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Objectives

1. Learn interesting physical mechanisms of major interest in
condensed matter and magnetism

2. Learn some key concepts about the representation theory in crystals
3. Under how to build and read the character table of a given crystal

4. Deduce the general forms of key physical observables (Hamiltonian,
conductivity tensor, DMI and SOT)
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Outline

Lecture 1: A primer on spin-orbitronics
Spin-orbit coupling in crystals, Dzyaloshinskii-Moriya interaction, spin-orbit torques

Lecture 2: Representation Theory applied to crystals
Group of symmetries, reducible and irreducible representations, orthogonality theorem, characters

Lecture 3: Character tables of crystal point groups
Salient features of the character table, invariant functions, decomposition theorem, product group

Lecture 4: Application to the C;, point group
Hamiltonian, conductivity tensor, DMI and SOT

Lecture 5: Your turn, with the C,, point group
Surprise me ©
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Lecture 1
A brief introduction to selected topics in spin-orbitronics

Spin Hall effect

Spin transistor —
X Quantum spin Hall effect
—r

Spin-orbit torque "
\i Y Symmetry breaking
Chiral magnonics
\ Cold-atom systems

irac materials
O
CCC
0 © 0
.0

Manchon et al., New perspectives for Rashba spin-orbit coupling, Nature Materials 14, 871 (2015)
Bihlmayer et al. Rashba-like physics in condensed matter, Nature Reviews Physics 4, 642 (2022).
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Spintronics: A history of revolutions

Giant magnetoresistance Spin transfer torque

Fert & Grunberg
Nobel Laureates 2007\
¥ ﬂ 43

Typically: Co/Cu/Co, CoFeB/MgO/CoFeB

Berger & Slonczewsk1
Buckley price 2013

Typically: (Pt, Ta, W etc.)/ Magnet

Cpir  @rg® »hng
000
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Einstein de Haas effect Barnett effect

Magnetic field Ijl> Mechanical torque Mechanical Torque Ijl> Magnetization

For more information

Matsuo, Mechanical generation of spin current, Frontiers in Physics 3, 54 (2015)
Also Comment by Kovalev, Nature Nanotechnology 3, 710 - 711 (2008).
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Angular momentum conservation: spin transfer torque

Slonczewski’s picture

M — gugs = constant

¢ ) 3 A/'. ¢« b))
Local magnetization Conduction spin
dM ds
The torque exerted by 111 _dt = JUp E
the conduction spins on
the magnetization s . Iv+
given by the balance o
Au
between incoming and CoFeB
outgoing spin current CoFeB {—=—t— ALO; l
Ru -
dM . NiFe- |2
= = T = J domx[(J 5 J24) xm] T
Spin current transverse to M Ta 510z subsirate

J. C. Slonczewski, Journal of Magnetism and Magnetic Materials 159, L1 (1996)  Hayakawa JJAP 44, L587 (2005)
L. Berger, Physical Review B 54, 9353 (1996)
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Spin-orbit coupling in crystals
N eh Electron’s momentum
Hso - — T - VV X ’
2m?c? /G ( / m/

Spin Potential gradient

0.V :I\V A -
In atoms, Vv ~ r HSO — fsoa. * L

r
In crystals, the spin-orbit couphng induce 32 momentum-dependent effective field

(n, kw0 L\n fbr'uga By,

With inversion symmetry

= 8hﬁﬁq(+]%ﬂk % k

~>Berry cu

Without inversion symmetry
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A toy model for interfacial spin-momentum locking

Consider an atomic chain with p-orbitals Topp, P:P: hopping p.p. hopping
| ) g?; \VZZ sz Slater-Koster parametrization
Pz H=v: 0 0 V,z = (V, + V) cos kya
}/ k Vox = —i(Vz — V) sinkya
Bottom p, V* 0 8,2
zZX
Bottom p, /
Ly |px ) The diagonalization brings three eigenstates. For instance
4 1
g (k) = 8,8, 10) = \/lV Z+ V.2 (—Vaxlp2) + Vo2 IDx))
ZZ zZX
X
The orbital moment of this state reads
2V,..V,
(0|L]0) = (0|L|0) = Zx zz sin2k,a y

Vs +, V12 + [V, 27 Fxa

Symmetry breaking promotes orbital mixing, and non-vanishing orbital moment

See G. Manchon et al., Physical Review B 101, 174423 (2020)
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E. Rashba

