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1. Static magnetic properties

*  Magnetic moment
*  Magnetic anisotropy and Exchange interaction
*  Magnetic ordering

2. Dynamic magnetic properties

Landau-Lifshitz-Gilbert (LLG) equation
Magnetic resonance
Magnetic excitation

3. Magnetic effect
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1.1 Magnetic moment

Magnetic dipole: u = qd

- V-B%#0 (divergent)
Magnetic line ends on charge q or —q

v

Current loop: u = Is

« V-B=0 (divergentless)
* Magnetic line never ends
* Magnetic moments are associated with
the angular momentum

Aax¥
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Barnett effect

Dynamic response
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1.1 Magnetic moment

electron nucleus  u=y(hL),y: gyromagnetic ratio
n n I =q/t,T=2nr/v
hS _ 2y nréq  qrv
I | H=rmri == =2
_ TXp
— 4 2m
U Boh 1 L h
ohr quanEr;z;natlon. =n
eh

* Bohr magneton:ug = — —
e

—el qnL
2m,

up = 9.274 X 107244
S|
SD_ 5788 x 1075
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1.1 Magnetic moment

« Orbital angular momentum: AL =# x P ~ - LA
J [La: Lb] = l€qpcLc
72 —
EPlLm) = 1+ DILm) |l, m): eigenstate of L2 and L,
L,|l, m) = m|l, m)

[: 0, 1, 2, 3, 4. 5. .. m: (—1,..0,..0)
S p d f g h...

e Spin angular momentum: S = 1/2

S2|4+) =1/2(1 4+ 1/2)|+) 1Sa, Su| = i€apeSe
S |4+) = +1/2|+)

 Full occupied orbit: ziZi =0, Zi§i =0 VHL Nankei University 9



1.1 Magnetic moment

* [ — S coupling Hund’s rule:

L = 21 z 3 1. Maximize total S

2. Maximize total L
3. If less than half filed (n < 3),J = |L = S|

Eigenstate: Y = |[,m;, s, m,) ¢’
If more than half filled (n > 1= L + S|

L and S are both conserved

Good for 4f orbital, however, bad for 3d
orbital and heavy atoms

« | — ] coupling

Spin-orbit coupling(SOC): AS - L

] is conserved Eigenstate: y = |J,m;,[,s )
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1.1 Magnetic moment

(H(t)) gugJ

iy = ,UBL YL = Ug/h
ids = 2ug$ Ys = 2ug/h
io= iy + fig = pg(L + 25)
J=L+S

* Lande g-factor:

w3 S(S+1)—L(L+1)
up] 2 2](J + 1)

Deviation?7??
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1.1 Magnetic moment-crystal field

Octahedral

Tetrahedral

J

>

E dZZ dxz_yz
d orbit
g Bz e
by day
d orbit .
- d,2 2_ A2

Jahn-Teller effect !




1.1 Magnetic moment-orbit quench

Crystal field Crystal field
o o o @ o [+ & ()
I hS (partially) quench hS
-I::_;I? © © © | > ® i-..g © o
© © o o © © o o

Inner orbit without quench Outer orbit with quench
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1.2 Magnetic anisotropy

» Magnetocrystalline anisotropy <= Spin-orbit coupling: H = 16 - L

N >\ 2 N >\ 2 - 2
Hani —_ K(e . S) Hani — K1(81 ‘ S) + Kz(ez . 5))
Uniaxial biaxial
K < 0: easy axis; K > 0:hard axis Cubic anisotropy
« Shape anisotropy  Magnetoelastic anisotropy

Dipolar field effect

+ + +

)')')')')'

« Exchange anisotropy

e T

H =] %S S+ K L4 S/

YHL Nankai Uni 14



1.2 Mag aniSOtrOpy-Stoner—Wohlfarth model

M
Total energy

E=—poH - M —K(é- M)

= —uoHM cosp — KM? cos(yp — 8)* H(<0) (/ H(>0)
Minimizing the total energy

0E

o0 =0 == uogHMsinyp + KM?sin(2(yp — 0)) =0

0%E
81/)2 >0 =) ugHM cosp + 2KM? cos(Z(lp 8)) > ()
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1.2 Mag anisotropy-Stoner-Wohlfarth model

We obtain

. 1. :
h sin +Esm(2(lp —0))=0 0 T —

4
hcosy + cos(2(p — 0)) > 0

0.5

with h = poH/2KM I ;

-0.5;

=

siny =0 = Y=0,7 —
hcosy +1=0 == h, = +1
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1.2 Mag aniSOtI‘()py-exchange bias effect

