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Diffusion

® Continuity limit of a random walk (mean free path [, )
® Semi classical approach \p < [,

® Experimental regime, high Fermi energy : good metal

® Sample length > mean free path [,

® Weak disorder regime

- Boltzmann equation
- Diagrammatics



Boltzmann equation

® |Integro-differential equation
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® 2 quantities of interest : scattering probability and density
of states

® Linear response : Drude’s conductivity (no quantum
corrections, no UCF)



Standard diagrammatic technique

® Llinear response : Kubo formula
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® Quantum mechanics
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® (lassical part (diffuson) = Drude’s
conductivity

® Quantum interferences (cooperon) :
WL, UCF

Kong et al.,
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3D Strong topological insulators

® [nsulators with topologically @ Surface experiments (ARPES,
protected surface states STM)

Trivial

® Numerical simulations
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, ® Surface states : Odd number
B of Dirac cones




3DTI Transport experiments

T —
® Residual bulk conductance M
E o6f
® Thin films : improve surface/bulk ratio, € ,,|
gating both surfaces O el BiSes |
I Eto etal.,2010 |
® Strained HgTe : no bulk conductance °'°°""5'°""150"'T'fi)"'zéd'"zéd”éoc

® Magneto-transport : weak anti-localization
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Regime of diffusive transport

® Semi classical approach, \p < [, (perturbative approach)

® Experimental regime : far from the Dirac point (good

metal)
® Hamiltonian: H = hup (IZ X E) 2+ V()
V) =0 (VEWV(T) =40 1)

® Sample length > mean free path [,

® Weak disorder regime



Boltzmann equation

® Scattering anisotropy (spinor overlap)

® Absence of backscattering (TRS)

® Doubling of the transport time

g = e—p(E)v%Te ) = VETe =




Diagrammatic approach

e Diffuson spinorial structure

I°(q) = fs() [S)(S] + f1(Q) |T)(TA]
+ f2(Q) [T2)(T2] + [f3(q) |T3)(T5]
® One single diffusive mode :
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® Current operator renormalization

scattering anisotro
( : Py\)m{ = AN F M/\\//['D
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Doubling of transport time from anisotropy



Coherent transport

® Universal values : weak (anti)localization / UCF
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® |nelastic scattering : finite coherence time Ty
Mesoscopic physics : low T (T /'), small samples

Quantum interferences

o Diffuson Cooperon



Coherent transport : diagrammatics

® Interferences effects : 2 diffusive modes
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® Weak anti-localization
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. H /
. /v» . /\m .

e Conductance fluctuations

Same results as non-relativistic electrons
with random spin-orbit coupling !



Anderson problem

® Coherent metal + weak disorder : Anderson problem

® Universality classes for transition (strong disorder) :
universal metallic properties (weak disorder)

e Time Reversal Symmetry , H = hvp (E X 5) 2+ V(7)
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® Symplectic class/All crossover to Unitary/A (mag. field)
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Symplectic and unitary classes results

Symplectic class, TRS Unitary class
® Diffusive modes

%\%\ SoN

Diffuson Cooperon Diffuson
® Weak Anti Locallzatlon (WAL)

® Conductance fluctuatlons

<50>—12< ) /— <502>=6<%)2%/5qi4

Universal results : specificity of Dirac in the crossovers



Hexagonal warping

® Fermi surface deformation

02 00 02 -02 00 02-02 00 02
S.Y.Xu et al. 2011) k(A7)

® Warping hamiltonian

, A
H = hop(d x k).2 + 5(1«1 + k?)o?

Different energies Fermi surfaces

.................

( L.Fu,2009)
h — )\EI%’ _ ’lU(’lU =+ wmax)2 : W = Wypas kmaX - kmin
2<th)3 2(/leBLX o w)3 kmaX + kmln

Experimentally : 0 < b < 0.6




Boltzmann approach

e Density of states : f(k)

e Scattering probability : KV ]E))? = g;:(0) spinor overlap
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Perturbative result
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Diagrammatic approach

® Result non perturbative in warping term b

® Correction to Dirac physics

\NE?
® Possible to probe experimentally b= I
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Theory of diffusion of 3DTI surface
states

® Dirac physics : anisotropy of the scattering 4

® Symplectic class, universal result (WAL
correction)

(60 (B))
(60 (B=0))

® Specificity of the hexagonal warping o

® Departure from pure Dirac physics
BizTBg
® To be treated non-pertubatively

® Dependance of the crossovers

® In-plane magneto-transport
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Weak localization in graphene

Valley degeneracy :
possibility of intra- and inter- valley scattering

Intravalley scattering only With Intervalley scattering
® 2 independant Dirac ® ) disorder-coupled
cones Dirac cones
® Absence of ® Possibility of
backscattering backscattering
® Weak anti-localization ® Weak localization

Strong disorder limit :
disorder always opens a gap (insulator) as opposed to
3DSTI (always at least one
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tations

Irac excl

Semi-D

® Hexagonal lattice (graphene)
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® 2 Dirac fermions, with topologic number
H




Semi-Dirac excitations

h2 2
1o Jor + hvpo?qY

2m Montambaux et al., 2009

® Merging of the Dirac cones H = (A +

\ 4

I 24 A>0

Also predited in VO,/TiO;
heterostructures

Pardo and Pickett, 2009




Boltzmann equation

® Spinorial nature : Anisotropy of the scattering

Pure Dirac fermions . 1
o) = (e )

€

(D (k) (K) |

® Anisotropy of the density of states

High density /_
2.2
_ Mg, g

Low density



Boltzmann equation

® Stronger anisotropy of the scattering for semi-Dirac
excitations compared to Dirac fermions

(W (ky) [ (K))[?

® Combination of these two anisotropies : Anisotropy of
the diffusion D, # D,



Diagrammatics

® Direction dependant elastic mean free time

1 /
S8 = —Id+ ——0"

Te Te

e 2 diffusive modes, | diffuson and | cooperon

® Drude conductivity tensor

e? 2Eh? 2e e h?vs 2c

Oxx — ~ Oyy — =
h v

— Opy = Oyz = 0
h my a a

® Weak anti-localization (Quantum interferences)



Topological phase transition

® Dependance in A of the conductances
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Conclusion

® Significative difference with Dirac or non-relativistic
excitations : anisotropic diffusion

X X 2

® Study of the topological phase transition

zﬁ » 8

IQA A>0
® Weak antilocalization (symplectic class)

® Details soon on ArXiv



