

Spherical potential, closed shell magnetization

Electronic states of magnetic ions » LS (J-j) coupling, Hund’s rule
» Ligand field

Representative experimental method: magnetic resonance



» Magnetic resonance (continued)
» Spin Hamiltonian
» Example of analyzing experimental data on electron paramagnetic resonance

» Application of paramagnetism: magnetic refrigeration

Chapter 3 Magnetism of conduction electrons

» Pauli paramagnetism

» Landau diamagnetism



Magnetic resonance (2)

High frequency magnetic field in xy-plane

B(t) = B cos(wt)

B . . Two rotational
= 5 lexpliwt) + exp(—iwt) magnetic fields

when w ~ wr,

On the rotational coordinate: w = 0, 2wy,

Ignore 2w, component: rotational wave approximation

- €B1
Precession around B; w; = 95—
m

Total motion: spiral




Magnetic resonance

Ho‘ Macroscopic magnetization M - dM My — M
B . g =M< H 4 =
Classical equation of motion ] !
. . . deay M'T:’y
M Phenomenological introduction of =M x H|,,
VA : : dt 15
A relaxation time
T;: energy relaxation time, T,: phase relaxation time
H, H ,: static field (z) } H = (2 coswt __1 sinwt, Ho)
H,: rotating field with —w 2
B dM;I; Hl . Mac
p :')/[MyH0+MZ7 sinwt| — T,
Then the equation of motion Is given as - aM, M. E t— M, Hyl — %
- = | 5 COS W 0] T,
dM, H My — M,
D = vy|—-M,H; sinwt — M, écoswt]Jr OTl



Magnetic resonance (2)

We introduce the coordinate system (x,y>,z”) ~ conditions
- - . dMa’;’ dM.yf
rotating around z-axis with freq. o. { T

M, ~ My = xoHp (oblique angle is small)

=0 (stationary state),
{ My = My coswt — M, sin wt,

M, = M, sinwt + M, cos wt Solution
(WO — W)TQHl/Q

"

X" (w)

T T Ma‘;’ — T
I XOROT2 T (g — w)?Ts +~v2(H1/2)?ThT
H, /2

My = xowo1>

~ : 1 —w)2T% 2(Hq1/2)?*T1T:
05 absorption T (wo —w)* T3 + 77 (H /2" T
3 Original o g ,

& coordinate M, = x'(w)H; coswt + x"' (w)H sin wt,

M, = —x'(w)H; sinwt + x" (w) Hy cos wt

large relaxation
T, <1 | X (W) = 20T lwo — )T
R Y B B R 2 1+ (wp — w)2T2

Tr(wo — w) 7 _ X0oWo T 1
W) = S ey e




Electron paramagnetic resonance (EPR) experimental setup

bias reference m.w.
w - arm ¢, diode
source 1\ PSD
Z\U3
attenu- 2
ation ] resonator

/
magnet / current
modu-
- |
modulation — ol
coils )\

Double resonator sample + cavity

Continuous wave (CW) measurement: detection of resonance dissipation

Pulse, Fourier transform measurement: detection of magnetic field due to the precession of
magnetic moment



Spin Hamiltonian

For the comparison of the theory with EPR experiments we need to go a little further in approximation.

Effective spin Hamiltonian:  Only contains spin operators, i.e. the orbital part is already
(in case Hcr is diagonalized) integrated out.

10} Orbital basis: {vo,%1,---,} diagonalizes Horb = Ho + Hor
In ket form:  |p,) = |n),
Energy eigenstates: o (n|Horb 1)y = Epnlpns

{s} Spin basis for total spin'S:  {¢_25,d_2541,- -, Pas}

In ket form:  |¢,,) = |m),

Perturbation Hamiltonian: #H' = AL -S + pup(L + ¢.S) - H ge : g-factor of electron
spin-orbit Zeeman

Expand the wavefunction
with {o} and {s}as: V= Z Anm PnPm = Z A 1), (M)

nm



Spin Hamiltonian (2)

Eigenenergy equation:

Second order perturbation in energy:

Orbital angular moment is quenched:

The second order term
— reduced to second order in L:

The effective spin Hamiltonian:

where A 1s a tensor given by

Expansion:

HY = (Horw, + H' )V = EV.

