CONSEJO SUPERIOR DE INVESTIGACIONES CIENTIFICAS

EEEEEEEEEEEEEEEEEEEEEEEEEEEEEE
DDDDDDDD (ICMM)

Mobility of suspended monolayer and bilayer
graphene at finite T

Eduardo V. Castro* *

Héctor Ochoa’, M. |. Katsnelson?®, F. (Paco) Guinea®
R. V. Gorbachev?, D. C. Elias? K. S. Novoselov*, A. K. Geim*

! Instituto de Ciencia de Materiales de Madrid, CSIC, Spain
2 Centro de Fisica do Porto, UP, Portugal

* Radboud University Nijmegen, The Netherlands

4 University of Manchester, UK

PRL 105, 266601 (2010); arXiv:1008.2523 (Phys. E); arXiv:1102.0807

ImagineNano — Graphene 2011, Bilbao, Spain 12/04/2011



From high fo ultra high mobility

» Graphene's mobility is routinely high
¢ ~10' cm’/Vs mobility at room T and high density
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Still limited by extrinsic scattering



From high fo ultra high mobility

» Ultra high mobility in suspended samples at low T

graphene layer
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e >10° cm’/Vs mobility after current annealing . —
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From high fo ultra high mobility

» Ultra high mobility in suspended samples at low T

« ~10° cm’/Vs mobility (Manchester group)
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From high fo ultra high mobility

» Ultra high mobility in suspended samples at low T
« ~10° cm’/Vs mobility (Manchester group)

PRL 105, 266601 (2010)
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Not explained by acoustic in-plane phonons!
~10° cm?/Vs at room T  Hwang & Das Sarma, PRB (2008)



Ingredients monolayer

» The metallic side

h {( 0 (ax—zay)]

o=V | (9. 440,) 0

Wallace,
Semeno ff, 1984



Ingredients monolayer

. The metallic side
% 0 (0 — i0))

Ho =~ —vFp

0 (Or +10,) 0

Wallace,
Semenoff, 1984

» The elastic side
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F= §fd:1:dy()\’u,§%-+2pu§j)+§ﬁ:/d$dy(vzh)2 S

Landau, Lifshitz, Elasticity
stretching bending Nelsson, Piran, Weinberg




Ingredients monolayer

. The metallic side

h {( 0 (ax—zay)}

o=V | (9. 440,) 0

Wallace,
Semenoff, 1984

» The elastic side

1 |
F = —/d:x:dy()\u?iJr2pu$-)+—ﬁ,/d$dy(vzh)2 : S
2 j 2 Landau, Lifshitz, Elasticity
Stretching bending Nelsson, Piran, Weinberg

» The coupling

Castro Neto et. al., RPM (2009); Vozmediano et. al., Phys. Rep. (2010)
Hep= 1V + wvpe(Ay Fily)loss—diag
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Ingredients bilayer

» The metallic side
h? 0 (0 — 10,)*
(il {(@xﬂ'a@,)? 0 ]
McCann and Falko, PRL (2006)
» The elastic side

F = 5 / dady(Muz; + 2pu?j)+§f-€ / dady(V*2h)? #ra==aiass ==

Zakharchenko et al.,
stretching bending PRB (2010)

» The coupling

Castro Neto et. al., RPM (2009); Vozmediano et. al., Phys. Rep. (2010)

he _ _
Hep= 1V + %(aﬂ? T i0y)(Ae F 1Ay)|of f—diag
V' = gouii + screening a L 2V vy /s TY




Resistivity — flexural phonons

* Assumptions

e Harmonic approximation

 Doped regime:

semi-classical transport + Born approx.
* Quasi-elastic approximation

e High T (T>>Tso)




Resistivity — flexural phonons

* Assumptions

e Harmonic approximation

Doped regime:

semi-classical transport + Born approx.

