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How do we describe transport? 1 «— —| u
Landauer transport theory L — <« R

— transport as transmission 7

phase-coherent sample — scattering region
(described by scattering matrix)
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Setup for ballistic transport

theoretical point of view:

1l W

Tworzydlo, BT, Titov, Rycerz & Beenakker PRL 2006

experimental point of view:
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Miao et al Science 2007

related (early) theoretical work: Peres, Castro Neto & Guinea PRB 2006; Katsnelson EPJB 2006




V),

— different boundary conditions in y-direction
— voltage source drives current through strip

— gate electrode changes carrier concentration




Boundary conditions

1) armchair edge
(1) g
(mixes the two valleys;

metallic or semi-conducting) Brey & Fertig PRE 2006

(i1) zigzag edge

(one valley physics;
couples k, and k)
(i11) infinite mass confinement O OO O O RO O OO
(one valley physics;

smooth on scale of lattice spacing)

Berry & Mondragon Proc. R. Soc. Lond. 1987



Underlying wave equation

[fvpxax + vp,0, + v M(y)o, + ,u(m)]\If = eV

kinetic term I gate voltage term

boundary term (infinite mass confinement)



Underlying wave equation

[vpxax + vp,0, + v M(y)o, + ,u(x>]\If = eV
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kinetic term

|
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gate voltage term

boundary term (infinite mass confinement)

Ansatz:

in leads:

in graphene:
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Scattering state ansatz

X, @)™ 4+ 1,X, i (y)e ™52 <0
U =q0,X,; (y)e”g"” + G X, i (y)e"";"”;o <z <L
£, X, ()™ > L

Dirac equation (first order differential equation)
— continuity of wave function at x=0 and x=L

— determines t, and r,,

— transmission T =|t |?



Solution of transport problem

In the limit N>>1 (propagating modes in leads):

2

*—(nva,)
(thn) s” (k,L)

f

hvk, = \/EZ —(hvg, )’

T (E)=2

Transmission coefficient (at Dirac point E=0):

1
cosh? [(n + a)7L /W]

f

phase a depends on
boundary conditions
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Conductivity: influence of b.c.

metallic armchair edge
Landauer formula:
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Conductivity: influence of b.c.

metallic armchair edge
Landauer formula:

N\

9 N—
4e? . 1 -
= Z 342 V=0 (@)
— or 4 % ) .
£ ‘; % universal limit:
conductivity: o W/L> 1
£ 15
L 4e? ° 1
W h Z_J 0.5
0 T 1 1

I
o 1 2 3 4 5 6
W/L
infinite mass confinement

at Dirac point (in universal regime): conductance proportional to 1/L




Transport through evanescent modes

e = hvp ki + k; k, =q, €R

at the Dirac point: |€ =0 = k, = k = 1q,
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Transport through evanescent modes

e = hvp ki + k; k, =q, €R

at the Dirac point: |€ =0 = k, = k = 1q,

structure of wave function in II \ | }

aan,k ( Y ) 6ikx + ﬁnxn,—k ( Y ) e—z'ka?

i W

— Transport through evanescent modes: ,

CV?L}(n,z'qn ( Y ) e " - ﬁan,—z’qn ( Y ) el x |




Conductivity: V ,,, dependence

Experiment: Our theory:
34 =64 wlL=5
T g
3 ¥
X, .
Py S 37
E g 24
S CO—"TT T T T T
S | 4%/ h — -30-20-10 0 10 20 30
=100 =50 0 50 100 B
gate voltage (V) puW/oh
Novoselov et al Nature 2005 Tworzydlo et al PRL 2006
X V(E)xcE = n, oc g
Possible explanations: en, =CV,,, = uoc |V,

charged Coulomb impurities Nomura & MacDonald PRL 2007
strong (unitary) scatterers Ostrovsky, Gornyi & Mirlin PRB 2006




Current noise

—@Hducﬁﬁl ](t)

A
|

(DC voltage)

\/

Average current:

Current fluctuations:

(1)

I ={j(®))

“+o00

S(w) = [ dte™ ({Aj(£),A§ (D)}, )

/'

We are interested in the zero frequency
and zero temperature limit. — shot noise




Shot noise: effect of b.c.

infinite mass confinement

S

Fano factor: ' Veate =0 (b)

0.8 —
Nz_le . 0.6 — universal limit:
PS5 _ah ) o, W/L > 1
el N1 0.4 —
T, | T D -
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metallic armchair edge