7)o 0(n[H'|0),

~ o(O|H’
% — O<O|H,|O>o —I_ Z < | EO - E

n#0

S{O[H'|0), = gepnS - H

o(0|L|0), =0

o{0[H'|n), = o(0|L|n), - (AS + ppH)
effective magnetic field for L

~

H = geppS - -H — (A\S + ugH)A(AS + upH)

o (0| L; o {(n|L;|0
Ay =Y (01Li[n)4 o (n|L;]0),

E, — E, (iyj:ajayaz)

n#0

H = pupSge(1 — M)H — N2SAS — p2 HAH



Spin Hamiltonian (3)

~

H = upSge(1 — M)H — XN°SAS 1 H A

The third term 1s small, does not contribute to level splitting — Drop

The first term: extension of Zeeman )
energy with effective g-tensor. g = ge(1 — AA)

S(S +1)
3

The second term is written as —A*SAS = D [Sﬁ — . ”

] + B(S? — S$?)

principal axes: X, y, z

D: axial fine structure parameter

E: rhombic fine structure parameter

- 1
The form frequently used for [83 - S5+ )] L B(S

_ ~ 2 Q2
the analysis of experiments H=ppSgH + D Sy)

L Y




Weak crystal field approximation

6Dq (E) 4Dq (T3)

=
d d6 N d4'd6 / %
— 5n 21 ‘Z’
\ —4Dq (T \  —6Dq (E
6Dq (T
__12Dq (4y) q (T1)
/ d3,ds
/ ' —2Dq (Ty)
2 47 e q (I3
as,d" 20 (), . »
_e’ F’ F \
\ \ i3/2
°F, *F \ —12Dg (4,)
\___=6Dq (T1) \ 1 < $2|D|
octahedral S = +1/2
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EPR signal from Cr3* and Fe3* ions in BaTiO,

| ' |
3 i
I
P o~
-g ;I .
kS . ~ H lc-axis
= o I o P
— - 7 T 0
S S I o
k= | S ¥
» T
nd
& O ®; ®
hexagonal nal
H// c-axis E _go tet]rsagoo ?
= +
L | L | L
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H (Oe) Bairavarasu et al. SPIE Proc. 6698-05
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EPR signal from Cr3* and Fe3* ions in BaTiO,

Ion Crystal g |ID| (ecm™Y) |E| (em™1)
Fe3t BaTiO5 2.000 0.022 0.0079
another report 2.003 0.0987
Cr3*t  BaTiOs 1.975 0.046 0.0055
h-BaTiO3; HI g.= 1.9797 0.105
Hl g, = 19857
H2 g.= 1.9736 0.3220
H2 gey= 19756
— Til
hexagonal T @ Q.

Bal | y— O1
|
- Ti2
Ba2 ® S — 02

Boettcher et al. JPCM 17, 2763 (2005)

9.123 GHz, 300 K

b [
‘ L]t
cr¥(H1)
cr¥(H2)

*Cra’(ﬂ)

1500 2000 2500 3000 3500 4000 4500 5000
Magnetic Field (G)

~

tetragonal
E = E+#0

Bairavarasu et al. SPIE Proc. 6698-05
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Hyperfine structures

electron-nuclear spin exchange interaction:
Hur = AI - J  the same form as spin-orbit interaction

F=1+J
F2_ 12 _ 2
Hur |F, Mp) = A 5 \F, M)
F(F+1)—-1I(I+1)— 1
_ P+ <2+ ) =TT+ g
(b)
Ims)  Electron c
[+1),
=1 NV center

