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Magnets

~500BC: Ferromagnetism
documented in Greece,
India, used in China

sinan, ~200BC

and in elementary school today




Spin

Almost all magnetism originates from 2 4

unpaired d and f electrons in atoms 21G¢ ]
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Friedrich Hund

Hund’s 1st rule: electrons avoid
pairing within a shell

(this miminizes Coulomb
repulsion within the same orbital)



Magnetism

® Atomic spins interact via exchange to favor an ordered
arrangement

® Aligned parallel: ferromagnets

H=-J) &;-8,

1949AD: antiferromagnetism
proven experimentally

but there are 1000s of them,
much more common than
FMs




2d Ising model

® Onsager, 1943: Solved 2d Ising model exactly, proving

that a phase transition exists with non-trivial critical
behavior
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proximate computation of C by Kramers and Wannier.




Mermin-Wagner-Hohenberg-
Berezinskii theorem

® Heisenberg (vector) spins with finite interactions cannot order in two
dimensions at any T>0

ABSENCE OF FERROMAGNETISM OR ANTIFERROMAGNETISM
IN ONE- OR TWO-DIMENSIONAL ISOTROPIC HEISENBERG MODELS*

N. D. Merminf and H. Wagneri
i e sic ornel’ i

f Atomic and Solid State Physics, Cornell University, Ithaca, New York .
Rened 7 o 1580 Thermal fluctuations prevent order
usly at at any nonzero temperature, a one- or two-dimensional
in-S g Mo ith i i ;
magnetic no: Tomagn . The m
types of o: in one and two dimensions.

® Rough idea: SZ — M2 + 55@ 55@ . 2 = () suppose small fluctuation
E[5S] ~ /dQ:L' ,O(V(SS)2 rotational symmetry

kgT [ d°k 1 kT
— ~ —— In(L
P (27)2 k2 27 p n(L/a)

diverges no matter how
low the temperature is

((65)%) ~




O(3) model

® At low temperature, non-linear sigma model applies

7 = / dn(x)]e—07 S P2V’
n|=1

® Correlation length

(n(e) - n(0) ~ e IPVE g 2molksT

® \When kT << p, correlation length becomes exponentially

long and most properties become nearly
indistinguishable from an ordered state

No phase transition but smooth evolution to almost ordered spins at low T



Quasi-2d systems

® Even most quasi-2d solids have some weak coupling
between layers

EAF L EFM ~ J,€2 ~ J/647Tp/kBT

el
| |
Ear-Eem> kT when T<T,, with

kT, ~ 4wp/In(4mp/J")

% 3d ordering is induced by even very weak J’



Example: 2a square AF

® |a,CuQy4: parent material of high-T.

Magnetic Correlation Length
Instantaneous spin correlations in La,CuQy, T T

T T v T T T
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TABLE I. Neel temperature, superexchange energy, and correc- g
tions to the 2D Heisenberg Hamiltonian for La,CuO, (Ref. 9) and
Sr,CuO,Cl, (Ref. 10). apy and ayy are larger than the values Inverse Magnetic Correlation Length
quoted in Refs. 9 and 10 by factors by (Zc/Zg) and (Zc/Zg)?, 0.12 . = 147‘ meV ' -
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Truly 2d materials

® 2d Van der Waals magnets

Bil; - type AICl; - type
c c

MnPS3 FePSs3,NiPS;,CoPS; CrSiTes. .
° Crl3,RuCI3,...

. .

extraordinarily defect-free material, highly
e en e enovan we s mwens  cOnducting, described by 2d Dirac equation

Entirely composed of C atoms, with electrons
in bonded s+p orbitals. No local spins.

. . .
By AlexanderAlUS - Own work, CC BY-SA 3.0, https://commons.wikimedia.org/w/index. php?curid=11294534 b ut It Stl | | Sl’ l OWS I ' l a g ' l etl SI ' I I I
HH



Truly 2d materials

® 2d Van der Waals magnets

Bil; - type AICl; - type
c c

MnPS3 FePSs3,NiPS;,CoPS; CrSiTes. .
° Crl3,RuCI3,...

extraordinarily defect-free material, highly
conducting, described by 2d Dirac equation

Entirely composed of C atoms, with electrons
in bonded s+p orbitals. No local spins.