Tworzydlo, BT, Titov, Rycerz & Beenakker, PRL 2006



Maximum Fano factor

0.4 ,
W/L=5 | (b :

o o unaffected by different

boundary conditions &
scaling system size

to infinity

0 O I I T N
-40-30-20-10 0 10 20 30 40
uW/ovh

— sub-Poissonian noise — particles anti-bunch

— universal Fano factor 1/3 for W/L > 1
/

same Fano factor as for disordered quantum wire
Beenakker & Buttiker, PRB 1992; Nagaev, Phys. Lett. A 1992
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Shot Noisc in Ballistic Graphene
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FIG. 3 (color online). F extracted at Vi, = 40 mV for three
different samples, all having W/L = 3, as a function of 6V =
Veate = Vbime- For the two unintentionally highly p-doped
samples (orange and green dots), the Dirac point was estimated
via extrapolation of the minimum conductivity at %
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Motivation

Selected for a Viewpoint in Physics .
: week ending
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Approaching ballistic transport in
suspended graphene

XU DU, IVAN SKACHKO, ANTHONY BARKER AND EVAY. ANDREI*

Department of Physics and Astronomy, Rutgers the State University of New Jersey, 136 Frelinghuysen Rd, Piscataway, New Jersey 08854, USA
*e-mail: eandrei@physics.rutgers.edu



Finite temperature calculation

4 2 N-1I
Landauer formula: | =%ZITH (E)(f.(E)-f:(E))
n=0 2
/ y
1 _ &
fL/R(E)Zl"'eXp(ﬂ(E_ﬂL/R)) How =1 2

Conductivity: o(uT)= f o,
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4Le I dqjdgp E*-(hvg) e’ LE
h ¢ < 2rx Ez—(th)zcosz(p h #Av

T

average over discreteness effects
(due to finite size quantization)

2
= |o(wT)~= %%{@+Zlog(l +e T )}
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minimum conductivity
d | . |6
0.2 L.
- g [T 4 _
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0 100 200 300
T(K)
Du, Skachko, Barker & Andrei Nature Nano. 2008

Muller, Brauninger & BT PRL 2009

alternative explanation: scattering from charged impurities
with T-dependent screening

Hwang & DasSarma PRB 2009
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Scaling function

scaling function for chemical potential x(T,n)= 4T

T ) T
2 T2 ,([ |:f X,u—f )] = ﬂzf[Wj

/1
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|; 3t //
ho(T) T (f+2logf1+e £l ~
)
i
bo . 015 R 5303
v ml

1/2

Conductivity: non-monotonic function of T and n; minimum at |T ~0.7av|n|




Muller, Brauninger & BT PRL 2009
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ballistic
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Du, Skachko, Barker & Andrei Nature Nano. 2008
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breaks TRS
H,_.=v(p+eA)-e+17V(r)o,

;

breaks symplectic symmetry
(TRS within a single valley)

Infinite mass confinement: V(r)—co outside the ring

p
) VR T
For W/a<x1: E.,=t¢& £ m m$(—) €n=V(n+%jvlv, n=0,12,.. m=%
T

Recher, BT, et al PRB 2007

. W
wg = Fite“y, atr= a$7

closed bilayer ring: Zarenia et al Nano Lett. 2009







Experiments on graphene rings
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Huefner et al Phys. Stat. Sol. 2009

Conclusion: no graphene-specific experimental results




Open graphene ring

H =

> F

Vy

-

VA7 BNV

P

- Vi|i><i|+zfij|i><j|

V,<E

A

nn’n junctions vs. npn junctions

To

in lower arm of the ring =

Schelter, Bohr & BT arXiv 2010

related work: Rycerz Act. Phys. Pol. A 2009; Wurm et al Semicond. Sci. Technol. 2010; Katsnelson EPL 2010




G/Go

Magneto transport

(a..

2 4 6 8 10
2
4 a
B-10t g2

based on Fisher-Lee relation:

frequency limit of high
(Sij) iy (_ 51 +G“V) 4 Vi pass frequency filter |
" % used for background subtraction

Fisher & Lee PRB 1981
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Schelter, Bohr & BT arXiv 2010
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Summary

ballistic transport in graphene contains unexpected
physics: conductance oc L}

conductivity has minimum at Dirac point & shot ARV
noise has maximum at Dirac point T

-40-30-20-10 0 10 20 30 40
uWson

temperature dependence of ballistic transport is
important in suspended graphene devices

prediction of scaling function of conductivity at
finitenand T

Interplay of AB effect and Klein tunneling can be
nicely tested 1n graphene rings




Conductance
channel with

up—s.pin charge - 4 7
carriers \;/ | G,D—>D % a)
- 3 /?‘

- /’
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- S
Tr - 4
Conductance ,*'j
channel with 7 7
Quantum down-spin =
well charge carriers j j

Konig et al. Science 2007

WiL

g(IZ) =C- Dk2, CT(IZ) - (Akx’_Aky’ M- sz) Novik, Recher, Hankiewicz & BT arXiv 2009

Bernevig, Hughes & Zhang Science 2006



