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Topological insulator

always gapless

Ty Super metal !

Momentum

How about their

Bulk: Gapped = Insulating .
electronic transport?

Surface: Gapless = Metallic

Reviews:
Hasan & Kane, RMP (2010);
Qi & Zhang, RMP (2011);
Shen, Topological insulators (Springer, 2012).



B1,Se; and Bi,Te; in transport measurement

Crystal

Bi,Se;, Bi,Te,
* Thermoelectric materials
* Narrow-gap semiconductors

Moore, Nature, 2010;
Zhang et al, Nat. Phys. 5, 438 (2009);
Xia et al, Nat. Phys. 5, 398 (2009)

Flake

Overlapping
— Regions

Mechanical Exfoliation (like for
graphene): Teweldebrhan et al,
Nano Lett.10 1209 (2010) (UC,
Riverside)

Molecular Beam Epitaxy:

Zhang, K.H.Wu et al, APL 95,
053114 (2009) (IOP, China);
Zhang, Xue, Nature Physics 2010
(IoP&Tsinghua).

Device

Measuring conductivity
Ong group (Princeton), PRL, 2009

What observed ?
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PRL 103, 246601 (2009); PRL 106, 196801 (2011).
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Chen, Wu, L1, Lu, et al,
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Weak antilocalization (WAL)
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Quantum diffusion

Ballistic ¢/ >> | Diffusive / << L

Classical diffusive Quantum diffusive
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Einstein's relation

2 2
7 N D=5k s
m h

O

{  Mean free path
(due to elastic scattering by static centers)

14 ¢ Phase coherence length
(due to inelastic scattering by phonons, e-e interaction,etc.)

L System size



Weak (Anti-)localization

Time-reversed

Semiclassical scattering loops

SC
Conductivity O X =0

N

€¢
i ~ +]n— WAL
+o? 14
Quantum €¢
. ~ —ln_
interference , WL

Quantum interference corrects conductivity

{  Mean free path
(due to elastic scattering, no temperature dependence)

14 ¢ Phase coherence length 1
(due to inelastic scattering, ¢ i T

Thouless, PRL 39, 1167 (1977)
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Weak (Anti-)localization

Time-reversed

Semiclassical scattering loops

SC
Conductivity O X =0

N

€¢
i ~ +]n— WAL
+o? 14
Quantum €¢
. ~ —ln_
interference , WL

A
O. ~
~ WAL
~
~

~

{  Mean free path S %€
(due to elastic scattering, no T dependence)

14 ¢ Phase coherence length 1 WL

(due to inelastic scattering, 1 i T ) I I s
0.1 1 10 T
Temperature

Thouless, PRL 39, 1167 (1977)



Weak (Anti-)localization

Semiclassical
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Weak (Anti-)localization

Semiclassical

SC
Conductivity O - =0

N

Time-reversed
scattering loops

/
Magnetic field |~ +In—2 WAL
+ ] !
Quantum 1 ¢ ¢
interference |~ M —~ WL
Why do you call
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Weak (Anti-)localization

Semiclassical

SC
Conductivity O W O

N

Time-reversed
scattering loops

! ¢
N In— WAL
+ O 3 !
Quantum 1 l é
interference |~ n7 WL
Why do you call
R - . them Weak
Electrons are localized VAL (anti-)localization ?
S
e gSC
WL
Normal metals 0.I1 i 1I0 7 >T
"Anderson localization, 1 Temperature
No conductivity




Weak (Anti-)localization

Time-reversed

Semiclassical scattering loops
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Quantum 1 €¢
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Topological
insulators \
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Ac (uS)

WL or WAL 1s everywhere
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Chen, Wu, Li, Lv, et al , PRL
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Rosenbaum et al, PRL
47,1758 (1981); PRL
46, 568 (1981);
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Miller et al, PRL 90,
076807 (2003);
Neumaier et al, PRL 99,
116803 (2007).
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Bergmann, PRL 48,
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Graphene

Wu, de Heer et al,
PRL 98, 136801
(2007); Tikhonenko,
et al, PRL 103,
226801 (2009)

MoS,, WSe,

HZ Lu, Di Xiao,
Wang Yao & SQ
Shen, PRL, 110,
016806 (2013);

Iwasa et al Science
2012; Nat. Phys. 2013
(Tokyo); Peide Ye et
al ACS Nano 2013
(Purdue)



Weak localization and Weak anti-localization

Hikami, Larkin, and Nagaoka Prog. Theor. Phys. 63 7071(1980).

