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Graphene: Exfoliate with Scotch Tape

Scotch
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Graphene: Transport Properties

Ry = Vix /1
Ryx = Vyx/I g
n = CV,/eA i

Geim and Novoselov, Nat. Mat. (2007)
Wang et al., Science (2013)



Transferring 2D Materials

PC/PDMS/Glass

Wang et al., Science (2013)



Designer Atomically Clean Heterostructures

Wang et al., Science (2013)
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Layer Dependent Properties

Monolayer

eft

0.5r

th/(/t

AA Bilayer

Bernal Bilayer

\

ely

N_\

S

hvekly



-
# 2 & &
558

'I.Q’li

+ 4%

= *»

-
@
*
»
& #
»

#5448
ot R
2EEEE
e tatod
[ 2231
* 9 4n & ;
. _ ePemehy oPeiytaty : .
“'“9*“"f‘f“”**‘f'“f?‘*qf"f??“f"‘?*w9‘f'f‘?VW‘A" f'q“"‘“?‘f;
: B Ae®

20001
/ ARBADDD

SEEEE

L)

[ 2228}

sean

°g a"2%"



SR PR DL PR PP OE S S T PT T T SEE T TR At ot nk 8 A S G0 ot e
. “V..A.f.f‘l..\J R O s T2 T2 S et ottt ik B8 ol it Sl R0 A0 AU0 i e |

YT DA A A A rgd s g et 2 D D
.J&.%ﬂ%++4;4++44#+$4$&£44&L##§$LL

B B O O ot e e e e e e 0 A 0 0 0 A0

e e R A ¥ o e P
it R R AT oot ol

R L A R R R R R RS R P O
PR R R R R R T A 5 R Rt Sttt T e
¥ ] N i e et ot L o T e g 3

N
~
v
~
»
~
v
-

B e e S Do ML S
B R e e o kot ot o S S S s S 2

B R O A o o L0 o8 =a T S0 Uk S S e S 5 Y5 Y

: ERIRR
oA S S S U R R 0 e g T ik e S G Y e e e

e N i

o
~
N
e
(gt
S A
w~ by
-~
-~
-~
&
F
>
-
4
4
4
o
.
5
+
e

B S et o o Bk 2 S0 SRS i S T8 5 s 0 Dol
A S B T L e A R R A IR T P S

R 1o L B T8 e o b o e 35 0

(2 Lo B TR 00 Te B 0 5 05 T o T
atnth b0 Tk Te Ta B0 0 S 2o St
O 8 R e T S L O B N s
ok el nd o EER S e

.’.T;»v,./.s/T..\J.~f..~.».w. J
P TR S 0 S O R ol ol

et AL AT ol S LR A SR
Ts.c.s.\;’.....».,?N. e
e e e e e e o

LS B E i e A0S b s o 0 e
B i e o s e o B G 2 O g S 8

Py
e
nﬁr

|

!

o .T.W\..ﬂ\.w [ ﬂ\fﬂ..w\o-otff.-....f..l.lv:,\,\J.JA..rquﬁ.ﬂ.ﬂA'.r
[N PTPE T ST I ORCOOPR I OF SYRP PSR RY BF o F S S I A el o i
R 02 S AT POP PO DG B S I B o A ol
A O L SRR B o ok S S A ST o ot 8 80 &0 st w
B T T 0 0 U o O o o T 0 B rt it e 66 e e (R0 20 0 40 o A ¢

.Olvlv.+\o\¢\+.|vu#‘.v..¢n«.uo\¢ e o
I St e o g 25

IRIIDIPTE DN Lt
bbe e v ety

LTIV L o,
-o.ol)«oyn\»..w)v.).wz\./
.~:ololo,\,\/.\zj~f~..~,.N.. {
R BF o¥ o S S ol ot
.rr?77¢¢6Ad%ﬁw
P e b s o
—a—p 4ttt € €L