129,
Ly
Orbital Rashba effect Ly ~ kx

Spin-orbit coupling 5 SOL - §

Tadaaa.... HR = —QRO - (ZXk)

o T

110mev

-0.2 -0.1 0 0.1 0.2

ky (A_l)

Lashell et al., PRL 77. 3419 (1996)

Fort Collins, Colorado

The Rashba effect

Transition metal interfaces: (4d,5d)/Co

N\
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Grytsyuk et al. PRB 93, 174421 (2016)
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The Rashba effect

Topological insulator interfaces: Bi,Se;/3d

0.06

0.10

0.04

E. Rashba

0.05
0.02

0.00 0.00

110mev

P -0.02 "\
|px> -0.04
Ly 0.10 S _
L k -0.10 -0.05 0.00 0.05 0.10 -0.06-0.04-0.020.00 0.02 0.04 0.06
Orbital Rashba effect Ly, X - e
Ifcc ~
: : : . e 30
Spin-orbit coupling 5 SOL S o0osd [
! 2.5
_ [ e
Tadaaa.... HR — —URroO - (ZXk) ey -2o§
0“_:}‘ __________________ .5_/>EH (g 0.04 - 1.5 o
| D
o
=

o
e -1.0
g—o.z 0.02 - I
“ -0.5
'153 -0.3 3
A 0.004 ~0.0

Sc Ti V Cr Mn Fe Co Ni Cu

&) Laref et al. PRB 101, 220410(R) (2020)
Lashell et al., PRL 77. 3419 (1996)
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The Dzyaloshinskii-Moriya interaction

Spin spirals and magnetic skyrmions

LN
" ~

*\.\ S !.’1&_‘ ’
q‘»(‘,"?f’ﬁ{%\%:’«if}
R RY Y AL

D h ) ‘\» \ \“}k)‘
—D - (S§1 XS e
( 1 2) Yu Nature 2010; Nagaosa & Tokura, Nat. Nano 2013

distance (nm)
3 4

Room temperature skyrmions

T M
R
' P -;\

200nm A4t O

See Manchon et al., PRB 101, 174423 (2020) Chen, APL 106 242404 (2015) Jiang, Science 349 283 (2015)
Hajr et al., PRB 102, 224427 (2020)
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The Dzyaloshinskii-Moriya interaction

Transition metal interfaces (4d,5d)/3d

Vv Cr Mn Fle Clo Nli

20 —— W(001)

T I |
—— a
gg 15_( ) —@— Re(0001)
o E§ 10‘_ —@— (s(0001)
—D ) (Sl X Sz) ;Q 5—_ —o— Ir(111)
g, O— Pt(111)
3distanie(nm)5 6 " _ 0___ I S T T——e— o O Au(lll)
T _b6——"0-_ T __UML 4 B
c\’sm\e b)., — <M osasalt Sz
VW =05 ~=g 17 2%
Eﬂ 0 | 1 | | | ——0 CE%

Q A% Cr Mn Fe Co Ni
Belabbes et al. PRL 117, 247202 (2016)

Ferriani, PRL 101, 027201 (2008)

See Manchon et al., PRB 101, 174423 (2020)
Hajr et al., PRB 102, 224427 (2020)
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The Dzyaloshinskii-Moriya interaction

Mn/W
5d>>3d at Fermi level
Large DMI

—D - (51n>< S2)

distance (nm)

T30

heigh

»E Ni W
o Ni/W
e 5d~3d at Fermi level
SO A Weak DMI

Ferriani, PRL 101, 027201 (2008)

See Manchon et al., PRB 101, 174423 (2020)
Hajr et al., PRB 102, 224427 (2020)
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Looking at a magnetic interface...

i 349, 283 (2015
Nature 476, 189 (2011) Science 34 (2015)

i Also Woo, Boulle, Chen
Seience 336,555 (2012) Moreau-Luchaire
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Looking at a magnetic interface...

