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Disorder and transport in draphene-based
field-effect transistor, GraFET

onolayer graphene
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classical Boltzmann’s kinetics, uncorrelated sequence of scattering events

Momentum relaxation rate,
Inverse of the ‘transport time’

r,' = [d6 (1-cos )W (6)
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vV = const

Einstein’s formula for conductivity \2. 0
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What types of disorder are there in graphene and what is the effective
disorder experienced by electrons at the Fermi level (RG)?
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How may a suppression of back-scattering of chiral electrons appear in
transport characteristics? (interference corrections to conductivity)

How do different types of disorder affect quantum transport in graphene, in
particular, weak localisation magneto-resistance?



Interference correction: weak localisation effect...
w~ A+ A P= AP +| A HA 4 +A4_A]
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LA A A=A [>0
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82 WL = enhanced backscattering in
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Interference correction: weak localisation effect...
w~ | A_+A = A" +|A " HA_ A +4_A]
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ln(min[r¢, Z'B]/Z')

Broken time-reversal symmetry,
e.g., due to a magnetic field B
suppresses / kills the weak
localisation effect

A

B WL magnetoresistance




.but ...
w~ A+ A = A" +|A " HA_ A +4_A]
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Ac/r e WL enhance_d backscatter_lng
for non-chirallelectrons in
A - L \ time-reversal-symmetric systems
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WAL = suppressed backscattering
for Berry phase 7 electrons
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.but ...
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WL = enhanced backscattering
for non-chirallelectrons in
time-reversal-symmetric systems

WAL = suppressed backscattering
for Berry phase 7 electrons
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Suzuura, Ando - PRL 89, 266603 (2002)



weak trigonal warping leads to a random
o however I phase difference, ¢ for long paths.
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McCann, Kechedzhi, VF, Suzuura, Ando, Altshuler - PRL 97, 146805 (2006)
B for bilayers: Kechedzhi, McCann, VF, Altshuler - PRL 98, 176806 (2007)




... and, finally, ...

K K- Inter-valley scattering restores the WL
143 - A i behaviour typical for electrons time-
= inversion symmetric systems

H=¢vo-p- ﬂ((pﬁ -p,)o,—2p.p,o, )+ u(7)

e :
O = Gcl —%ln(mln[fw z-B]/z-iv) 5(13):‘9F .
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McCann, Kechedzhi, VF, Suzuura, Ando, Altshuler - PRL 97, 146805 (2006)
B for bilayers: Kechedzhi, McCann, VF, Altshuler - PRL 98, 176806 (2007)
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What types of disorder are there in graphene (disorder and symmetry) and

what IS the etfective aisorader experienced by electrons at the Fermi level?
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How may a suppression of back-scattering of chiral electrons appear in
transport characteristics? (interference corrections to conductivity)

How do different types of disorder affect quantum transport in graphene, in
particular, weak localisation magneto-resistance?




Free-electron Hamiltonian in monolayer graphene (Lecture 1)

valley index
Cop )
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sublattice index,
‘isospin’



— VG- P

Coulomb potential
of remote charges
In the substrate
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atomic-range distortion of the
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4x4 matrix in the
Isospin-valley space
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lattice breaking A-B symmetry

Intervalley-scattering disorder




Iso/pseudo-spin vectors realise a

4-dimensional representation of the Ch
symmetry group of the honeycomb lattice B -
G{C, ®T} 4 -

Generating elements: TA%A,C%,SX Translation
TA—)A

Rotation C,
3

A<——B
K, «——K

Mirror
reflection

SX

A<——>B
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Symmetry operations and transformations of matrices

Generators of the group G{T.C,}: 1, ,,C,.S.
3

O(C,7)=U(C, )D(F) A
O(S,7) =U(S,)D(F) P
O(T7) = U(T,)(F) A K

4-components wave-functions arrange a 4D irreducible
representations of the lattice symmetry group.