* Quasi-elastic approximation
e High T (T>>T5s0)

Mariani & von Oppen, PRB (2010)
PRL 105, 266601 (2010)
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Resistivity — flexural phonons

* Assumptions

e Harmonic approximation

 Doped regime:

semi-classical transport + Born approx.
* Quasi-elastic approximation

e High T (T>>Tso)

Mariani & von Oppen, PRB (2010)
PRL 105, 266601 (2010)
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arXiv: 1102.0807




Mobility — Monolayer

o Mobility — 1/u = pen

647K? hev?, I (kBT)

B~ 22 32
2 3B (kT2 \ T
2 1 4a?
kK =~ 1 eV  zaknarckenko et al., PRL (2009)
g ~ 3eV Choiet al., PRBr (2010)
ﬁ e —8log t/a loga ~ 92— 3 Castro Neto et. al., RPM (2009);

Vozmediano et. al., Phys. Rep. (2010)
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Mobility — Monolayer

PRL 105, 266601 (2010)

11300k ~ 1 m*/Vs

o Mobility 1/ = pen
647K ﬁev% | kT
p~ 1
2 3B (kT2 \ T
2 1 4a?
kK =~ 1 eV  zaknarckenko et al., PRL (2009)
g ~ 3eV Choiet al., PRBr (2010)
ﬁ e —8log t/a loga ~ 92— 3 Castro Neto et. al., RPM (2009);

Vozmediano et. al., Phys. Rep. (2010)



Mobility — Monolayer

o Mobility — 1/u = pen

647K? hev?, I (kBT )

W mp (kpT)? Fiw,
2 ! 4q2

PRL 105, 266601 (2010)
kK =~ 1 eV  zaknarckenko et al., PRL (2009)

2
~ 3 eV Choiet al, PRBr (2010) H300K 7 1 ¥ /VS

g
= — _ Castro Neto et. al., RPM (2009);
ﬁ =0 IOg t/a log ar~2-3 Vozmediano et. al., Phys. Rep. (2010)

 Logrithmic divergence
For flexural phonons Ny ~ [ dqng =~ | dwD(w)n(w)

logarithmically diverges in the infrared (g — 0) w. = aq




Mobility — Monolayer

o Mobility — 1/u = pen

647K? hev?, I (kBT)

= E B (kg2 \ e
2 1 4q2

PRL 105, 266601 (2010)
kK =~ 1 eV  zaknharckenko et al., PRL (2009)

2
~ 3 eV Choiet al, PRBr (2010) H300K 7 1 ¥ /VS

g
= — _ Castro Neto et. al., RPM (2009);
ﬁ =0 log t/a log ar~2-3 Vozmediano et. al., Phys. Rep. (2010)

 Logrithmic divergence
For flexural phonons Ny ~ [ dqng =~ | dwD(w)n(w)

logarithmically diverges in the infrared (g — 0) w

F
q = &4

Onset of anharmonic effects

natural ir cutoff at long wave lengths hwe < kT’
Zakharchenko et. al., PRB (2010)



Mobility - Bilayer

o Mobility — 1/u = pen

647 K2 hev?, " (k‘BT )
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arXiv: 1102.0807

Kk ~ 2 eV| zakharckenko etal., PRB (2010)
~ 3 eV Choiet al., PRBr (2010)

g
= — _ Castro Neto et. al., RPM (2009);
5 =0 lOg t/a log ar~2-3 Vozmediano et. al., Phys. Rep. (2010)

U300K " 10 mQ/Vs

 Logrithmic divergence
For flexural phonons Ny ~ [ dqng =~ | dwD(w)n(w)

logarithmically diverges in the infrared (g — 0) w

F
q = &4

Onset of anharmonic effects

natural ir cutoff at long wave lengths hwe < kT
Zakharchenko et. al., PRB (2010)



Resistivity / mobility in experiments
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@ Experiment: 1/~ 1/u(T — 0) + T2
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PRL 105, 266601 (2010)