WMM W\J\MM’L\M Rama et al., PRB 94, 060101 ('16). )

2.83 2.93
Frequency (GHz)

Amplitude (arb. units)




ESR detector/analyzer

EPR public software

EPR-WInSim

Eile Edit Display Manipulations Simulation Help

https://www.niehs.nih.gov/research/
resources/software/tox-pharm/tools/

:H iumg:'nnry:

Easyspin Fie oo S '

https://www.easyspin.org/

Works On MAT LAB (0pen Data.. | Exampero cwEPR v1.0 (easyspin.org)

GUI front: cwEPR etc. - J
Announcement of N -
- ‘uaives
Easyspin for Octave e
o Daatrewian | 125 [ petesiin |
. p— Sim Lrewian [ 11 Save Parameters -

https://octave.discourse.group = Tl BREE e | L lme) e
[t/easyspin-for-octave/1177

Commercial machines
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Magnetic refrigeration

A

Many attempts for commercial use

Ca mfrl d g @ .Clean;'Green & Magnetic
ridge is creating a

Using novel metal alloys and magnetic fields
W

isothermal

Temperature T

AWARD WINNER

100 7Evc

N

\E B =0 B = B,
' guBBo

PRINT

Air Conditioning with Magnetic Refrigeration

m»

QrpQ-e

PROJECT

AAAAAA
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Magnetic refrigeration (2)

Entropy of a free spin system

18 | ' I ' I ' I

1.6 a~1.344B

7=3 forg=2,T=1K
BinT

1.4
1.2

0.8
0.6

Entropy S/kgNa

0.4
0.2

cun1 (%)
T ) 5_g

2J+1 2J +1 1
M:NAguB[ 2+ coth( + a)——cothg}

2 2 2
_ gusB
kgl
5 zgcothg—QJ—'_lacoth 2J+1a
Nakp 2 2 2 2
sinh[(2J + 1)a/2]
+In sinh ar/2 '

Cooling material
Maxwell relation: 95\ _ (oM
B ), \oT ),
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Active magnetic refrigeration

coolant pump

heat \ C:D

exhaustion < ! heat absorption
< !
\_.. Bt S +f
2 S e S s 2
=l | (B _
:EE 7 L EEE - l’ T
s _,ﬁ : CEEEEL S ' refrigeration cell
' - = 7 Pr
"'_/W-%l 1\ (@
magnet W "~ magnetic / |
| | material magnet
magnet yoke —— motor

i
|
T
rotation axis
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Chapter 3 Magnetism of Conduction Electrons

3.1 Pauli paramagnetism
3.2 Landau diamagnetism

3.3 An example of orbital diamagnetism

https://sci-toys.com/scitoys/scitoys/magnets/pyrolytic



Spin paramagnetism in free electrons

= Hamiltonian: kinetic
\ Er / m energy + spin

spin variable:

How to count k in metals?

> Periodic boundary condition
in L-cube

1
T = Z Ekc;rwcka + —guB Z ac;rwckg

2
ko ko
g . (Ta \l/) — (17_1)
2
k = %(nx,ny,nz) (ng,ny,n, : integers)
R k>
B = 2m
Constant E sphere radius: kp = Q?E
(E)= = (Z PR
PREI= T3\ on E4E
&y 1 mkE




Paull paramagnetism

Expectation value of _ gHB > "o (ch,cho) = 9B > [f (Ek - gMBB) — f (Ek + gﬂBB)]

magnetic moment: 2 4= 2 = 2 2
Fermi distribution ) — 1
. fE)= —
function: exp[(F — u)/kgT] + 1

: . : > B B
Chemical potential u is determined from N, = / dEp(E) !f (Ek: _ 9B ) i+ f (Ek: 4 9kB )]
0

2 2
p— Ex
o gus [ gusB gusB
Magnetization:. M = = dEp(E) | f | Ex — > — f| B + >
0
A
L T —0 o (98B
2
E Pauli paramagnetic susceptibility
B gusB oM guB\ 2
B
Er — 9#2]3 Ly + 2 B—B — XPauli = (T) [QIO(EF)]
22