Spin Hall effect
Ve = ahk&‘f{ + Sﬂk X k

T~mx(yxm)

T

.»-.é

T =T7m X [(z x E) x m]

See Haney et al., PRB 87, 174411 (2013)

Inverse spin galvanic (Rashba) effect

E(k)

Hp~ —a6 -(zxk) Soixj

Ivchenko, Pikus, P. Zh. Eksp. Teor. Fiz 27, 604 (1978)
Edelstein, Solid State Com. 73, 233 (1990)

Insulator

FM

T=7mXx (z x E)

Manchon & Zhang, PRB 78, 212405 (2008)

Dzyaloshinskii-Moriya Interaction
W3D = D3Dm . (V X m)

Yu, Nature 465, 901 (2010)
W2D = D2Dm ' [(Z X V) X m]

Moreau-Luchaire, Nat. Nano 11, 444 (2016)
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[nverse spin galvanic or Rashba-Edelstein effect

Vas’ko-Rashba Spin-orbit coupling

/\M Hr ~ —aé - (z x k)

W

» »
Tellurium
#7072 rad
sr Cy
- & ‘ﬁi a9
L~ ]
Z_
| A A 1 A . ]
R S — s w15 2
2k JX10% a/cm?
_a .
..i —
gL
Vorob’ev, JETP Lett. 29, 441 (1979)

y

Bulk spin-orbit coupling
Hy, = (§/M)6 - (VV X P)

0%e
02 =
87 o
-70 o\
Io) Qa
01 Right circularly :D
polarized light 3 n-GaAs/AlGaAs
z Q
E 0
=
Left circularly %
-01F polarized light Q o
02 Wog®
. L 0o,
—4 -2 2 4
B,M

Ganichev, Nature 417, 153 (2002)

.

Socy=T=AmxS <yximn

Ivchenko & Pikus, Pis'ma Zh. Eksp. Teor. Fiz 27, 604 (1978)
Edelstein, Solid State Com. 73, 233 (1990)

Ag/Bi surfaces

TM su'rfaces
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Ty v et 0.1
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Rojas-Sanchez, Nature Comm.

4:2944 (2013)
Y, Yy

Current direction

Zhang, Sci. Rep. 4:4844 (2014)
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The magnetoelectric effect made simple

Inverse spin galvanic effect

4
Extrinsic ~TQ, m
Y
= § ‘ '

Topological Insulator or Rashba gas

Magnetoelectric effect

Intrinsic (!) agk, >>A, T, = 21 =5 ~ A
- Ok T Oy
sf
S~ %S,
A 2
TA aR
A>>oapk,, T,=T7,=—=§ ~—
. TOA

Li et al., PRB 91, 134402 (2015) 22
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Spin Hall and spin swapping effects

A B ek @ K

%}o\

D’yakonov & Perel, JETP Lett. 13, 467 (1971)

N

o

o%

kxk’@

B, ~ kxk'® ‘I

Lifshits & Dyakonov, PRL 103, 186601 (2009)

Spin Hall torque
R

Tgyg ~m x [(zxj,) x m]

~ZXJ,

Spin swapping torque

TSWNmX(ZXje)
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The Ratio Dampinglike/Fieldlike is controlled by disorder

Spm Hall dominates

Disorder strength I (eV)

Spin swapping dominates

Field-like Torque
0.1 0.3 0.5 0.7 0.9

Spin-orbit coupling o

H.B.M. Saidaoui, and A. Manchon, PRL 117, 036601 (2016)
H. B. M. Saidaoui, Y. Otani, and A. Manchon, PRB 92, 024417 (2015)
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Summary of Microscopic Mechanisms

Inverse spin galvanic effect Spin Hall effect

ST LR "
.» i

T~mx(zxj,) y 4* . 1:~mx[(zx1e)xm]

Magnetoelectric effect Spin swapping effect

/En gl ‘ N;:;gi

. .

T~mX[(zXx],) x m] T~mXx(zx],)
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Angular dependence of the spin-orbit torque

T_L
T' = mx [(e, X E) xm]|A} + B (e, x m)? + Bf (e, xm)* + ...| +

(mxe,)(m-E)|[(Bf —AY) + (B — A7) (e, xm)? + ...]
T! = (e, X E) xm [A} — B (e, xm)? — B, (e, x m)* — ... ] +

m X [(m x e,)(m- E)][(45 + B)) + (45 + B )(e, xm)? + ...].

Garello et al., Nature Nanotechnology 8, 587 (2013)
Ortiz Pauyac, Applied Physics Letters 102, 252403 (2013)
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Symmetry considerations

In 1885 Voigt stated: “the symmetry of the physical
phenomenon is at least as high as the crystallographic
symmetry,’ which became a fundamental postulate of
crystal physics known as “Neumann’s principle”.

