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Outline: transport phenomena/signatures unigue
to (3D) topological insulators?

* Quick overview

* Charge transport [of “intrinsic” topological insulator]
. . . Y.Xu et al. Nature Phys. 10, 956 (2014);
* Topological conduction via surface state Y.Xu et al. Nature Comm. 7, 11434 (2016)
* “half-integer” quantum Hall effect (QHE) [} e2/h from each surface]

* “half-integer” Aharonov-Bohm oscillation (ABO) [Tl nanowire]
L.A.Jauregui et al., Nature Nanotech. 11, 345 (2016)

* Spin transport

* Current-induced electron spin polarization (helical spin-momentum locking of TSS)
[measured by spin potentiometry] J. Tian et al. Sci. Rep. 5, 14293, (2015)

e Current-induced persistent electron & nuclear [?] spin polarization J. rian et al. in press (2017)

* Thermal transport
* Large enhancement of Lorenz number (violates Wiedemann-Franz) 7z 1uo&J. rianet al.
* Topological thermal transport? arXiv:1702.01716



From Quantum Hall Effect (QHE) to Topological Insulator (TI)

/ ©
2D Quantum Hall QH
[time-reversal breaking:

external B=0]

@P:% Haldane Model ‘88

anomalous Hall (QAH) effect”)
[time-reversal breaking;
B=0 (no LL)]

1D edge state (helical)
2D Quantum Spin Hall -
(“2D topological insulator”)
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3D (strong)
Topological Insulator
[time-reversal invariant: B=0]

\ Fu-Kane’07;Moore-Balents’07;Roy’09;Qi-Zhang’08...

2D surface state (“spin-helical Dirac fermion’)
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(2D) Topological Insulator & Topological Surface State  actually a “topological” metal
Surface=Dirac metal ><

gapless
vacuumiis a
Bulk =insulator “trivial insulator”
|(nontrivial band topology)
gapped | >
strong spin-orbﬂ/\ /7
gapless >< S
conventional Spin-orbit Tl surface
General refs: Hasan/Kane, RMP ’11; Qi/Zhang, RMP’11 (metal) (Rashba) (“1/2 2DES”)
Key Properties (inter-related) Benefits/Potential Device Applications

Topological Protection (reduce backscattering) High mobility/conductivity (FET)
[assuming time-reversal symmetry] [in absence of magnetic impurities]

Dirac fermions (linear E-k dispersion) “graphene-like” physics & devices
H(q)=hv,q 0@ n real spin [odd # Dirac cones] | (eg. Klein tunneling; electron “optics” etc.)

Spin-momentum locking (in-plane polarized) Spin-polarized surface current
S~kxn~nxj [Berry phase real & k space] | (spintronics: all-electric spin injection etc.)

“Axion” electrodynamics , , _ 022 mh)E - B E-field controlled magnetism

(topological magneto-electric ettect) (magnetoelectric & spintronic devices etc.)
Chen, Proc. SPIE 8373, 83730B (2012)

Many other exotic/rich physics & novel devices (electronic/spintronic/photonic/thermoelectric/quantum...) predicted!




Tl electronic transport: Rich physics and Potential Device Applications

Want: Topological Surface State (TSS) Transport (spin —helical Dirac fermion)

Fermi

nanoelectronics
* spintronics
* Thermoelectrics ...

~ Topological
insulator

Tl surface state (Dirac fermion, spin polarized)

\

Tl + magnetism Tl + superconductor Tl
Quantum Anomalous Hall (Maj P ; ions) (Excitonic condensate)
’ ajorana rermions . .
[QK-Xue et al’13] jorana ter [electronic superfluid]
Topological magnetoelectric Non-Abelian statistics (1D/2D)

Coupled Ti surfaces

“axion” eletrodynamics
Topological Phase Transition

Ultralow power
dissipation
(dissipationless)
interconnect/BiSFET

B. Seradjeh, ). Moore, M. Franz
| PRL(2009)

0.2 0.0 0.2

B(m

U/Frql ow‘p ower c{issip ation Topological quantum computing
(dissipationless) interconnect/FFIT



Which one is from Topological Insulator?

Desire:
“Forensic-grade”

transport signatures?

Quantum Oscillations (e.g. SdH in resistance) — “1/2” Landau Level intercept (“pi” Berry phase of Dirac fermions)

Topological insulator (Bi,Te,Se)

Dirac Semimetal (Cd,As,)

| ‘ | | | II 8—‘ L B N B B B 0.28 - . .
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Need “clean” Tl materials that would show anambiguous
“topological” transport signatures of TSS (spin-helical Dirac fermions)?

