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About me

Research interests: \
Quantum transport in topological materials, magnetism,
and spintronics. My research focuses on the theoretical

: ; D)
understanding of quantum transport phenomena and 6
spin dynamics in topological and magnetic materials, C,
including axion insulators, magnetic skyrmion, and u

emergent spin textures.
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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
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1.1 Magnetic moment

* Einstein-de Hall effect

VS

X v

e Barnett effect

Magnetic dipole: u = qd Current loop: u = Is
* Dynamic response
« V-B=#0 (divergent) « V-B=0 (divergentless)
* Magnetic line ends on charge g or —q e Magnetic line never ends

* Magnetic moments are associated with

the angular momentum
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1.1 Magnetic moment

electron nucleus  u=y(hL),y: gyromagnetic ratio
n L I =q/t, T =2nr/v
hS ,.  Tmrq  qrv
I I p=mril=——=-
rXp qL
-4 2m  2m
2 Bohr quantization:L = nh
eh

* Bohr magneton:up = — —
e

—el, qnL
2m, 2my,

U Hp = 9.274x10724 2 (S))

= 5.788x10—5%
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1.1 Magnetic moment

» Orbital angular momentum: 2 L = #xP

2|1, m) = 2 and L
ILm) = Il + DI, m) |, m): eigenstate of L? and L,

L,|l,m) = m|l,m)

[: 0, 1, 2, 3, 4, 5... m: (=1, ...0,...0)
s p d f g k.

* Spin angular momentum: § = 1/2

§2|i> =1/2(1+1/2)|%) [ga; gb] = L€gpcSc
S,l+) = +1/2|+)

* Full occupied orbit: zifi = 0, Zi§i =0 YHL Nankai University 9



1.1 Magnetic moment

* L — S coupling
L= zl 251

Eigenstate: Y = |, m;, s, m;)

L and S are both conserved

» | — ] coupling

Spin-orbit coupling(SOC): AS - L

] is conserved

Hund’s rule:

1. Maximize total S
2. Maximize total L

3. If less than half filled (n <2), J = |L — |
If more than half filled (n > %),] = |L + S|

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

Eigenstate: Y = [/, m;,[,s)
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1.1 Magnetic moment

i, = ,LLBZ YL = ug/h
s = 2ugS Vs = 2ug/h

s = ug(L + 25)

+
=l

h=p
=1

* Landé g-factor:

S(S+1) —L(L+1)
2](J + 1)

U 3

=— _ =—4

J up] 2
Deviation???
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1.1 Magnetic moment-crystal field

Octahedral

4 g B
d orbit
J iy Lz e
Tetrahedral s
oy Gz
d orbit
‘ dZZ dxz_yz

9

Jahn-Teller effect !
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1.1 Magnetic moment-orbit quench

Crystal field Crystal field
-+ & -+ -+ o -+ @ &
I hS (partially) quench hS
-‘I',:__»_'_:ﬁ? © © © | > ® 1-..,? © ©
© © © © © © e© o

Inner orbit without quench Outer orbit with quench
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1.2 Magnetic anisotropy

- Magnetocrystalline anisotropy <<= Spin-orbit coupling: H = A7 - I

- >\ 2 - >\ 2 N >\ 2
Hani:K(e'S) Hani=K1(61°S) +K2(€2’S)
Uniaxial biaxial
K < 0: easy axis; K > 0:hard axis Cubic anisotropy
* Shape anisotropy « Magnetoelastic anisotropy

Dipolar field effect .
H * Exchange anisotropy

rr7z7z77 s
o H =] %S Sy + K Ty SES7
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1.2 Mag anisotropy-Stoner-Wohlfarth model

Total energy

E=—puoH -M—K(& M)

= —uoHM cosp — KM? cos(yp — 6)?