Neumann /X — det(R)RX R—l Voigt

Tensor response S——0_ Symmetry operator
(Torque, damping etc.)

Bravais lattice Point Group Centrosymmetric Non-centrosymmetric
Piezoelectric group |Pyroelectric group
Triclinic 1,1 1 1 1
Monoclinic 2, m, 2/m 2/m 2, m 2, m
Orthorhombic 222, mm2, mmm mmim 222 mm?2 mm?2
Tetragonal |4, 4, 4/m, 422, 4mm, 42m, 4/m mm| 4/m, 4/m mm 4, 4, 422, 4mm, 42m 4, 4mm
Trigonal 3, 3, 32, 3m, 3m 3, 3m 3, 32, 3m 3, 3m
Hexagonal 6, 6, 6/m, 622, 6mm, 6m2, 6/m mm| 6/m, 6/m mm 6, 6, 622, 6mm, 6m2 6, 6mm
Cubic 23, m3, 432, 43m, m3m m3, m3m 23, 43m -

Ciccarelli et al., Nature Physics 12, 855 (2016); Zelezny et al., Phys. Rev. B 95, 014403 (2017)
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Two examples
x =det(R)RxR ™!

2-fold rotation symmetry Mirror symmetry
Z YA
N
%
N \/ y % %Y
N x
(X’Y)Z) > (’X)Y)’Z) (X)Y)Z) > (X)'Y)Z)
xn 0 xi3 O xp2 O
O Xx» 0 m X21 0 X23
X3 O X33 0 x3 0

Ciccarelli et al., Nature Physics 12, 855 (2016)
See also D. MacNeill et al., Nature Physics 13, 300 (2017)
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Bulk MnNiSh: Rashba + Dresselhaus

0
— X1
0

Dresselhaus

25T

J,litno]

JlIt1i01

Ciccarelli et al., Nature Physics 12, 855 (2016)

0
0

0 0,(bo)
v 5
a 73#0
is allowed
b

<:::) 8

I

Va (uV)
U

—40 - — Asin(2¢ - 2¢)cos(¢ = ¢)

-90 0 90 180 270
)

0.25 0.3

K, k,

V, V)
|

2.

WTe,/Py: Perpendicular DL+anisotropic FL

i

— Asin(2¢ - 2¢)cos(¢ — @)
+Bsin(2¢ - 2¢)

90 180 270
o)

1 1
0 100
T(K)

MacNeill et al., Nature Physics 13, 300 (2017)
Peng Li et al., Nature Communications 9, 3990 (2018)
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Crystal system Point group x(o) X(l)

T11 T12 T13 NzXi111 + Nyx112 + N=zT113 Nz T121 + NyT122 + Nz T123 NxT131 + NyT132 + NzT133
triclinic 1 T2y T2 T23 TipL211 + NyZT212 + NzT213 Tz T221 + NyT222 + N:T223 TipL231 + NyT232 + N:xT233
r31 32 I3z TipL3yy + NyTa12 + MzT313 Tz T321 + NyTa22 + N:L323 TipL3azy + NyTaa2 + N:T333
1y 0 x13 TiyTy fizT13 + NizT12 fiyT3
monoclinic 2 0 zoe 0O Mgy + Mizg Ty Ty gLy + MLy
xzy 0 xa3 TiyT10 fipTg + fizTg fiyT2
0 =z O fizT12 + fizZg TiyTyg TipT13 + Nz Tg
m z21 0 xa3 Ty T3 fizTy1y + fizT10 fiyLyq
0 z32 0O fzTy + Nz fyTs Tizxy + fizx2
xyy 0O 0 0 iz Ty TiyTy
orthorhombic 222 0 z22 0 iz Ty 0 7ngzg
0 0 zxas NyLa 7zIr2 0
0 xy2 O iy 0 Mg
mm2 zz1 0 O 0 fizzs ngzy
0 0o 0 NzI3 TiyL2 NIl
r11 —x21 0 n:Ie —TNzI2 Nz — NyLy
tetragonal 4 r21  T11 0 nzr2 Tz I Ny + NyTs
0 0 Ia33 TigZy — fiyTy TigLa + fiyTy Ly
11 x21 0 TizIs Tzl fixza + RyTe
-4 z2y —ixyp O ) ﬁ,z;rlA A —ﬁ:iﬁs TipTg — TiyLy
0 0 0 TipgZ3 + fiyla TigpTz — fiyTy
11 0 0
422 0 11 0
0 0 Ias
0 —21
4mm T2 0