By AlexanderAlUS - Own work, CC BY-SA 3.0, https://commons.wikimedia.org/w/index.php?curid=11294534

but it still shows magnetism!!



2d VAW magnets

MCI

2 Payy [ * @ - @
@/ "\O/ 0@
Mo

Fe Co N

.CI Brl '
0 Y 0 Ky 0

’ 7 B S D
/f S S

Mn
C

Ru | Rh | Pd

Mn PS3, Fe PSg, Ni PS3,CO PS3,CI’SiTe3,__

oT % e
Bil; - type ® ®

Crl3,RuCls,...



- 0.0

Ferromagnetic 2d
honeycomb layers
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MhPSg

antiferromagnetic
honeycomb

G. Long et al, 2020

order persists to single layer

0 5 1 -10 -5 5 10
1oH (T) HoH (T)

tunneling MR



Twisting and moiré







Zhu-Xi Luo

Twisted AF

60

Kasra Hejazi

N1 = Ny

Neél vectors must rotate

Frustration



Continuum model(s)

® Basic assumptions: i by

® |nter-layer coupling weak J' << J

Kasra Hejazi Zhu-Xi Luo

® Rotation angle is small (can also treat general strains)

® Example: MnPSs: excellent Heisenberg AF

L= Z % (:IN})* — Ha Ha=) [g (VIN))? — d(le)Q] — J'®(z)N; - N,
[

l

O(x) = Z cos(qq - )

Can predict spin textures, magnon subbands, etc.



Twisted AF

Mo = gVNZQ—d N#)?| — J'®(z) N, - Ny

Coplanar spin textures
~d 0.8 Top layer Bottom layer
Collinear
3 061 Twisted-a
1+ 06
04}
02r Twisted-s
Top layer Bottom layer
0 0.2 0.4 0.6 0.8 1
a 1
14+« ~J

Transitions should be tunable by applied field



/ig-Zag antiterromagnets

J’ 0
Ho = Z g(VNa,l)2 -5 ZNa’l - Ny 2 cos (q 5 )

a,l

3 distinct g, domains

NiPS3,FePS3, COPS3,RUC|3. ..

+ + +
4dr + - - +
ViR U -\
v WA Strong-coupling
S W domains have structure
- e - ) )
B Y ¢ of “dice lattice”
K €A ¥
- - -
— _|_ ) _|_ —

—47 —21 0 27 A7
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Might not expect much from a ferro-magnet, but...

CrI3

3\|AB |AB’

1 Sivadas et al, 2018

E-Epg (MmeV) o 7
0 /5

0 300  Fractional shift

B. Huané et al, 2017
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from DFT theory

Sign-changing stacking-
dependent interactions
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CrI3

Emergence of a noncollinear magnetic state in twisted bilayer Crl;

Yang Xu'?, Ariana Rayl, Yu-Tsun Shao', Shengwei Jiangl, Daniel Weber®, Joshua E. .
Goldberger’, Kenji Watanabe®, Takashi Taniguchi’, David A. Muller'”, Kin Fai Mak'>*",  arXiv:2103.09850
Jie Shan'>%"

a 3o T T T T
d 60
20
o 40
o 10 o 20
S o
% 0 1 % o
8 o
o
= -10 2 -20
-20 Natural bilayer -40
-60 4
_30 1 1 1 1 1 1 1 1 1
-1.5 -0.5 0 05 1.0 15 -15 10 -05 0 05 1.0 15
B (T) B (T)

large twist: FM

n.b. Also recent twisted double bilayer arXiv:2103.13573 claims evidence of non-collinear state
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Truly 2d materials

® 2d Van der Waals magnets

Bil; - type AICl; - type
c c

MnPS3 FePSs3,NiPS;,CoPS; CrSiTes. .
° Crl3,RuCI3,...

extraordinarily defect-free material, highly
conducting, described by 2d Dirac equation

Entirely composed of C atoms, with electrons
in bonded s+p orbitals. No local spins.

By AlexanderAlUS - Own work, CC BY-SA 3.0, https://commons.wikimedia.org/w/index.php?curid=11294534

but it still shows magnetism!!