Minimizing the total energy

)
61/) =0 = ugHM sinyp + KM?* sin(2(y —6)) =0

0%E 5
5 > 0 == ugHM cosy + 2KM COS(Z(I/) 6)) > (

lp YHL Nankai University 15



1.2 Mag aniSOtI‘()py-Stoner-Wohlfarth model

We obtain
hsiny + lSin(Z(l/J —0))=0 0 —— 1M _
: T pan
hcosy + cos(2(p — 6)) > 0 i 80 1

with h = u H/2KM

9 =0 %

Sil’ll/)=0 —> l/JZO,T[
hcosYp+1=0 == h,=+1

e\ se

\
\
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1.2 Mag aniSOtI‘()py-exchange bias effect

Total energy

— —> — —>\ 2

E=uH -M+Jm-M—K(é M)
= (ugH + Jm)M cos
—KM? cos(yp — 0)?
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1.2 Mag aniSOtI’Opy-exchange bias effect @) A4+ ¥

Nankai University

Y L v H: T - T .' T - T
reok | MO Cc : =K e
V,=+35V i V=V =2V | s
|
|
< —he— DT —C — -
|
< o, S X '
< — !
1.0 St 3T NG
| — OT
—~ 0.5¢ ~ A 5T |
% \ 1 s
< 0.0} [4Kke 25kQ ] 2
X X Sl 7T |
< 051 \ i B 5T
7SL #1 \ A oT |
I 7SL #1 —
e R P v——— ' i : A . . . 6SL #1 e 9T
9 6 3 0 3 6 9 -5 -10 05 00 05 10 15 6. oF . oo bEe . 1D
u,H (T) uH (T) o H (T)
0

Bo Chen*, Xiaoda Liu*, YHL*, et. al., Nano Letters 24, 8320—-8326 (2024) YHL Nankai University 18
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0.8} oof  —rHd <
3 2 1 0 1 2
p A (T) p, A (T)
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1.3 Exchange 1nteraction

« Hamiltonian

p.z
H = z _l+V(T'1—T'2)

_ 2m
i=1,2

Wavefunction: ¥ = y(1,2)y(1,2)

p1,2) = 21822 P21 g9y = 1), 100), 1), 10D 2(1,2) = 0,00, [1,my)

7

,(1,2) = "”(’)Z}"’z"“ 11 (12) = 0,0) = (118 — L) /VZ
/2

l/)z(l,Z) — ¢1¢2 ¢2¢1 XZ(]-;Z) — |1)mS>

V2
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1.3 Exchange 1nteraction
* The wave function must be antisymmetric

Y, = ¢1(1:2)X1(1»2) ¥, =19, (1,2) x> (1,2)

* The Coulomb’s energy: W;HY; = y); HY);

K = ff dr1d7”2|¢1(7"1)|2|¢2(T2)|2V(7”1 — 1)
J

)
= Lf dridryp,(r) @2 (r)V (e — 12) P2 (12) P4 (12)
Vsym(rl _ 7"2) =K+] Vanti(rl — 7”2) =K—]J

Y;HY;, =Y, HY; = y;Hsx; = Hg = —]§1 .§2 Direct exchange!!!
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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 O

Mostly antiferromagnetic coupled---180°

Insulating materials

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

Two magnetic atoms are coupled through conducting electrons

eava
T

H = /12 §-S;8(# —R;) sd-interaction
i -

52
ConduCtlng materlals ]RKKY ~ COS(ZkFr) /r3 YHL Nankai University 22
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1.3 Exchange-asymmetric exchange

ri oo - rJ
. > A - = > A - = > 7 /____/-""/ X \'\\\
H1 = )].iO' . Si6(r — Rl) + A]O' . 515(7" — R]) + lo ; Si 3 'L ! Sj
i
Spin-orbit coupling © Dy
Recall
> - > > - N >\ o/ - - l - -
2 (01|a : Si|02)(02|0|03)(03|0 : Sj|01) = Trc(a : Sl-)a(a : Sj) = _ZSiXSj
01,02,03
Applying the second order perturbation theory
gives
H,;=D-S;X 5‘*’] Dzyaloshinskii—-Moriya interaction
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1.3 Exchange 1nteraction

* Magnetic dipolar interaction
S P Weak but long range!!!