0 0

)
)
)

Zelezny et al., Phys. Rev. B 95, 014403 (2017)
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Eve more intriguing: field-free switching with 3-fold symmetry

Collaboration with
Jingsheng Chen @ NUS

[111] [1-10]

Liu et al. Nature Nanotechnology 16, 277 (2021)
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Hall resistance, Ry(Q)
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Eve more intriguing: field-free switching with 3-fold symmetry

8=0°
°l m
30° Collaboration with
Egn—0—0—0—0—0—amtiyy .
Jingsheng Chen @ NUS
[111), z (1-10] 1l 60°
o
g 90°
kol Bnp—o—s—o—0—o—tnnel
0
g -2 120°
I
0.3 0.4 150°
—~ - CITI 00— —=0=0=0T T
S 3
0.0 ~ 0o0f
4 180°
_4 L 1 L 1 1
-0.6 L L 1 -0.8 1 ! 1 I 1 =20 -10 0 10 20
"~60 -30 0 30 60 0 30 60 90 120 150 180 Pulsed Current, Ipyse(MA)
Magnetic field, poH, (MT) Current angle, 6; (deg)

Liu et al. Nature Nanotechnology 16, 277 (2021)
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Key ideas behind DMI
Assume a general magnetic energy W = z S;eA; i® S i
i -
/4 =Z]ljsl S] +2DU (S XS)"‘ZSl .Ki .Si
T ) G\ v J T\ ;{ J
Symmetric exchange Antiymmetric exchange ~ Magnetocrystalline anisotropy

+ dipolar interaction

Micromagnetic picture W = zjijaim . a.m + Dijkmi ajmk + Kimiz + ...

ZDijkm mk ZDuk —m, ajm) +Dl]k(‘m,; a]mk +mk ajml)
ijk ijk Y
Lifshitz invariant
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Key ideas behind DMI

W < Tr[(0 - $4)Ga-p(0 - S5)Gp_4l
Gasp = Go + GoHso Gy
Wo xTr[(G-S4)Gy(G-S5)Gy] =S4:Sp
W, X Tr[(0 - $54)(0 - Begs)(G - Sp)] = Bepr - (Sa X Sp)

Various mechanims have been proposed:
Superexchange in weak ferromagnets (Moriya 1960), RKKY in dilute alloys (Fert 1990), « Rashba »
effect in metals (Kim 2013) etc.
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Moriya’s rules

1. When a center of inversion is located at C,

D=0.

2. When a mirror plane perpendicular to 4B passes

through C,

D || mirror plane or D L AB.
3. When there is a mirror plane including 4 and B, (a) Center of inversion (b) Mirror symmetry
D 1 mirror plane. - D

4. When a two-fold rotation axis perpendicular to 4B D=0

passes through C, A C B A B

D 1 two-fold axis. X
5. When there is an #-fold axis (#>2) along 4B, C
D || 4B.

Moriya Physical Review 101, 91 (1960)
(c) Mirror symmetry (d) 2-fold rotation (e) n-fold rotation
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Computing DMI: DFT+ Force Theorem

Build a spin spiral in large supercells by employing the Force Theorem (energy
penalty cost) and compute the different in energy between two opposite chiralities

i.’f.'ai:;J.’

__e—

!

.
o1

~

2 -8 O
I"< 00
" 0000

000000
0000000
000000
0000000
00000
0000
00

Yang et al., PRL 115, 267210 (2015)

Advantages:
No assumption on the spin-orbit coupling strength
Fast and relatively easy to compute

Limitations:

Impractical to model long wavelength systems (walls and
skyrmions)

Rather inadapted to metals (long-range interactions)
The penalty cost needed to impose the spin spiral might
overcome the DMI energy and deteriore the accuracy
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Total Energy (meV/Mn-atom)

Computing DMI: Generalized Bloch theorem

Build a spin spiral in momentum space and compute the total energy up to the first
order in spin-orbit coupling as a function of the spiral wave length

77
—_— N
. - o 2 r
Y- (7) = etFn ¢ i?ul( Advantages:
e "z u (@ Full range of wave length is available
Only valid in the absence of spin-orbit coupling The q=0 slode provides DMI
see Heide Physica B 404, 2678 (2009) Beyond nearest-neighbor approximation