How to make graphene
magnetic

® Actually lots of ideas in the literature (but no good
evidence that any of them work)

® \What works: twisting



ttern

]'«"/l ‘.‘l/ )
O AN < 04
S e 000 e S a2
pa\® s S aiy 3a ®a® =0\ A
ORI - P=C WA OX
\.N‘f‘\"‘wﬂOW0§‘iQ\‘Q&‘V‘\‘f‘~00n \ ﬂOﬂQ Qi&\\- /
2B IRIRIY \OVOQQ- O 87 05.%05: 900 0

V4

iré pa

Mo

 —

(/ W) LI I )
oars s tae et ot el
\‘\.xls.sﬂouoﬂow‘/‘\.‘v‘sl .o”&”ﬂ&”‘/‘v.A.VIs ‘!Q”Oﬂom\‘v
(RO OO0 2 3 SO0
0225280000225 e 0890522250
.‘ =L wlﬁ',“vl\l “‘m,.ﬁ“.u‘wlM - “‘m\lw.‘,lw|h‘u%
a9a®: a0 e -asaal 0 -acca¥a®
O =A< l“\./‘\ /‘/Io’o.,l‘ I\U‘\ ) I\‘4.,l\.w\.
70/ \9 lofoi AN N2 WA OX-0— I\./‘\ oWy e Wl
(N ), R\ l“‘. /) -\‘z.\ \9! loﬂol /) (9. Y/, ) =\ l0'0. i, @
0 AN 003 00, 10, O NSRS 20, 0,2 0, Y g S e, N 0,2 08
0 2O NSNS 0: 070, 0, NS0 00, 00 0\ 0854370 100,008
Vi oS 08107075 05 R W 0850070, 20, 0% 8038202 00;010; B
0, a\Ya\ 020,05 ’om\ QY 9, 99,00, 2 02 e\ Vo \07.70, -0 0> '0’
B asasa0e 090 %s 25000008y 0 0005230
\mw.‘,‘w“.\",m l/“\.\wx.\ls.."o”&_‘/ v.\.\ls.“o”oﬂom‘/‘\‘A.v‘\.sl‘.oﬂowo‘o
0% X /l‘ ‘l\l,‘s‘.',‘\ =@ (Y \U@l,..‘\l,‘,l./ oY &) a'a e\~
S oaegete2:Sstalele85320s0000% 2555 e
= u@: . 0-a=aa®a® s as®s

\_) ‘

) i ) ) '\. . “ ) \.o‘.‘s'm
) \‘lﬂo =\n'w, ‘Y, ¥ o=
RO R 5

g o“.“‘lsm.\.\ 7\ /‘/‘“o‘.“ 29 /‘l/ ‘.”, oY —

-, — 7 .O f — / — I.\ y —

ST SRR 9 SIS A
AN ALTRLH 2N l“‘. /) -\.r‘\ QRO A 7R 2= VA

€\ NN /A .\‘f‘\ NN <)) =097 g 8! LN /A .r‘\ \& IO‘O. /A

QL7 N0 AP Vs, O g0 ~0‘0\ (/K -\‘f‘\ NN <) ~09.Y7, a1 8! !0‘0. /)
00,070,203 A 0020707205 42 N NS 03000 40500 N 00420
Y /‘\.&Qﬁs.§!ouoﬂoma\‘v.\‘z.v‘&“v”‘io!OWoﬂvOA‘¢ \‘%OvUQNQ!OVOﬂOWAOwO\‘d‘VQ
S O S SR R O S I T R XS

ﬂo“"o. “s

ava® O-'sa 9.0 a=
s000002552 e0000052 25500 0®
= V—2—0—8—0) / V),
=R AO 54 HIL A 28
—~(/ A

—Y_/ {7
K== O ) ~
SRR O R ORI
00e85 s e 0086052 sS0l000 8555303
@, X o°€K® ‘ O -0w'w' ,m\.“‘l\ ,.lu 3 /w“
RS = 20898 208e8c2225000
KRR QAR LA \ e aal®
W05 0. Y/a @\ 8\ - e iy “0.Ye ¥a\® I A A=
<)) 0P ) QN -\‘r‘\ Q) ANAS A
n00.%, AL ~09.Y7, @ R\ )
ran®.%0 \) 9.9, (KD, ~Oﬂ0§ <)
(RS 254
\ /\‘ (/