Total energy

- @ — — —>\ 2

E=poH -M+Jm-M—K(é M)
= (uoH + J/m)M cos
—KM? cos(yp — 0)°

T>Tx T <Tx

YHL Nankai University 17



1.2 Mag aniSOtI‘Opy-exchange bias effect @) 4 A~ F
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| T T T H - T - T T '| - T - T
ra | c DA .
V,=+35V ; VENE=+12Y | IRy
|
b —— 7T S —— -
|
< — e BT e ; . -
|
< s —— s '
' T T T T < — ,
1.0 : Sl =3T -~
! — 2T
~ 0.5¢ . AN -5T |
) — _
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= S Nl T |
< .05} i " : . 5T
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Bo Chen*, Xiaoda Liu*, YHL*, et. al., Nano Letters 24, 8320-8326 (2024) VHL Nankai University 18
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Bo Chen*, Xiaoda Liu*, YHL*, et. al., Nano Letters 24, 8320—8326 (2024)
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uH = +1.08T
o' TR

000 mmP wmP
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uH.q = +0.66T
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1.3 Exchange 1nteraction

« Hamiltonian

H = z —+V(r1—r2)

i=1,2

Wavefunction: ¥ = ¢(1,2) x(1,2)

p(12) = 2822 BB oy =y, 100, 110, 1400 2(1,2) = 10,0), |1, m)

V2
,(1,2) = "51(’52}"52"51 x1(1,2) = 10,0y = (1) — L) /V2
/2
1h,(1,2) = P10z~ P2t x2(1,2) = |1, my)

V2

YHL Nankai University 20



1.3 Exchange 1nteraction
e The wave function must be antisymmetric

Y, =v,(1,2)x,(1,2) Y, = 9,(1,2) x,(1,2)
+ The Coulomb’s energy: W,HW; = 1, H;
K = || drdnloaPRIg.0)12V (= 12)
J = [ dndrug 06,00V 03 = )92 ()0 )
Voym(n — 1) =K +] Vonei(ry = 15) =K — ]

W;HY; = Y;HY; = y;Hsy; =) Hg = —]§1 .§2 Direct exchange!!!

YHL Nankai University 21
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1.3 Exchange-indirect exchange

* Superexchange interaction O
Two magnetic atoms are coupled through C |
another nonmagnetic atom —such as oxygen
Mostly antiferromagnetic coupled---180° O

Insulating materials

* Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction

Two magnetic atoms are coupled through conducting electrons

H = Az g-S;6(—R;) sd-interaction _ \gf
i
Interaction strength oscillates with distance r 51 T T S,
COIldllCtiIlg materials ]RKKY ~ COS(ZkFr)/T'3 YHL Nankai University 22



1.3 EXChange-asymmetric exchange

v/

Spin-orbit coupling

Recall

> (01| - Silo)0ullos)as]6 - Sjlon) = Tro(G - S)( - 5)) = =75 %5,

01,02,03

Applying the second order perturbation theory
gives

H,, = D - §i % §‘] Dzyaloshinskii—Moriya interaction

YHL Nankai University 23



1.3 Exchange 1nteraction

e Magnetic dipolar interaction
S p Weak but long range!!!

- - 3 - - - - —
[y - iz = — (i - F)(fEz - )] ~ 1072, or 0.1 meV

\\\\\\\\%////[ / //g\\\ //

YHL Nankai University 24




1.4 Magnetic ordering

* Spontaneous symmetry breaking

Hamiltonian preserves the symmetry while the ground state does not!!!
H=] Z S i §'] Preserve SU(2) spin rotation symmetry

ij
[y = 1475 ) Breaks SU(2) spin rotation symmetry

* Mermin-Wegner theorem

1. Short range interaction, 2. d < 2, T > 0, 3. continuous symmetry

—> 4. No spontaneous symmetry breaking

YHL Nankai University 29



1.4 Magnetic ordering-diamagnet

© © © o &

ahéa © o ﬂfg

© © © o &
—ne?(r?)

 Larmor diamagnet: y = What if B 1s vary large???