Impurity

scattering Symmetry Time-reversal | Spin-rotational Transport
Scalar Orthogonal \/ \/ WL
Spin-orbit Symplectic \/ x WAL
. . 2
Magnetic Unitary x ox B

Symmetry classes of random ensembles [F. J. Dyson, J. Math. Phys. 1962]




WAL 1n Topological insulators

Why WAL in TIs
/<< L
1) Surface Dirac fermions 2} Ouantum diffusion resime
: Sk e Bl <<,
P ‘ 3
Poor mobility
Mean free path ¢ ~10nm

Phase coherence length 14 o~ 100 —1000 nm
at ~ 1K

H =y(ok, —o,k,)



Berry phase of massless surface states

Surface Dirac fermions

P
TR
Spin-
momentum
locking

H = 7/(0xky _O-ykx)



Berry phase of massless surface states

Spinor 1 ( 1 j Spin-up
wave  Ye == ., |
function ‘/5 —1€" ] Spin-down
Momentum ky
tan p=—
angle K,

Surface Dirac fermions

-k
7 w
Spin-
momentum
locking

H = 7/(0xky _O-ykx)



Berry phase of massless surface states

Berry phase
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WAL of massless surface states

WAL

H = 7/(0xky _O-ykx)

Destructive
Quantum
Interference

phase
Suzuura & Ando, PRL 89, 266603 (2002)

Berry phase is the
reason

(27 0
By ¢:_|_[02 d¢<Wk‘%‘Wk>:7[

Suppress
Back
Scattering



WAL of massless surface states

N
WAL ~ WAL

Destructive Suppress
Quantum Back
Interference Scattering

Berry Can Ww¢e L(> —
|::> hase
’ change

Berry phase?

Suzuu

H =y(ok, —o,k,)



Berry phase

_*i_EF ""’—é— Large-gap
/N\F
B h (27z A _ 1 WL
er ase ) —— =
Nl o 2E.
Energy 2EF A
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N gapless
Based on the Berry phase
argument, we predicted a

crossover from WAL to WL




Energy

ks

ky

Massive Dirac fermions

(1) Magnetically doped surface states 3
[Chen, Shen et al, Science 2010; %0-2
Wray, Hasan et al, Nat. Phys. 2011] 3

(2) Thin film finite size effect
[Lu, Shan, Yao, Niu & Shen PRB 81, 115407 (2010);
Liu, Zhang et al, PRB(R) 2010; Linder et al, PRB 2009.]
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(3) 2D Bulk subband
[Lu & Shen, PRB 84, 125138 (2011)]
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Model

Dirac A
model H=y(o\k, —0'ykx)+50'Z
Disorder Lu, Shi & Shen
. potential U= Zuié(r —R) PRL, 107 076801 (2011)
ay i
ke 'k,

We calculate magnetoconductivity
using Feynman diagrams

Maximally crossed diagram:

Langer and Neal, PRL 16, 984 (1966)
Ladder diagram correction to velocity:
Shon and Ando, JPSJ 67, 2421 (1998)
The dressed Hikami boxes:

McCann, Kechedzhi, Fal’ko, Suzuura,

(e) Ando, and Al'tshuler, PRL 97, 146805
ke kg ke ks ko GE kg (2006)
B = + 1 Reviews for non-Dirac Fermions
—— Bergmann Phys. Rep. 1984

-k, aks qg-ko a-ks q-k, G4 -k -
ke a7k q-ka aks ke G, A7Kp Lee and Ramakrishnan, RMP 1985



Energy

ke

WAL-WL crossover

Magnetoconductivity

ky

Lu, Shi & Shen,
PRL, 107 076801 (2011)
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Energy

ke 'k,

Lu, Shi & Shen,
PRL, 107 076801 (2011)

Liu, Yayu Wang et al,

PRL 108, 036805 (2012) -

(Tsinghua & IOP, China)
3QL Bi,_Cr,Se;

01

0.2F

WAL-WL crossover

0.4 -02 0.0 02 04
B(T)

; i

Binding energy (eV)

€02 041 0.0 0.1 0.2 0.2 0.1 L] 0.1 0.2

k, (A") k, (A1)

02 04 0.0 0.1 0.2

k, (A1)

Finite size effect:
Lu, Shan, Yao, Niu
& Shen PRB 81,
115407 (2010); Liu,
Zhang et al,
PRB(R) 2010;
Linder et al, PRB
2009.