3 )
Arr3 [“1'“2_ﬁ(ﬂ1‘7")(ﬂz‘7")] ~ 10723J, or 0.1 meV

\\\\\\\%////I / //5\\\ //
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1.4 Magnetic ordering

* Spontaneous symmetry breaking

Hamiltonian preserves the symmetry while the ground state does not!!!
H=] 2 § i° .S_'; Preserve SU(2) spin rotation symmetry

ij
) = | T1T5 ) 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
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1.4 Magnetic ordering-diamagnet

e © © o @

ahtsa © o 9;}5

© © © o @
—ne?(r?)

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

6mipg
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1.4 Magnetic ordering-paramagnet

* Independent spins B

1
o
o
H
o

* Hamiltonian g = g4.S-B

Ems = gugBmy

lpms = |s, my)

* Boltzmann distribution function: p(m,) < exp{—E /kgT}

st=—s,s mg exp(_g.uBBmS/kB T)

M(B) =
Zm5=—s,s exp(_gMBBms/kB T)
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1.4 Magnetic ordering-paramagnet

e Spins=1/2
~ gugB gugB
uslexp (~9g27) — exp (327! gitsB
M(B) = gisB gugB\, Mo G )
_ B
2lexp (- 3527) + exp (327!
M/M. or y
M(B)/M; —tanh(
kpT
>
OM(B) nugu? - kg B
X=——p = k;)TBcosh 2(ugB/kgT) ksT

What 1f large s? continuous s?
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1.4 Magnetic ordering-ferromagnet

e Hamiltonian

H=-]) 5 S—guBZB /=0

(ij)

t
t
=] ) S G—{5) + G - guBEB 1

(ij)

=] ) Si- (§) +65) - guBZB

(ij)

~ =] ) S (5) guBZB 5, —25( gusB —J ) ($)

(i) (J)
What if d < 27




1.4 Magnetic ordering-ferromagnet

* Magnetization curve

AtB =0 B+#0

M/M,
M/ M,

05 +

T/Tc

YHL Nankai University 30



1.4 Magnetic ordering-antiferromagnet

e Hamiltonian The solutionto d < 2

H = ]ZS 5 - KESZ—guBZB 5, J>0

(ij)

b1+

— - —) — —)
1
=
—>
_|_
<
-

University 31



1.4 Magnetic ordering-antiferromagnet

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

A AA AL
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1.4 Magnetic ordering-ferrimagnet

e Hamiltonian

J]>0,8 %5,

H=lz§i°§j—KZSi2z—gﬂBz§‘§i
i

(ij)

i




1.4 Magnetic ordering-noncolinear

Hamiltonian
H =]Z§i - +Z(5X5ij) - (5i%5)) _Kzsizz_gﬂBzﬁ'gi
(ij) (ij) i i

—
—_—
—_ = = = =




UN;

1.4 Magnetic ordering-noncolinear Aalx X
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%

N,
-

=

NA
7/

a h-BN transfer Tearing the FGT

S W I

Rotation and stacking d  Electrodes on the top FGT layer

Twisted ) )
FGT =~
v

€@ Schematic image of device f

10 nm

Normalized R,

Optical image and
measurement schematic

N

0.15 01 005 0 005 01 015
Magnetic field p,H (T)
Kim, Zhang, YHL, et. al., Topological Hall effect in twisted Fe;GeTe, metallic system, Nat.

Commun. 17, 2931(2026) YHL Nankai University 35
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1.4 Magnetic ordering-noncolinear

asr b
oo [ Ag
= 5
30 %
n O
gﬁ" QO v
= :
ST S ©
o-

-1

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, Nat.
Commun. 17, 2931(2026) YHL Nankai University 36



1.4 Magnetic ordering-disordered

e Hamiltonian J>0
(ij) i 7 1 ‘
Skyrmion? Spin liquid?