[ P R B R e e T e 1 EUSASE S T T8 T8 55 T o
.».~..n,.|w..n.v..\.\:Qfarqrb-w-oz..tcb.o..p;‘.‘—wo;w w..fnw.u..l».]ﬁ
B L b bt o S L VA TS -
L I P 1 b A 4 et

T ITAT VT S I BF B0 25 2= Re B B8 B8 U8 TS TR AT BT TE RS To e SR TR U0 Y e 2

.#kk.&ﬁﬁ&..-....??fffff......?%f#ffﬂr.A..«.. \..\....\ Sl X o 1 A
% .&...%w»m)i“)w.”. EAdXXass sttt tree

-
1
- -

R b SR i S 16 0 S g g 4

L

£o5h
L B T TSP P P b LIS SO TR SRS e e e
e S S S B e S T S 3 S 1 9 U B 3

..yw~@£t£&;sLL;;
PR R S eSO e M SIS
o B0 A A4 fa S Sl b dm e ondoin

= A B B s e ey s
T b e A A b At e
o Ly

e L ot
PO L =)

< bl
20 ot S S S S5 To T S o S Je e om
e o o o o B T

: ! .~.~..A.|~U.,~.s.c.lr70,
R 5 S PR R RS
e | P N s s e
Rt o o o e
A A A e ey

' O R R L e TR Sk o
{1 4% JRE S S SR R PR TE S ot o
: . LR S O S O T X8 Sa e ok
Ml B e L v o8 ade

i b e 02 i T T e o0 on o o
e N e T o e e e
FAAA St
T e b b o R LI
R s
(S5 448 8444/

Xue et al,, Nat. Mat. (2011)

Kymmraamm MRS
e R R AR
Cwm i v s dw BB s R R RO E

30000 s a5 S e 20 20 ve S S 3
P 2 2 0 et e S B S e o0 0 w9

B A e e e

x
X,
4
x
x
¥
¥
x
]
2
=
4
x
E
L
k)
¥
x
*
!



Twisted Bilayer Graphene

ko =~ KO w: Inter-layer interaction
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Decreasing twist angle

A new knob:
twist angle!

Yoo et al,, Nat. Mater. (2019)
Cao et al., Nature (2018)
motorsandcontrol.com 10



Twisted Bilayer Graphene
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Yoo et al,, Nat. Mater. (2019)
Cao et al., PRL (2016)
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TBG: Emergent Properties

Bistritzer et al., PNAS (2011)
Cao et al., Nature (2018)
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TBG: Emergent Properties

Bistritzer et al., PNAS (2011)
Lu et al., Nature (2019)
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Fabricating TBG
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Sharpe et al., Science (2019)
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Sharpe et al., Science (2019)

- Angle 1.20+/-0.01°
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Device 1

Graphene twist: 1.20 +/- 0.01°

Sharpe et al., Science (2019)

Device 2

Graphene twist: 1.05 +/- 0.01°
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Device 1

Graphene twist: 1.20 +/- 0.01°

n (1012 cm—2)
—4 -2 0 2

(V/nm)

o —0.2

~

D /e

Sharpe et al., Science (2019)

Device 2

Graphene twist: 1.05 +/- 0.01°

n (1012 cm™2)
-2 0

D/Eo (V/nm)
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Device 1

Graphene twist: 1.20 +/- 0.01°

D/e, = - 0.22 V/nm

0.0 05 L0
n/ne

~10 -05

Sharpe et al., Science (2019)

Device 2

Graphene twist: 1.05 +/- 0.01°

_5 0 5

Top gate voltage (V)
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Graphene

Hexagonal Boron Nitride (hBN)
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Alignment with hBN

Monolayer graphene

L,

Monolayer graphene + hBN

Al A~16 — 28 meV*
L/k\ PN

Amet et al,, PRL (2013)
Hunt et al., Science (2013)
Geim and Novoselov, Nat. Mat. (2007)
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Measuring Hall Slope Density Dependence

Ry (kQ)

T=16K

~0.10

~0.05 0.00
B (T)

Classical Hall: R, = -
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Anomalous Hall Signal Can Be Really Large!