Landau quantization

Hamiltonian free electron + 1 9
Co H = — § .+ eA
magnetic field 2m 4 (p )

(/

B =rotA
Landau gauge: A = (0, Bz,0) o
= (0,0, B)
Schrodinger 2| 92 92 o eB \°
: — — 5= — FE
equation: om |22 T 92 T <8y ' 37) (8 (%

Homogeneous for y and z
- Functional form assumption: % = expli(kyy + k.z)|u(x)

2 2 2 27,2
Differential equation for x — h {d ° + (k — ﬁaﬁ) ul = (E — Zkz) U
m

2m | dx? Y h
. . hk 2 B)? B
Harmonic oscillator at z. = —2 The (eB) S We = i . Cyclotron frequency
eB 2 2m m
o h2 k2 1 h2k?
Landau quantization FE(n,k,) = o T\t g ) =5 =+ (2n+usB (n=0,1,2,---)
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Landau quantization: forms of wavefunctions

-1 0 i
(a)

Diagonalize X Diagonalize X% + Y? « Symmetric gauge
A=Bxr/2



Orbital diamagnetism

How to count density of states?

Periodic boundary condition in a cube with side length L

o 2 h?k? 20/2mE,
z-direction k, = %nz (n,=0,%£1,---) E, = = Number of k, below E m

2m z h

: . 2
y-direction  k, = %ny (ny =0,%1,---)
< diraction L< <L L hk h 2w <L _ |n‘<eBL2

g = te =7 2_63 eBL W=7 VYN Anh
2
Landau level degeneracy (in xy-plane) is
the number of states 3 Nmax
L . E — HBB
below the total energy: Q(F) = —+/8meB Z VE—(2n+1)pugB  Mmax = int ( > )

ds?2

= {1+ exp[—(E — 1) /knT]}dE

Free energy: [ — Ny — szT/

25



Orbital diamagnetism (2)

Partial integration

df} _ 1 exp|— (£ — p)/ksT]
/ g M expl(E = ) /heT]AE = = f HE) (‘kBT) T+ expl— (B — 1) /kT]

1 d :
=7 [/Q(E)dE] dE 1+ exp|(E — M)/kBT]dE

d 1

dE

1 2\/8m eBL3 iy
= (2n + 1) B]3/? dE
kT / Z no D B e o l(B = 1) Jhn T
A — ]‘6L3 m3/2(ﬂ B)5/2
F=N A/qﬁ ! dE s o
of )3E T+ oxpl(E — 1) kT HE) "”’i E L1 3/2
T~ 2B\ 2
=
T—0  F=N.Er— Ap(Ep) g = o
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Orbital diamagnetism (3)

Nmax E 1 3/2
To calculate ¢(E) = ) [2” B (n+ 5)]
B

n=0

Mmax 1 3/2 9 1
We use an asymptotic expansion x> 1 ) [a: - (n + —)] ~ g;1;5/2 LY.

—~ 2 16
which can be obtained by applying Euler-Maclaurin formulato F(y) = (z — y)>/?
S notl 1 2 1
S Fm+1/2)x [ dyF) - gl (e +1) - F (O] = 2a%2 - St
n=0 0 24 5 16
L3
The free energy: F = const. — ?P(EF)(MBB)Q 4.
. _ 2 )
Landau orbital diamagnetism:  XLandau = —3 p(Er)pg
Total susceptibility of free _ 4

X = XPauli T XLandau = _P(EF)IJJ%
electrons: 3

27



Summary

» Magnetic resonance (continued)
» Spin Hamiltonian
» Example of analyzing experimental data on electron paramagnetic resonance

» Application of paramagnetism: magnetic refrigeration

Chapter 3 Magnetism of conduction electrons

» Pauli paramagnetism

» Landau diamagnetism