-, (/ = Y
NS s T2 000 eSS
ﬂ.“‘.‘ .\‘f‘v“‘ol
N7 07: 0507403 (1 V- an 72 < ,
“Ogand> ﬂ‘@~‘ﬂ0\ 0 (A TN/
(R NQ!Oi X\ ~‘d‘\ )= X 40\‘4‘\
Vo SYOS A= O\ @ " .OﬂOi V) 0\ Y4
&)= .o’olo‘ol \‘/‘\./Q\U !io’o.a‘o 7
25 R Pa @@ a5 S e e

2 e8e00 e
e e Sg a0 s S
=00

60



Ice

4+
4
©
| -
L
D ]"m/‘\l‘ )
- -'.,'\' .‘ )
O) MOAS a9 0.05 =@
- 2 sa«.-.«.a.msxo@oﬁ@mﬁs
70> ﬂ‘fioﬂ‘! %5.9/a® A . &
.© ﬂ%».».»»m@%.«&«eswo@«ﬁﬁ?mﬁ
— IR O =00 Y% %05 72 Y &‘v,@-
— \U’l‘” ﬂo‘&l \‘/‘\ 70,0, 305 2 KAL) \‘n&\.‘
-/ ~Y / ’0 .O"l \‘/‘\ /./ l" .".. \ "\ \.ﬂ (/ < /\/7
Do e a el I KO e \.,Qs-.ﬁh OXN
= l,.,‘o'\."/l ‘/.\ \‘ lﬁ.“‘. ‘O”\ A‘/ (/" /." /7 ."\ -
“ \ "‘.‘ou\l/‘/ ‘\l\. 'ﬁ..o‘&. \\./ A./O\U ‘Q"“ ﬂomv
OM , 00 Onﬁiﬁm\mm/‘“@“ﬁw&m.muuﬁ »J,
- - — /‘, () \-‘ - \

"o eessiscece
LK P ¢
(5 Q (O A3 C -
> .‘ W) ‘0‘. ".\ /‘/
RO _ R ETILEL
@S5S 3 , AT LRR:

2= . R LRI

e . - Y0 e )% RN
e Ye% ) S 0§ KO
“oﬁoﬂ“ ' ‘ ) : n \@U“‘".‘”.ﬂom
s = mh“\...',‘”Mlv
% QeSsszse
XL

\" \.“ .“‘m

QORI
.».%%%e«&»
RS IEL
pessaSasels:

‘\‘\ls‘ 5t
— \
a0 sa2e% (S

\ /4 - .
RN
‘ —{ /.s"' \". \
@ /‘ym”‘.l.“wl‘w‘ ol
) @mﬂ?,.lﬂﬁ‘\ ‘
‘& '0. (/ . ) ‘- ¢
QRIS S
7 \\ \ 7, ( 7/ — i — ) N/
'@W R QQUA.V A‘v‘¢ﬂ0‘0“0“0“sl.slA./‘v‘/_/mﬂo“..‘“s. =)
020000 e S I IIII L
0. 20, &w@ﬁo‘@&&«@

(7
09 [/
05070 20,9240 RASENIALT
0,.00,% ORISR \‘&\.@\
SRR KBS PRSI A LTS
|\.~ 0. 'omo‘a‘v““/v“\.ﬂm W“NOVOW‘!O!‘“‘W‘
Sl

. .
lﬁ.o’ol‘ =L\ Y
SRS SRRIL I

</~
50X

' @ /

60



20

%
2

NALAL NN
JA
1Y)
NN
(A
5L
o
TL
L
A
gnyg




o

huge unit cell




Moiré Bands

® \What you need to know:

® Moiré pattern creates an effective “artificial lattice” with huge lattice

spacing

® Corresponding moiré bands occupy a tiny region of momentum
space, separated into two “valleys” originating from the underlying
graphene Dirac points

® The important moiré bands (near the Fermi energy) become
exceptionally narrow near the “magic angle” ~1degree

® The moiré bands are topological, and in particular become Chern
bands when the graphene is aligned with its hBN substrate