A

Ryx (kQ)
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—— Sweep up \\L

—— Sweep down
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B (T)

_15-

R, = h/e? = 26 kQ n/n.=0.775 T=21K

Sharpe et al., Science (2019)



Emergent Ferromagnetism at 34 Filling
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Sharpe et al., Science (2019)
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Repeatable Fine Structure

Z0.10 —0.05 0.00 0.05 0.10
B (T)

Sharpe et al., Science (2019)



Magnetism is Stable in Zero Applied Field
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Sharpe et al., Science (2019) 28
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Large anomalous Hall

Apparent insulating state
Evidence of domains

Reminiscent of early Magnetic Tls
Chern insulator?

Ideally: p,, =0
h/e? =~ 26 kQ

pxy

flightnetwork.com/blog/road-trip-on-route-66/
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Large anomalous Hall

Apparent insulating state
Evidence of domains

Reminiscent of early Magnetic Tls
Chern insulator?

Ideally: p,, =0
Pry = h/e* =~ 26 kQ

Sharpe et al., Science (2019)
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Large anomalous Hall

Apparent insulating state
Evidence of domains

Reminiscent of early Magnetic Tls

Chern insulator?

Ideally: p,, =0
Pry = h/e* =~ 26 kQ

4-fold degeneracy
(w/ no interactions)

TBG + hBN:
Zhang et al., PRR (2019)
Bultinck et al., PRL (2020)

Spontaneously Gapped:
Xie et al., PRL (2020)
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Large anomalous Hall

Apparent insulating state
Evidence of domains

Reminiscent of early Magnetic Tls
Chern insulator?

Ideally: p,, =0
Pry = h/e* =~ 26 kQ

Interaction driven
spin/valley polarization

Cc=1
: quantum anomalous
Hall insulator
Cc=-1

“ quantum valley
Hall insulator

C=1
: quantum anomalous
C=—1 Hall insulator
TBG + hBN:
Zhang et al., PRR (2019) Spontaneously Gapped:

Bultinck et al.,, PRL (2020) Xie et al., PRL (2020)
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Quantum Anomalous Hall in TBG
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Serlin et al., Science (2019)



Repeatable Hysteresis in DC Current

Relevant theory:

Su and Lin, arXiv:2002.02611

He et al., Nat. Commes. (2020)
Upadhyaya et al., PRB (2016)

Sharpe et al., Science (2019)
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Probing Nature of Magnetism

Magnetic field

Chip carrier

e
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Possible Scenarios and in-plane response:

Interaction driven spin/valley polarization

&

Xie et al., PRL (2020)

Zhang et al., PRR (2019)
Bultinck et al., PRL (2020)
Zhang et al., PRR (2019)
Martin et al., PRL (2008)

Lee et al., Nat. Commes. (2019)

Valley-polarized, spin-unpolarized
composite Fermi liquid
similar to FQHE

Non-coplanar chiral spin order
at 3/4 filling of an individual band
(two copies from valley)

M =(cos Qur, cos Qr, cos Q.r)

IM: 1: (1.1,
2:(1,-1,-

M 3 (-1,1,-
M, 4:(-1,-

1

3

NN

In-plane field can couple to valley!
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Hysteresis Loops in Tilted Field

[ —— -85°

—-80°
—-70°
—60°
—45°
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—_— 15"
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B perpendicular (T)

Mostly sensitive to perpendicular component!
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Behavior Near In-Plane Field

D Applied Field (T)
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Applying In-Plane Field to a Magnetized State
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Conclusions

Twist angle is a new knob

TBG is a Chern insulator near % filling
No magnetic dopants needed

Aligned hBN may be crucial to open
topologically nontrivial gap

Orbital ferromagnet
High degree of anisotropy

Sufficiently large in-plane field kills
magnetization

In-plane field is coupling to

either spin or valley

10.1126/science.aaw3780
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