Experimental Challenge:
Real Tl can have multiple
conduction channels

*  Bulk (doped)

* Surface 2DES (Rashba) ‘

* Topological SS

9]
)
o
.
S
)

(Hasan)

P . Bi,Se,




Topological transport: surface (always) conduction & bulk insulating

“empty” bulk

e 3D (intrinsic) TI
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TI=BiSbTeSe,
(“BSTS”)

Double-gated Tl thin film

Y. Xu et al.
Nature Comm 7, 11434 (2016)
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Fingerprint#1:
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“Half-integer” QHE - of two-component (surface) Dirac fermions

Each surface: ny=(1/2)e2/h
---“1/4-graphene”

Vi=N+1/2
Vb=N b+1/2

Hall conductivity:
o,,=ve?/h

=(vitvp)e?/h
=(N#+1/2+Ny+1/2) e?/h
=(N#+N,+1) e?/h

Dirac fermions: o, =g(N+1/2)e*/h
g=4 for graphene
g=1 for a TI surface

Double Gated Tl QHE
(two surfaces independently gated
to resolve its contribution)




Fingerprint#2: «phqlf-integer” Aharonov-Bohm oscillations (ABO)
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Spin potentiometry: measure out-of-equilibrium electron spin polarization (ps—pLy)

-—nnane

Ferromagnet (FM): spin-sensitive voltage probe
[measures ps or p depending on

magnet spin orientation (controlled by B)]

Theory: Hong et al., PRB 86, 085131 (2012)
e V i n :PFMM

. 2

1 | Topological Insulator| 2

Valid from ballistic to diffusive regime
V(M) -Vv(-M)
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g . :
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electron spin polarization (ESP)
Experiment: J. Tian et al. Sci. Rep. 5, 14293, (2015)
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Various spin transport/potentiometry measurements in Tls:

current-induced electron spin polarization [spin-momentum-locking]

MBE: Bi,Se;
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Persistent (days!) Spin Polarization/Potential even after
current (I4) is turned off --- spin battery/memory

lifetime > 45 h

Open circuit spin signal: T=1.6 K

- —
F T=1.6 K;

E t=0h
F 1,=0pA
0.4 | (open circuit)

o]

V (V)
V (V)

-0.10  -0.05 0.00 0.05 0.10 0
B (T) t(h)

J. Tian et al. in press (2017)




Spin polarization independent of (small) current |,

current experiment
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It’s @ rechargeable (spin) battery!

By a large “writing” current (/)

Current “Writing” L=40pA |
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J. Tian et al. in press (2017)



Why such extraordinarily long-lived spin polarization?
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“Electron spins polurize nuclear spins”

(spin helical) current induced ey A
Nuclear spin polarization?

“2-€z-
B
-7 >e 2 -

“charging battery”
dynamical nuclear polarization

“Nuclear spins polarize electron spins™

Nuclear spin polarization induces Y s
electron spin polarization? -

“battery output”

€« 'z -€ 7 -
-2 3»-2>
-2 € = -

N
(nuclear spin) powered spin battery '

How do nuclear spins relax ?
(unique physics involving TSS spin-helical electrons?
different from conventional metal/semiconductors?
gradient from surface to bulk?)

Coupled/locked nuclear spin — helical TSS electron spins?

— =N
= =+ weakly breaks e-TRS k X S 'n +
-S . gives N-e spin flops mi = &
ce N
—_— | I
A
- conventional Spin-orbit Tl surface N
(metal) (Rashba) (“1/2 2DES”) |

electron




Electronic & Thermal Conductance vs. Thickness

Z.Luo & J. Tian et al.
arXiv:1702.01716 (2017)
[collab: Xianfan Xu (Purdue ME)]
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Surprise: Large (~10X) enhancement
of Lorenz number (violation of
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Thermal Conductivity k (W/mK)

~10 times!

Large enhancement of Lorenz number
(violation of Wiedemann-Franz law)
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Can we have Topological Thermal Transport?:
spin-momentum-locked heat carriers

topological insulator . pec! phonon-photon
(TI) surface electrons il ::-MamB”‘”m polaritons

Circularly polarized Circularly polarized P "y ! B
laser beam laser beam with g T
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Summary: transport phenomena/signatures unique
to (3D) topological insulators?

* Charge transport [of “intrinsic” topological insulator]
. . . Y.Xu et al. Nature Phys. 10, 956 (2014);
* Topological conduction via surface state Y.Xu et al. Nature Comm. 7, 11434 (2016)
* “half-integer” quantum Hall effect (QHE) [2 e?/h from each surface]

* “half-integer” Aharonov-Bohm oscillation (ABO) [TI nanowire]
L.A.Jauregui et al., Nature Nanotech. 11, 345 (2016)

* Spin transport

e Current-induced electron spin polarization (helical spin-momentum locking of TSS)
[measured by spin potentiometry] J. Tian et al. Sci. Rep. 5, 14293, (2015)

e Current-induced persistent electron & nuclear [?] spin polarization . rian et al. in press (2017)

* Thermal transport
* Large enhancement of Lorenz number (violates Wiedemann-Franz) z tuo&i. Tian et al.
» Topological thermal transport? artued70a.0Lrte