Dirac bands in graphene

2 sublattice spinor

»— (zA) Hie =vk-o Hy = [Hi (—k))*
B
K,K" “valleys”



Moiré bands

Two layers define two slightly shifted Dirac
points for each valley



Moiré bands

10

Tiny moiré bands at each valley are well
separated - act as two “flavors” of electrons



Moiré Bands

® \What you need to know:

® Moiré pattern creates an effective “artificial lattice” with huge lattice

spacing

® Corresponding moiré bands occupy a tiny region of momentum
space, separated into two “valleys” originating from the underlying
graphene Dirac points

® The important moiré bands (near the Fermi energy) become
exceptionally narrow near the “magic angle” ~1degree

® The moiré bands are topological, and in particular become Chern
bands when the graphene is aligned with its hBN substrate



Magic angle bands

Bistritzer+Macdonald, 2011:
moiré pattern behaves like an
artificial lattice with its own
bands, which becomes
especially flat at the “magic”
angle ~1degree

These bands retain their Dirac
points, i.e. Berry phase

f=0.5°

narrow band = small kinetic energy



Moiré Bands

® \What you need to know:

® Moiré pattern creates an effective “artificial lattice” with huge lattice

spacing

® Corresponding moiré bands occupy a tiny region of momentum
space, separated into two “valleys” originating from the underlying
graphene Dirac points

® The important moiré bands (near the Fermi energy) become
exceptionally narrow near the “magic angle” ~1degree

® The moiré bands are topological, and in particular become Chern
bands when the graphene is aligned with its hBN substrate



Correlation effects

e A quantum correlated electron simulator
* Tunable electron density

e Tunable correlation

* (Somewhat) Tunable topology

e 1/100 energy scale of usual solids

T T T
1 1 b
D1t |-|ia:1.os°|-li -

D2l |:|e=1.10° +

1 1
- |-||9=1.12°|'|| - 4

1 1
- 6=1.16° —
P T
-Ng -nj2 0 nJ2f ng
nS -
' 4

(e's/m.u.c.)

Temperature, T (K)

Jarillo-Herrero group 2021
o 235 talks at APS mtg with “twisted”, 113 w/ “magic”
Nature 2018

* ~300 papers on arXiv in past year



Correlation effects

from A. Macdonald, Physics today
(@) Moiré filling factor vV, MATGB

10
) a A

Camer dens:ty n(102cm™?)

Temperature (K)

Today: magne’usm



Ferromagnetism

— 14
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M. Serlin et al, 2019



Moiré Bands

® \What you need to know:

® Moiré pattern creates an effective “artificial lattice” with huge lattice

spacing

® Corresponding moiré bands occupy a tiny region of momentum
space, separated into two “valleys” originating from the underlying
graphene Dirac points

® The important moiré bands (near the Fermi energy) become
exceptionally narrow near the “magic angle” ~1degree

® The moiré bands are topological, and in particular become Chern
bands when the graphene is aligned with its hBN substrate



Berry phase and curvature

e Hamiltonian depending on parameters

H = H({\i})
e Under adiabatic evolution X; = \;(¢)

e Wavefunction accumulates a geometric (Berry)
phase over a closed loop

V) =i fanlsk:

e Using Stokes’ theorem

7= // d)\/u/FAw Py = 1 ((0u|00) = (009]0u1)))

Berry curvature
~ magnetic field

~ Aharonov-Bohm
¢> phase




Berry curvature in 2d solids

e Hamiltonian depends on ky,k,

QO =i ((Oh, |0k, V) — (On, |0k, b))

» Controls several physical effects

o Hall conductivity 7w = 5 3 [ stk f(en (k)

z

e Orbital magnetic moment m;, (k) ~ e, (k)

e T=0, insulator: quantization

2 Chern number

e d*k €
Oxy = 7 Z /(27?)2 2, (k) = h Z Cn = integer

n occupied




Dirac and topology

(b)

® Dirac electrons are topological

HK:UE'(?

Y =T

® \When symmetry relating the two sublattices is broken, the
Dirac fermions acquire a “mass” a
Hy vk -0 +mo” AN -V

® Berry curvature = 1/2 (area swept on sphere/unit area in

k space). Large near Dirac points.