-1.3 -2.5 A(hm) 2.5 1.3
20 L 1 L) ] L] 1 L}

4 T
{100)
L Aot

Limitations:
Limited to first order perturbation in spin-

orbit coupling (intermediate 7)
Pretty heavy calculation

08 04 00 04 08 Eerani PRL 101, 027201 (2008)
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Computing DMI: Linear response theory

Compute the total energy to the first order in magnetization gradient

de
B hRe/ — (e — ) f(e) x Advantages:

27T . :
Green’s function formula, well suited to

Tr [7} ((%GA(I;B s é(})% — GA(})% 'I}j@gGA(})% )] multiband systems

@) Valid for any spin-orbit coupling strength
0 . .
k W Doesn’t require a dedicated DFT code

_2 [
o al Beyond nearest-neighbor interaction
< o
| \[/\\H Dy, (meV Afu.c.)
= sl ) CoPr(1LD) h=e, 113
2, ’ O/Co/Py(111) f=&, 150 Limitati
% o ) AICoPy(111)  A=8& 207 Imifations:

- I A=8& 68 First order gradient only, beyond that it

Q i

—af becomes very cumbersome

! '\.,./‘\“—0———0—0

B Ty S S

o 4 8 12 16 20 24  Freimuth et al. J. Phys. Cond. Matter 26, 104202 (2014)
ARbsol i Hajr Physical Review B 102, 224427 (2020)
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Magnetic skyrmions in perpendicular magnets

Spin spirals and skyrmion crystal in FeysCoq 5Si Metastable skyrmions in multilayers
WDMI =Dm- (me) WDMI =Dm- [(ZXV)Xm]

INH

Experimental

Chen et al., Applied Physics Letters 106, 242404 (2015)

XS

=
5 10 15 20 25 30 2 (57 40
T K) Jiang et al., Science 349, 283 (2015)
Yu et al., Nature 465, 901 (2010) Moreau-Luchaire et al., Nature Nano. 11, 444 (2016)
Muhlbauer et al., Science 323, 915 (2009) Boulle et al., Nature Nano. 11, 449 (2016)
Heinze et al., Nature Physics 7, 713 (2011) Woo et al., Nature Materials 15, 501 (2016)

Pollard Nat. Comm. 8, 14761 (2017)
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Magnetic merons and bimerons in easy-plane magnets

Meron lattices in CogZnoMn; Bimerons in frustrated planar magnets

Wy = D(mz0,m, — my0ym, + m,0,m, —m,,0,my)
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Yu et al., Nature 564, 95 (2018) Gobel et al., Physical Review B 99, 060407(R) (2019)
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A major inconvenience of microscopic theory is that it does not provide a general form of the
observable as a function of the system’s variable (electric field, magnetization, gradients etc.)

The plan

Express the physical observable in terms of combinations of E, m that are
allowed by the crystal structure

1. Choose a point group (extension to magnetic and spin group not covered)

2. Analyze the character table and determine its invariant functions

(0] ’; 8C3 |6C' [6C4 |3C, =(Cy)? line:(r)tiliirg:;isons, ?;?;I;zt:s: fufl‘;?ii(‘)’ns
A—IF +1 [+1 [+1 |+1 - X2+y2+22 i

E—’E -1 o o |+ ) o2y 22 |-

E’; 0 |-1 |+1 |-1 (x,5,2) Ry, Ry, R)) |- (3, v3, 2%) [x(224y2), y(224x2), 2(x2+yD)]
E’? 0 |+1 |-1 |-1 - (xy, Xz, yz) [xX(z2-y?), y(z2-x2), 2(x-y2)]

3. Determine the observable to the desired order in “small” variables
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Outline

Lecture 1: A primer on spin-orbitronics
Spin-orbit coupling in crystals, Dzyaloshinskii-Moriya interaction, spin-orbit torques

Lecture 2: Representation Theory applied to crystals
Group of symmetries, reducible and irreducible representations, orthogonality theorem, characters

Lecture 3: Character tables of crystal point groups
Salient features of the character table, invariant functions, decomposition theorem, product group

Lecture 4: Application to the C;, point group
Hamiltonian, conductivity tensor, DMI and SOT

Lecture 5: Your turn, with the C,, point group
Surprise me ©