6mpg

YHL Nankai University 20



1.4 Magnetic ordering-paramagnet

 Independent spins B =0 B =0

* Hamiltonian y = gu.S-B

Ems = gugBm;

l/)ms = |s, ms)

* Boltzmann distribution function: p(mg) « exp{—E /kgT}

st=—s,s mg exp(_gﬂBBms/kBT)

M(B) =
Zm5=—s,s exp (_gﬂBBms/kB T)

YHL Nankai University 27



1.4 Magnetic ordering-paramagnet

* Spins=1/2
_gugB\ gugB
“B[eXp( ZkBT) eXp(ZkBT)] gugB
M(B) = = up tanh( )
2[ex (—g‘uBB)+eX (H.UBB)] 2kgT
P\ ™ 2k,T P\2k,T
M /M, or y
M(B)/M =tanh(@
> kgT
>
aM(B) nﬂol,lz _ M
Y = pYs = kBTB cosh™%(ugB /kgT) kpT

What 1f large s? continuous s?

YHL Nankai University 28



1.4 Magnetic ordering-ferromagnet

e Hamiltonian

H=-]) 5 S—guBZB /=0

(ij)

=] ) S 5i=(5) + (5 - guBZB

(ij)

=] ) Si-(§) +65) - guBzB

(ij)

—]ZS § gﬂBzB S _ZS( g.UBB ]z

(ij) (J)

What if d < 27

YHL Nankai University 29



1.4 Magnetic ordering-ferromagnet

* Magnetization curve

AtB=0 B #0

M/M,
M/ M,

05|

T/T¢

YHL Nankai University 30



1.4 Magnetic ordering-antiferromagnet

e Hamiltonian The solutionto d < 2

",/"
i

(ij) L

—p
— =P =P

nkai University 31



1.4 Magnetic ordering-antiferromagnet

G-type A-type C-type F-type

STALA L AL

YHL Nankai University 932



1.4 Magnetic ordering-ferrimagnet

e Hamiltonian

H=12§i-§j

(ij)

|l

J]>0,5 %S,

Y st Y E S
[ [

t




1.4 Magnetic ordering-noncolinear

Hamiltonian

H=]Z§i'§j+2(ﬁxgij)'(§i><§j)—KZSi2z—gﬂBz§'§i
i

(ij) (i)) i

Néel-type skyrmion Bloch-type skyrmion

bbby Yy
R, i
b7y (D)

3
YN

YHL Nankai University 34



1.4 Magnetic ordering-noncolinear &) 4 4~ ¥

7519 Nankai University

a h-BN transfer b Tearing the FGT
60 K T‘D_
\W. » 6 nm
PCL h-BN FGT h-BN
C Rotation and stacking d Electrodes on the top FGT layer
10 nm

I FGT “=‘\‘ ‘r//ﬁﬂ//"

Normalized R,

f Optical image and
measurement schematic

i Fe

€  Schematic image of device

-0.15 -01 -005 O 0.05 0.1 0.15
Magnetic field p,H (T)

Kim, Zhang, YHL, et. al., Topological Hall effect in twisted Fe;GeTe, metallic system, under
review in Nat. Commun. VHL Nankai University 39
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1.4 Magnetic ordering-noncolinear

as b
00 | ’\g

o :
o nn O

éﬂ" QO i

= 3
NT < ©
o_

5

0 50 100 150 0 50 100 150 0 50 100 150 200
X(nm) X(nm) X(nm) X(nm)

Kim, Zhang, YHL, et. al., Topological Hall effect in twisted Fe;GeTe, metallic system, under
review in Nat. Commun. VHL Nankai University 36



1.4 Magnetic ordering-disordered

e Hamiltonian J>0

H=]) SiS—K) SL—gus ) B-S;
l

(ij) i

Skyrmion? Spin liquid?

How to determine the magnetic ground state??? L Nonkai University 37



Outline

2. Dynamic magnetic properties

Landau-Lifshitz-Gilbert (LLG) equation
Magnetic resonance
Magnetic excitation
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2.1 LLG equation

dM T — dM
y: gyromagnetic ratio 1n: damping factor
Effective field: [ fF = a—i
oM

Hamiltonian

) ] i

<l] l

= [ dr[Ja®?(Vm)? — K(m,)? — gug(B-m) + -]  For FM

YHL Nankai University 39
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2.2 Magnetic resonance-FMR

dM T —  dM
M,
dt — yMy(.UOH +KM,)
dﬁ — — dMy
dM,
dt

M, = mcoswt,M, =msinwt,M, =1= w =yH,sr Kittle formula

YHL Nankai University 40



2.2 Magnetic resonance-AFMR

Hamiltonian

H = ./':EE: S - 5; o l('ZEE: :;LZ B :EE: Z§ "gi

(ij)