Magnetic doping:
Chen et al, Science
2010; Wray et al
Nat. Phys. 2011.



WAL-WL crossover
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WAL-WL crossover as a signature
PHYSICAL REVIEW B 86, 205127 (2012) of ferromagnetic phase transition

S with Tc~5K

Interplay between ferromagnetism, surface states, and quantum corrections in a magnetically
doped topological insulator

Duming Zhang.! Anthony Richardella, David W. Rench.! Su-Yang Xu,> Abhinav Kandala,! Thomas C. Flanagan,'
Haim Beidenkopf.? Andrew L. Yeats.? Bob B. Buckley.? Paul V. Klimov.? David D. Awschalom.? Ali Yazdani.?
Peter Schiffer,! M. Zahid Hasan,? and Nitin Samarth'-"
partment of Physics and Materials Research Institute, The Pennsylvania State University, University Park, Pennsylvania 16802-6300,
2Department of Physics, Princeton University, Princeton, New Jersey 08544, USA
3Center for Spintronics and Quantum Computation, University of California, Santa Barbara, California 93106, USA



WAL-WL crossover
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PRL, 107 076801 (2011)

Finite size effect:
Lu, Shan, Yao, Niu
& Shen PRB 81,
115407 (2010); Liu,
Zhang et al,
PRB(R) 2010;
Linder et al, PRB
2009.

Lu, Shi & Shen,

WAL-WL crossover

contributions as a function of gate voltage by fitting the
2
measured MC curves to the two-component HLN thec_)ry:4
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(42) Lu, H-Z; Shen, S.-Q. Phys. Rev. B 2011, 84 (12), 125138.

Ac(B) = )

i=0,1

()

0.6
051 WL 0.999
0.4]
0.3]
02
=
= 0.1/
2 o.o0!
© -0.1
<02
-0.3
0.4
059 N2E=0
-0.6-
04 -02 0.0 02 04
B (T)
\/ 0.5
A Yo 0.0
/‘- =
ﬂ \ intersurface x
couplin g 0.5
e
- . S 1.0F

Lang, K. L. Wang
(UCLA)

Nano Lett. (2013)
4 QL Bi; 14SbggsTes

, Circle: Expt. |
Line: Fitted

0.0
B(T)



A A
o o .
WAL ~ WAL
~
N
N
O.SC
) 0 1 B 0.1 1 0 T
Mechanism of WAL:
Berry phase
of

Surface Dirac fermions
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Wang, Moses
Chan (Penn state),
et al, PRB 83,
245438 (2010).
Bi2Se3 and Pb-
Bi2Se3 (Tsinghua,
IOP)

Dilemma 1n topological isulators
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Liu, Yayu Wang
(Tsinghua), et al,
PRB 83, 165440
(2011)

Bi2Se3 ultrathin
films
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Dilemma 1n topological isulators
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Takagaki et al
(Berlin), PRB 85,
115314 (2012)
Bi2Se3

Dilemma 1n topological isulators

WAL

A
o S
NS
S
)
~
..................................................... O‘SC
WL
0.1 1 10 T

Magnetic field (T)

2
L —

.3 1 3 1
Temperature (K)

) 23

[\*]
L]

2

21

20

(in units of e~ /h)

XX

T



Roy et al (Austin),
APL 102, 163118
(2013);

Bi2Te3 ultrathin
film

Dilemma 1n topological isulators
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Dilemma 1n topological isulators
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Dilemma 1n topological isulators
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states but, crucially, the topological properties of the bulk insulator do
not allow the metallic surface state to vanish — it cannot become local-

ized or gapped. These two theoretical predictions, about the electronic

This protection of the surface metal from Anderson localization (that
is, formation of an insulating state as a result of strong disorder™) is one
of the key differences between the surface of the topological insulator
and the accidental’ surface states present in other materials, such as the

J. E. Moore, "The birth of topological insulators", Nature 464, 194 (2010)
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Dilemma 1n topological isulators
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argument:
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Ostrovsky, Gornyi, & Mirlin, PRL 105, 036803 (2010).
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Electron-electron interaction ?