X=0"X0

The 16D space of matrices X can be separated into irreducible
representations of the symmetry group G




Examples of convenient 4x4 matrices

sublattice ‘isospin’ matrices:

. _[e 0 .o 0 .o o1 SU.Lie algebra with:
b 0 —0o, y 0 _O_y z 0 . [ZSl ,zsz ] :21 8S1S2S3ZS3

valley ‘pseudospin’ matrices: | |
0 o 0 —ioc s, 0 ] SU,Lie algebra with:
A, = A= | A= ,
|: :| Y |:ZO_Z 0 |: :| [/\l1 , A12 ] — 218111213 A[3

0 -0,

[ZsﬂAl]:O




Irreducible matrix representation of G{ 7,C, }

| Cy s T
four 1D-representat!ons 7 1 1 1 | 4
four ig-represen:attyons 5 i 1 1| 4
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(x.y) =% (xY) A, —1 1 1 | B,
Cy S, T
1 1 V3
Y, 7 T 1 0 1 0 £
2, _ W31 0 —1 0 1 !
_ 2 2
AS )| -4 -2 (10 10
2 - E
AT, V31 0 —1 0 1 2
¥ 2 2
[1] (1 0 ) (—1 0 ) -1
i"'Ly 0 —1 0 -1 TE’ —%
ALY, 10 10 -1 a4
A, 0 —1 0 1 V2 S




Time-reversal

e(p)=¢p

time-inversion
symmetry =

13 —)—ﬁ;Ki _>K$

K'

> o @ >

Time inversion of 2, A matrixes:

I, invariant
i, A invert sign
S® A invariant



Full basis of symmetry-classified 4x4 matrices

sublattice ‘isospin’ matrices: . .
SU, Lie algebra with:

2:0’“ 0 Z_Gy 0 ZZO'ZO -
10 -0, Y |0 -0, 10 o [2319232]:2151232s3

valley ‘pseudospin’ matrices: | |
0 o 0 —io o 0 SU, Lie algebra with:
A :|: Z:| Ay:|: Z:| AZ_|: 0 :|
l

. 0 c. 0 0 —o,| [A,A 1=2i"A,
[ZS7AI]:O [ —>—1
s symmetric

—

, A invert sign

M

16 generators of group Us <

_ 2®A  symmetric



monolayer Hamiltonian in the XA representation
A =vs6 - p-ul(p! - p))o, ~2p,p,0, )+ lu(F)+V (7)

Dirac term l warping term

H=1% p—uZ (S PAZ S PE, +1u7) + S Pz,

s,l=x,y,z

the most general form of
time-reversal-symmetric disorder

McCann, Kechedzhi, VF, Suzuura, Ando, Altshuler - PRL 97, 146805 (2006)



Microscopic origin of various disorder terms

V = u(r)f <uu> ~ Y,

E Comes from potential of charged
V_’/ Impurities in the substrate, deposits

‘\;'Qz\ SN : on its surface (water-ice) and doping
S molecules screened by electrons in
graphene.

It IS believed to dominate in the momentum relaxation
In the existing GraFETSs.



Lattice deformation — bond disorder

(r)zs(x,y)
= AZZ ‘U

c_z; .

J_

L —dg
~ 1. xd ictitious ‘magnetic field: b . =rotu, # 0
F fict 1

Foster, Ludwig - PRB 73, 155104 (2006) A - —
Morpurgo, Guinea - PRL 97, 196804 (2006) H=X p+ AZZ U,

=2-(p+AH,)

Suppresses the interference of electrons in one valley,
similarly to the warping effect in the band structure.




Lattice deformation — bond disorder

/1 =2
/7<ui>_7/i
d,—d,
WJX(; bK:Kb'

Foster, Ludwig - PRB 73, 155104 (2006) Jict fict
Morpurgo, Guinea - PRL 97, 196804 (2006)

H=Y p+AXi, =2-(p+Ai,)

[ —

The phase coherence of two electrons propagating in different
valleys is not affected (real time-reversal symmetry is preserved).




Deformation of graphene flakes is
due to uneven surface of a substrate
and a brute-force method of peeling
it off graphite.

%(\. e //'.

Also, in those places
where graphene touches
the substrate, locally A-B P
symmetry is broken.




