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What is a Moiré pattern?

A beat between periods
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Moiré in graphite

Electronic effects in scanning tunneling microscopy: Moiré pattern on a graphite surface

Zhao Y. Rong and Pieter Kuiper
Physics Department, Brookhaven National Laboratory, Upton, New York 11973

Received 27 July 1993

We observed by scanning tunneling microscopy (STM) a hexagonal superlattice on graphite with a period of 66 A. Direct measurement of
the angle between lattice vectors confirmed that the superlattice is a Moiré pattern caused by a 2.1° rotation of the topmost (0001) plane
with respect to the bulk. The STM corrugation of 2.6 A is not due to physical buckling, but to differences in electronic structure between
AA-stacked, normal AB-stacked, and rhombohedral CAB-stacked graphite. The high tunneling current of AA-stacked regions is in
agreement with the high density of states at the Fermi level calculated for AA graphite. The Moiré pattern changes, both the amplitude
and the shape, with bias voltage. The observation provides a basis for a comparative study of surface electronic structures with different
subsurface layer configuration, which is a vital test of our understanding of STM

©1993 The American Physical Society
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FIG. 2. (a) A closeup view of the superlattice on which
graphite atoms are resolved. The image is taken with set
current 5.6 nA, tip bias 72 mV, and scan size 202X202 A”. The
image is low pass filtered. (b) A cross section along the direc-
tion indicated by the line in (a).

Rong and Kuiper, PRB 1993
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Commensurability conditions
Continuum modeling: quasi-free Dirac fermions
Calculation of inter-layer hopping

Electronic structure.
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Commensurability angles
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Superlattice basis
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Continuum modeling

@ Single Layer
Hi = —tz ai(r,-) [b1(l’,‘ — So) + b1(r,- —So + a1) —+ bl(r,- —So + a2)]+hc

a(r) — v&2ya(r)exp(iK - 1)
bi(r) —  ve*u(r) exp(iK - ¥)

v It 0 (kx - iky) /

Moiré Patterns in bilayer KITP, Graphene Workshop, 2007



Continuum Modeling

@ Rotated Layer

Hy = —tz b(r)) [aa(rj + sb) + aa(rj + sp — @) + aa(rj + sp — ab)] +h
J

a2(r) — v/*a(r)exp(iK® )
bo(r) —  ve?p(r) exp(iK - r)

/ (ke — ik '
hVFZT/JT [ i k0+,k) e’ ( A iky) @' (k).
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Inter-layer coupling

@ For each site in unrotated layer (layer 1) there is at most one
site in the rotated layer (2) for which there is significant

hopping;
r'(r)=r+4(r)  (in-plane positions)

t, — 0% = t9°(r)  a(B) = A, B(A, B')

K fedeY
H(L )= Z Z tJ-ﬁ(G)wl,k+AK/2+G¢ﬂ/J<—AK/2 (AK = K'—K)
a,B k,G

- 1 . .
tiﬁ(G) _ v / d2r tiﬁ(r)e:K"-SAB(r)ef:G-r
¢ Juc



Full Hamiltonian

Choose k origin at mid-point between Dirac points of the two
layers.

bak = Yak+ak/2 in layer 1;
dar ke = wa’,k—AK/2 in layer 2;

H = thﬁakar <k+)¢ﬁ,
+ hZ¢T/kVFT (kAK> gbﬁ/

+ ZZ ORI

a8 kG



Calculation of ¢, (r)

0.2
t () eV 4 15

0.1

dla

® Vppo(r) and Vppr(r) can be estimated from values of
t~2.78¢eV, t' =~ —0.12eV and t; ~ 0.27 eV.
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Calculation of §*°(r)
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Results for £77(G)

AL

G | t/°(G)/ | t’(G) | tPA(G) | tT°(G)
0)| 0102 | 0102 | 0.102 | 0.102
1) | 0014 | 0014 | 0014 | 0.014

1) | 0014 | 0014 | 0014 | 0014
0) | 0.004 | 0004 | 0.004 | 0.004

Values in eV. Absolute values, for G # 0.

e Exact symmetries relate 628 « §BA and §44, 644 «— BB,
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Keeping ?E/B(G =0)

@ New energy scale: Ave AK =~ 370meV

0 X g — % QL QL
= 0
H(q) = hve [AK] qQLz QL C())L el? ($L+ 2)
QL Qe e (q+3) 0

Moiré Patterns in bilayer KITP, Graphene Workshop, 2007



Hao



@ Full geometrical description of rotated layers
(commensurability)

@ Workable continuum description for slightly rotated layers:
“quasi-free” Dirac electrons

@ Preliminary results on electronic structure.

Moiré Patterns in bilayer KITP, Graphene Workshop, 2007