Altshuler-Aronov effect ?
Solid State Communications 30, 115 (1979).

Wang, Moses Chan (Penn state), et al, PRB 83, 245438 (2010).
Liu, Yayu Wang (Tsinghua), et al, PRB 83, 165440 (2011).



Altshuler-Aronov eftect

k k'’

q
Electron-electron interaction }\/\(

k+q k'—q

Fock self-energy (exchange interaction)



Altshuler-Aronov eftect
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Altshuler-Aronov eftect

with Diffuson

with Cooperon

Disorder
scaiiering

First-order diagrams:

Altshuler, Aronov, and Lee, Phys.

Rev. Lett. 44, 1288 (1980).
H. Fukuyama,

J. Phys. Soc. Jpn. 48, 2169
(1980).

Diffuson
ke ks ke ks ke k kg
B - I
A = : + ; A
—— —— : <
ki—q ks—a  ki—q ki—q ki—q k-q ks—q
Cooperon
ko kg ke ks k., k kg
—>— —_— —>
r = i + I
——— —— : I
qa-k, 9k q-k, ks g-k, g-k a-ky



Altshuler-Aronov eftect

Electron-electron

Conventional p2 interaction
electrons +
2m . :
Disorder scattering
9 Suppress the density of
o 7 states at the Fermi energy
2 Ll 26 mK /¢ 1o
/i
[ T(mK) {  Pierre et al,
3 . o joeese |, PRL 86, 1590 (2001).
-0.2 -0.1 0.0 0.1 0.2
V (mV)
¢ |
WL-like temperature
Conductivity correction " depen'denc'e
from e-e interaction (Thermal diffusion, so
: : > conductivity decreases
0.1 1 10 InT

with decreasing T)



In topological insulator ?

Altshuler-Aronov theory was established for
conventional electrons. 2m

However

Surface

Surface states:
massless Dirac fermions

Bulk states:
massive Dirac fermions

Momentum

Questions:

AA effect works for Dirac fermions?

A material-dependent analysis?
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Temperature and magnetic field dependence

2 2
Quantum g _© 05
i o =— [w( — ]
interference i izzoll JE
2
Electron-electron ee _ € 21 07
: ; 0% =—— (-7, F)In -
interaction (=7, F) & Tr ‘//(2 fz
Variables: Dirac model parameters:
(1) Perpendicular magnetic field B (1) Mass
F
h 2) Velocit =
4 B — ﬁ Magnetic length @) yr VA
€ Sample parameters:
(2) Temperature T
D#a (1) Mean free path ¢
;= Thermal diffusion
2 ﬂkBT length (2) Phase coherence length / P
(3) Screening factor F (&
/. ~ 1 Phase coherence length s ( 4 )
¢ T p/2 T

Relative dielectric constant

Lu & Shen, PRL 112, 146601 (2014)



Conductivity vs. Temperature
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Conductivity vs. Temperature
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Conductivity vs. Temperature
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Conductivity vs. Temperature
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Conductivity vs. Temperature
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Conductivity vs. Magnetic field
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Theory & Experiments
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Conductivity & Magnetoconductivity
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Conductivity

Summary

Quantum interference + electron-electron interaction

explains
conductivity and magnetoconductivity of TIs
[Lu & Shen, PRL 112, 146601 (2014)].
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Generalization to other Dirac systems: MoS,, silicene, etc
[Lu, Xiao, Yao & Shen, PRL, 110, 016806 (2013);
Iwasa group (Tokyo) Science 2012; Nat. Phys. 2013;
Peide Ye group (Purdue) ACS Nano 2013]



Thanks a lot!!!

Collaborators:

Prof. Shun-Qing Shen (HKU), Prof. Junren Shi (PKU), Dr. Hong-Chao Liu
(HKUST), Dr. Hong-Tao He (HKUST&SUSTC), Prof. Jian-Nong Wang (HKUST),
Prof. Wang Yao (HKU), Prof. Di Xiao (CMU), Prof. Fu-Chun Zhang
Acknowledgment: Prof. Michael Ma (Cincinnati & HKU)