Intra-valley AB disorder

7o\

V — AZZZuZ (]7:)

different energy
on A and B sites

2\ _
U, ~ &4~ 5 <uz>_ )/z

Intra-valley disorder 4 X u . suppresses the interference
of electrons in one valley, but has the opposite sing in the
two valleys, K and K, atthe rate 7.' = y.(y, +2¥,)




Inter-valley scattering

Induced by deposits on the graphene

valley-oft-diagonal matrix: sheet, points of mechanical contact with

I the substrate, atomic defects, and
sample edges.
K' Ky
1_5' ]_5 usl (F)ZSA[ uzl (r)zzAl

u s=x,y; [l=x,y [=x,y
qoc K ocd 2\ 2
<usl>_IBJ_ <uzl>:IBZ
Characterized by

the intervalley T;l i 7/F (4,8L + 2ﬂz)

scattering rate



WL correction

oc~Cy+Cy+C,

Qs <> <>

Cy(7,7")

Particle-particle correlation function ‘Cooperon’

(DV? —iw+7)')C! (7, 7Y = 5G - F")

—1
T ., relaxation rate of the corresponding ‘Cooperon’

Nz B PN EB)E b Tu) + Y u,(F),A,

P
A > 5,0=x,9,2
I /

leading terms do not contain valley operators A4 , thus, they remain
invariant with respect to valley transformations SU /.



All types of symmetry breaking disorder

H=v5p-us B p)ASE-p)T, +TulF) + Yu,(F)Z,A,

| inter-valley
: : + | -
Trigonal warping |3_tra il . I
. Isorder Inter-valley
Ty T;l + z-Z‘l disorder
-1
samp valley Tiv
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Morpurgo and Guinea, PRL 97, 196804 (2006)
-1 —1 —1 —1
McCann, Kechedzhi, VF, Suzuura, Ando, Altshuler, T¢ << TW ” Tiv 9 TZ
PRL 97, 146805 (2006)



Magnetoresistance of graphene for z. <<z,

i 0 z
00 = CO (valley—antisymm) T CO (valley—symm)

o(B)—o(0) T >>1

B¢ - ¢0
qu,

‘fast’ inter-valley scattering:
usual WL magnetoresistance
cutat B,

‘slow’ inter-valley scattering:
neither WL nor WAL
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Hubert B. Heersche et al,
Nature 446. 56-59 (2007)

Narrow ribbon of graphene has strong inter-valley scattering due
to edges and is expected to show robust WL magnetoresistance

McCann, Kechedzhi, VF, Suzuura, Ando, Altshuler, PRL 97, 146805 (2006)

Kechedzhi, McCann, VF, Altshuler, PRL 98, 176806 (2007)



2

JCDW

What types of disorder are there in graphene (disorder and symmetry) and
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what is the effective disorder experienced by electrons at the Fermi level?
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How may a suppression of back-scattering of chiral electrons appear in
transport characteristics? (interference corrections to conductivity)

L zz-fl _intravalley
l

How do different types of disorder affect quantum transport in graphene, in
particular, weak localisation magneto-resistance?



Aleiner, Efetov - PRL 97, 236801 (2006)

Renormalisation of effective disorder V

Vi) =>E) == (e



Renormalisation group for effective disorder

g||:7/z'|'27ﬁ g, =0, t20, tElngat
§g||:7/z_7/¢ 5gi:,82_,8L &

2m7vd,y = —(yp T g T 2¢1)
2 - — 2 2 [shows the
9mU=d, Y, 2{gll T ng— fastest growth]
ﬁvji’irﬁg”,L = _STDSEII,J_
9mvd,g =~ —8g; —20gg, + 14g3

‘:hrujfi,gj_ =~ 48181 — 18?1

Aleiner, Efetov - PRL 97, 236801 (2006)



Summary (L1-L3)

Band structure of monolayer and bilayer making them gapless
semiconductors and chirality of electrons in those materials
(manifested in the QHE).

Rich variety of quantum transport regimes due to quasi-particle
chirality (and Berry’s phase) and symmetry-breaking disorder.

There is much more to do: doping control, description of
minimal conductivity, graphene edges, interaction effects,
possible Pierls instabilities, possible excitonic dielectric,
correlated phases of QHE in monolayers and bilayers, and
hopefully — new functionality and device APPLICATIONS!