= [ dr{J(2m, - my) — K[(m%)?4+(m%)?] — gugB - (m; + m;)}

= [ dr{2Jm, - my, — K[(m%)?4+(m%)?] — gugB - (my + m,)}

Effective field
Hepr = —= = 2]M2 - 2KM1 gugB Heff — L= = 2]M1 - ZKMZ gugB

aMl aMZ

YHL Nankai University 41



2.2 Magnetic resonance-AFMR

dM,
Cll: —_ "'}’1»15_ X in;gjc]r
—
dM, _

Solve this eigenequation, we obtain:

f = % = y\/HE(HA iHB) "'THZ

M3 | M; Hepp
d M) —M{ Hy ¢
dt M; - MyHeff

Myl | -MEHZ,

AFMR 1is on the order of THz, which
1s about three orders of magnitude
larger than FMR!!!

Fast dynamics !!!

YHL Nankai University

42



2.3 Magnetic excitation-spin wave

Goldstone theorem

continuous symmetry 1s spontaneous breaking o
gapless boson excitation!!!

r>o0 i A = 21ilk :
H=-] ) 5 . ) ) ) ) ) .
i) c7 c7> cf:> ﬁ: §:> f: — c? c7
ds, 2] -
E_ __[SLJH] SlJSX(S] 1+S]+1)]
is? S;" =uexp[i(jka — wyt)]
hF = 2JS(257 - L= S%) S” = vexpli(jka — wt)]
as;? €, = hwy,, = 4JS(1 — coska
h_] —_ _ZJS(ZS]x — S]?C—l — S]x_l_l) . . (YHL Nankai Univers)ity 43
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2.3 Magnetic excitation-HP transformation &

. 1 n
[Sa Sp] = i€apyhsS, 5,8 —n) > —— (CLT) 0)p
) ) vn!
S%ls,ms) = h°s(s+1)|s,my),
S, |s,mg) = hmy |s,my) . Sy =S, +iS,,S_ =S, —iS,

Holstein-Primakoff Transformation

f f
S+:h\/%\/1—az—§a, S =h 23aT\/1—ﬂ, S, =h(s—a'a).
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2.3 Magnetic excitation

(@)

YHL" and Ran Cheng”, Physical Review B 103, 014407 (2021)

YHL Nankai University 49



2.3 Magnetic excitation

A %
ff' A & A %7
. /' Nankai University
a (b) Y K (C)
3(.46)3 ) 3.463 1 WIW 1,377 4
% s :
W 3.458 4

2942 ¥

YHL" and Ran Cheng”, Physical Review B 102, 094404 (2020)

YHL Nankai University 406



Outline

1. Static magnetic properties

*  Magnetic moment
*  Magnetic anisotropy and Exchange interaction
*  Magnetic ordering

2. Dynamic magnetic properties

 Landau-Lifshitz-Gilbert (LLG) equation
*  Magnetic resonance
*  Magnetic excitation

3. Magnetic effect

E\ lg%ﬁdjﬁg

3/ Nankai University
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3.1 Magnetoresistance

R(Moﬁ) — R(0)

MR% = X 100% Typically < 2%

R(0)

YHL Nankai University 48



1 1 1 1 1 1

—_— = — _

= +
R, 2Ry 2Ry, Rg  Rm+ Ry Rpp+Ry

Raa < Ra&

R, < Rp Typical value MR% ~ 10% — 100%

The Nobel Prize in Physics 2007 was awarded jointly to Albert Fert and Peter
Griinberg "for the discovery of Giant Magnetoresistance"

YHL Nankai University
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3.3 Spin pumping and spin torque

ded $
Y T ¥ ’TQ
¢ ?

e B Ao Ea B
q

Spin-polarized
Unpolarized Spin transter torque Spin orbit torque
electron
current i >
i lrield = 37 = €18 XS
Spin pumping Hepp =Js-S

Tdamping = C2(§ X §) x S

YHL Nankai University 90
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3.4 Spintronics

* Spin Hall effect and inverse spin Hall effect

YHL Nankai University ©1
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3.4 Spintronics

a
ltFL
) : T

¢ e B(-P) L (P)
S‘,}S\Eg% Qe@s e ©oO JS(_P) T JS (P)

& Q‘}Jz @B efe

L'V'{j R 9 @ Lae/SreMn

\Negative bias  Positive bfj/ % O <I>
g' , & 02 Q

?\‘\. ' ||||||||||||
goLiP 12 3 4 5 6 7
' Device number

YHL Nankai University 92

Xiaoxi Huang*, Xianzhe Chen*, YHL™, et.al., Nat. Mater. 23, 898-904 (2024)



Thanks for your attention
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