Moiré Chern bands

® Small coupling to aligned hBN substrate readily creates
such Berry curvature

A  Topological Bands

1

~1/2
—/1/\/§

/

p=/[bl

2

ap? |

\ 40

/ Edited by Subir Sachdev, Harvard University, Cambridge, MA, and approved June 24, 2015 (received for re

2Walter Burke Institute for Theoretical Physics, California Institute of Technology, CA 91125; ®Institute for Quantum Infor
Department of Physics, California Institute of Technology, CA 91125; and “Department of Physics, Massachusetts Institute
MA 02139

Topological Bloch bands in graphene superlattices

Justin C. W. Song®™<1, Polnop Samutpraphoot®, and Leonid S. Levitov"'

mation and Matter, and
of Technology, Cambridge,

view December 30, 2014)

® The flat moiré bands then become Chern bands

®
Q

307 U
20
S 10
£ C=1
0
3 C=-1
g-10
—20\ /\
—30p K+ M K- r

N. Bultinck et al, 2020

M

States in each valley carry Hall
current and large orbital
magnetic moment



Moiré Bands

® \What you need to know:

® Moiré pattern creates an effective “artificial lattice” with huge lattice

spacing

® Corresponding moiré bands occupy a tiny region of momentum
space, separated into two “valleys” originating from the underlying
graphene Dirac points

® The important moiré bands (near the Fermi energy) become
exceptionally narrow near the “magic angle” ~1degree

® The moiré bands are topological, and in particular become Chern
bands when the graphene is aligned with its hBN substrate



Valley Chern number




Stoner ferromagnetism

* Coulomb repulsion favors polarization ot spin
and valley, at cost of kinetic (band) energy

Due to narrow magic angle bands, Coulomb wins

Hi = Z U a0 (a=spin+valley)
a<b




Stoner terromagnetism

* Coulomb repulsion favors polarization ot spin
and valley, at cost of kinetic (band) energy

H; = Z U,pnaMp (a=spin+va||ey)



Valley ferromagnetism

* Recall Mermin-Wagner: is 2d ordering possible?
A1: ordering of the valley is possible, because this is an Ising
symmetry breaking 4

e

A2: We expect no additional transition associated with spin




Current control

A o5 T=6.5K, B=0
. B.Or g 00 > ~5
® ) = o
E 25 soof 2T =]
[e) -1.0
§ 0 O i N SC Bias Curre(r)ﬂ (nA) N
= B
$ 25 20
S 5.0t y OﬁﬂLVJHIJ\W{JT{JH/J\WHHF
© 75} 05
1 1 1 1 1 > 0
-75 -50 -25 O 25 50 75 «
_Id (nA) -10 40 80T_ (12)0 160 200

A. Sharpe et al, 2019 M. Serlin et al, 2019

How does the current couple? T i V

For magnetic fields it is simple B AEF=—-—B - M




Dissipative Regime
C "~ -05.00.5 1

Close to Curie temperature
Small Hall angle

Presumably no spin
polarization

Current (nA) Mengxing Ye

A fully non-equilibrium problem, bulk 2d physics



Can current induce M?

Liouville theorem: semi-classical dynamics preserves phase
space volume: Valley polarization is not induced by
equations of motion
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In relaxation time approximation:

M=aE~7E ~]

¢ = 0  Valley polarization is primary order parameter, but not
induced by ME mechanism (not in equilibrium)




Inter-valley motion
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Result

Very rough estimates — apg~ L j.5 o e

VR 0., hvr €2

This is the “bare” response just from quasiparticle physics. Should
be included in a TDGL-like formulation as a force, to take into

account both quasiparticle physics and interactions.

This gives au¢” + (r — )¢ = apAng
describes hysteresis etc.

Quantitative estimates consistent with the observed effect

X.Ying, M. Ye, LB, PRB, in press



Exciting new opportunities to study truly 2d
magnetism in Van der Waals moiré materials

Twisted magnets: K. Hejazi, Z.-X. Luo, LB, PNAS 117, 10721

(2020); ibid, arXiv:2009.00860.
QAHE and FM: M. Serlin et al, Science 367, 900 (2019).

Current drive: X. Ying, M. Ye, LB, arXiv:2101.01790
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