Resistivity / mobility in experiments
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@ Experiment: 1/~ 1/u(T — 0) +~T
@ 7~ 3—6x107°Vs/(mK)?
1 (4 . RPvpB?N _(ksT)* | (k5T
@ Theory (gives T2): p T\ 2T 402 ) Ganherntol e
@ 7~ 3x 10 °Vs/(mK)* (without adjustable parameters, ignoring

logarithm)
o different cutoff in In( 7 /w.) provides difference between samples
W, depends on strain  Roldan et. al., arXiv:1101.6026

~ 2 factor compatible with u~10"* Chen et. al., Nature Nanotech. (2009)



Conclusions
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» Room T resistivity dominated by 3
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flexural phonon contribution I

1300k ~ 1 m?/Vs .
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» Room T resistivity dominated by 3
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flexural phonon contribution o

U300K | mQ/VS 0

*» How to avoid flexural phonons?

e Strain strongly suppresses
scattering by flexural phonons
e Go back to substrate (ex: BN)
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» Room T resistivity dominated by 3
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flexural phonon contribution T

HU300K "~ | mQ/VS 0

*» How to avoid flexural phonons?

e Strain strongly suppresses

scattering by flexural phonons
e Go back to substrate (ex: BN)

* Bilayer graphene

o Qualitatively similar

e Quantitatively different




Conclusions

» Room T resistivity dominated by
flexural phonon contribution

1300k ~ 1 m*/Vs

*» How to avoid flexural phonons?

e Strain strongly suppresses

scattering by flexural phonons
e Go back to substrate (ex: BN)

* Bilayer graphene

o Qualitatively similar

e Quantitatively different

Thank you for your attention!
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TJust a thicker membrane

» Reasonable approach for acoustic phonons

PHYSICAL REVIEW B 81, 235439 (2010)

Atomistic simulations of structural and thermodynamic properties of bilayer graphene

K. V. Zakharchenko, J. H. Los, M. I. Katsnelson, and A. Fasolino
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Electron—phonon coupling

» Two types of e-ph terms allowed by symmetry

Scalar potential like <

Hep = 1V + vpeo - A

L a Vector potential like

 Deformation potential

go ~ 20—30eV Suzuura&Ando, PRB (2002)

V = goU;; | Which g 222 g ~ 36V Choi et. al., PRBr (2010)

Include screening! Vi x4 q =

 Bond

Gezp ~ 17x1eV  Chenet al, Nat. Nano. (2008)

go Jo
— Ui (g
€(q) (@) " err(kr)

=g~ 3eV

length change

eA:@
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1

B=—0logt/0loga ~2—3
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Castro Neto et. al., RPM (2009); Vozmediano et. al., Phys. Rep. (2010)



Resistivity — in—plane phonons

» Assumptions

 Doped regime:

semi-classical transport + Born approx.

e Quasi-elastic approximation

ngh T (T>>TBG)

Gexp ™ 17E1eV Chen et. al.,
0 29 " hQ’U%BQ ’U% wkgT g 3 &V Nat. Nano. (2008)
" 202 2 | 4hpe2v?vi, B2 —3 |
Efetov & Kim PRL.(ZOO)
Low T ( T<<Tsc ) B .2
~ Z 12F (6) a ) L+ h2?)12:1,82 X g | zln(io'-écrj’l)lli,,x"’ff :
P(4 )C(4) \Tsc) 4a* ol 7/ naoten’y
e [ Y s ]
4 I ; Yy — 4.65
Mariani & von Oppen, PRB (2010) ['(4)¢(4)(kpT) v /7 —
82054?)%‘@5]{3 0'110 e 'i(lm

arXiv: 1102.0807 VR &S



When strain is present

@ Broken rotational invariance
— linear dispersion for flexural phonons

w,fl:z q\/o g2 + Ov}f

e

@ Very low strain enters through cutoff under log
o difference between samples due to different residual strain

@ As strain increases 1/7 decreases
o density of low momentum phonons is strongly suppressed
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The bilayer graphene case

arXiv: 1102.0807

» Electronically: massive chiral electrons

» Elastically: just a thicker membrane (ac. ph.)
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