How to determine the magnetic ground state??? -



Outline

2. Dynamic magnetic properties

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

YHL Nankai University 38



2.1 LLG equation

dM T — dM
y: gyromagnetic ratio n: damping factor
Effective field:  F = a—i
oM
Hamiltonian

H=—]z§i'§j—K25iz—gﬂB B-5i+--

(ij i i

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

YHL Nankai University 39



2.2 Magnetic resonance-FMR

dM — - — dM
W =y (MxHeff — nMx E) + .- (SOT, STT, Tem...)

dM,

. = yMy(/iOH + KM,)
dM,,

dt

dM,
at

M, = mcoswt, My, = msinwt, M, =1 = w =yHgrr Kittle formula

dM Lo
—_— = _VMXHeff —

o = —yM,(uoH + KM,)

Herp ~ 2KM — f = ~GHz

YHL Nankai University 40



2.2 Magnetic resonance-AFMR

Hamiltonian

H=]) §i-§-K) St—gus ) B-S,
I

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

= fdr{Z]m1 "My — K[(mf)z‘F(m%)z] — gugB - (my + my)}

Eftective field
g =91 _ 2JM, — 2KM B gz, =21 _ 2JM; — 2KM B
ef f Oﬁl 2 JHp ef f oM, 1 JHp

YHL Nankai University 41



dM,
= My
s :
dM,
“q = YMexHey

Solve this eigenequation, we obtain:

f= % =y Hg(Hy + Hg) ~THz

M7 M Heypr
d (M) —M{Hgys
de|mz| =7 MY HZ
[

AFMR 1s 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!!!

T>0

A =21k

H=—] ) S-S
i c7c7> CTD bttt

ds;

i - 2] - - - -

T S, H| = % 56 5;%(Sj-1 + Sj41)]

. S = uexp[i(jka — wt)]

¥
j _ y y y .

h? = ZIS(ZS]- — Sj—l — Sj+1) Sjy = exp[l(]ka — wkt)]

ds? €, = hwi, = 4]S(1 — cos ka
hd_i — _ZJS(ZS]x - S]x_l - S]ﬁ_l) . : ] (YHL Nankai Univers)ity 43



2.3 Magnetic excitation-HP transformation &5

. 1
[Sa» Sp] = i€apyhSy 8,8 —n) —» —— (aT)n\O>B
vn!
S |s,ms) = h%s(s+ 1) |s,ms),
Sz 3,m8> :hms ‘3’m8>. St =38, 15,5 =358, — 15y

Holstein-Primakotf Transformation

f f
S+:h\/23\/1—%a, S_.=h 2saT\/1—ﬂ, S, =h(s—a'a).
s
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2.3 Magnetic excitation

YHL? and Ran Cheng®, Physical Review B 103, 014407 (2021)
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2.3 Magnetic excitation

Q"«*
O RKEEX
X /' Nankai University
@ TN '
3.463 N\ ) ' ' Wl\w
. : : !
0 \ .
LLI3.458 2 '
2.942

1.5

*]10~8

-1.5

YHL? and Ran Cheng®, Physical Review B 102, 094404 (2020)
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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
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3.1 Magnetoresistance

R(Moﬁ) — R(0)

MR% = x100% Typically < 2%

R(0)
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1 1 1 1 1 1

— = — —_

= +
Ry 2Ry 2Ry, R R+ Ry Rpp+Ry

Raa < RJE

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" VHL Nankai University 49



3.3 Spin pumping and spin torque

ded 3
?éd T ¥ ’TQ
e ?

@ <0000
q

Spin-polarized
Unpolarized Spin transter torque Spin orbit torque
electron
current oS R
) Tfield = 57 = c1SXS
Spin pumping Hepp =J]5-S

Taamping = C2(§%S)xS
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3.4 Spintronics

0'-..
'"'FM AFNI
ey oeq
. . --..
...... 5 ol a >
---------
-
. R A T o
. - L4 -~

L d
- -
...........

* Spin Hall effect and inverse spin Hall effect
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3.4 Spintronics

Hax¥

Nankai University

J— ¢ J(P) ~ J(P)
%g%gfiég D@sr eir ©O JS(_P) + ']S(P)

' ]
i~ | @ v | |
tdtt\ — @ La/Sr @ Mn “g 03 L Jﬁ 1 '

| %] o
0.2

Device number

Xiaoxi Huang*, Xianzhe Chen*, YHL*, et.al., Nat. Mater. 23, 898-904 (2024)
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Thanks for your attention
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