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Outline

» Shubnikov—-de Haas (SdH) quantum oscillations and the Berry phase
in topological insulators.

» SdH quantum oscillations on catalyst-free grown topological insulator
Bi,Se; nanoribbons

» The determination of n-Berry Phase

» Conclusion



Topological insulator

A novel quantum state
R « Insulators with strong spin orbit coupling
e « Under protection of time reversal invariance

ca%g're ;CdTe On surfaces

» Conducting electrons with opposite spins
---- quantum spin Hall effect
* Immune to impurities or geometric perturbations

0.05 Application potential

* Linear band dispersion &(K)
----Dirac Fermions e e

« Spin polarized electrons ~ “™"
---- spintronics
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3D topological insulator Bi,Se,
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with a single Dirac cone on the surface
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> Barriers
The transport in most cases was dominated
by the charge carriers of the bulk.

Eg (eV)

> Electrons on surfaces

* High electron mobility
Immune against back-scattering by impurities.

Mobility of bulk electrons is heavily influenced 0% 1" (b) 0
by impurities. 0.0 |- N’\/\\/,//« 53°
« Two dimensional behavior 0.2 i
3D behavior of bulk electrons S o4l |7
37"
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Surface state can be probed by angular dependent quantum oscillations
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o Analytis et al. Nat. Phys 2010 /B, (T



Quantization with magnetic field

Density of states

Landau tubes n(e)
B k-4
* B=0
] b
i ey B 1 Cy
7 ‘=R %/
o ] L
k. e/ hao,
K P e Sy SN /‘ In the plane of perpendicular to B
S e s e o .
% ----------------- // »The energy of electron’s motion is quantized
/\‘/ ---Landau levels.
i > The density of state is quantized into Landau
I levels.
4 » The k-space areas of orbits are quantized
----Landau tubes.
The motion parallel to B is unaffected. 2e

Ay = TB(N + ¥),




Quantum Oscillations

Landau quantization will occur when
a Landau tube crosses an extremal
cross-section of Fermi surface

2
TEB(N + ).

AF=AN= 5

Magnetization:

de Hass-van Alphen (dHVA)
Resistance:

Shubnikov-de Hass (SdH)
1/B = (2me/hAy) (N+y)

Onsager relation:
F =(A(1/B))1= (h/2me)A

((1) Fermi surface Landau tubes
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Lifshitz-Kosevich theory

Lifshitz-Kosevich theory (1956)

T=0 : F |

g AR,AM xR, R R sin|2n — -y

=1 B J

F_n 4 Onsager relation = Extremal area
B 2nq B

R, = X where X =14.694xTm. /B = @
sh(X)

R, - exp(_ 14.694x T, m_

=ex . L Dingle temperature
B B uB = 27k ;T . P

(mean free path)

Cyclotron mass
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Berry phase revealed by quantum oscillations

VOLUME 82. NUMBER 10 PHYSICAL REVIEW LETTERS 8 MArcH 1999

Manifestation of Berry’s Phase in Metal Physics

G. P. Mikitik and Yu. V. Sharlai

. F )l
AR, AM xR R R szn[21t(§—yL Graphene:
2y represents the Berry phase in metal
b
y = 0 for electrons in bands with parabolic 20- 1.0
dispersion 6. coslo © &g? _
y = 1/2 for electrons with linear linear 10‘_ S
dispersion ----Dirac fermions ; 5. X R
© |
2me 'é 0‘ S g
Ar = TB(N-F)’)v g -5 k\"keo 80 -40v°0M 40 80
- :
Fan diagram of Landau levels 9 g4
—15- @
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Berry phase in topological insulators
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Approach to reveal n Berry phase in topological insulators

» Large number of oscillation cycles for » 2D quantum oscillation
precise determination of Berry phase from surface states
a b v=1 =2 =3
0.2 +
0.04f o 20‘_ (b) 7]
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Material solution
1) nanostructure ----- to enhance the ratio of surface contribution
2) catalyst free growth ---- to avoid incorporation of metal catalysts

S Nature, Vol. 438, 201-204 (2005) Analytis et al. Nat. Phys 2010 12



Catalyst-free growth of Bi,Se; nanoribbons

*Physical vapor deposition
controlled by temperature gradient

*Nanoribbons grow along the
( 112 0) direction




The Bi,Se; nanoribbons o]

*Roughness: < 3nm
the c-axis lattice constant 28.6 A

*Width: 200 nm ~ 3 um
Thickness: 100 ~300 nm

nm

*Ultra-long (~mm) nanoribbons can

be synthesized provided adequate
time and temperature gradient

0o nm




Experiment set-up

 Au/Ti electrical contacts patterned by
photolithograph and lift-off process

*Multi-voltage pairs to detect the homogeneity
of the nanoribbons

« attocube® piezo-rotator for precise position
control

tilt HV WD |mag | | det | mode| HFW 50 um
52°|5.00kV|52mm| 798x |ETD| SE |160 pm ANL-CNM
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SdH quantum oscillations

Sample #1
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*11 oscillation periods are observed
within magnetic field of 9T

* Single oscillation frequency

Amplitude (a. u.)

FFT Amplidude (a. u.)
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2D behavior of SdH oscillations

Amplitude (a. u.)

The SdH quantum oscillati‘ons originate from the surface state
Y
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Berry phase of surface electrons

Fan diagram of Landau levels
S — I/B = (2me/hAp) (nty)
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Berry phase determined by LK theory

R, R, cos[2m( /] B+ % +7)]
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Berry phase of surface electrons = (1 £0.1) &
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SdH oscillations on the 2"4 sample
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Oscillation frequencies

('n "e) spnydwe | 44

» Two oscillation frequencies: a1 & a2
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Angular dependence
100

—— CB of bulk crystal
1/coso

O al

70 1 " 1 A 1 A A
0 10 20 30 40 50
O(deg)

Large frequency uncertainties inhibit the
dimensionality of the a2 frequency

- Phys. Rev. B 2010, 81, 195309

Angular dependence of a1 frequency
follows 1/cos®O rule

Clearly derivates from the angular
dependence of bulk state
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Berry phases
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Berry phase determined by LK theory

g £ 1 & &« = _1 * ¥ * ;1 % ¥

(c')-;

ol fitt g, F=74T,=0.5-
Berry phase of (1 £ 0.1)1 is reproduced in sample #2

. % alftqng F-74Tr045

0.12 0.14 0.16 0.18 01.20 0.22 0.24 0.26
1/B (T




\ |
Physical parameters of the surface electrons

F =(A(1/B))"'= (h/2re)A A, = 7k, |
1/2
R.=alm, | Bsinh[aZn, | B) E.=v, ik, v, = (2€hf2
memc
14.694 x T, m, /4 _h
pomen{ BTl 2) oy
sample  F(T) ke (om™)  myp (10% em™) m* (m,)
1 131 0.63 3.16 0.18 + 0.1
2 74 0.47 1.786 0.14 + 0.1

ve (10° m/s) E; (meV) 7 (107 s) [ (nm) u (m*/(Vs))

3.96 176 4 161.7 0.3926
3.8 128 24 92.6 0.302
Au-catalyzed VLS grown nanoribbons (ACS Nano 5, 7510-7516+20
F=86T, n,p=1.3x102cm2 m_* = 0.12m,, k-= 0.41 nm™', a m
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Conclusion

» Topological Insulator Bi,Se; nanoribbons were grown by a catalyst-free physical
vapor deposition method

»Shubnikov de-Hass quantum oscillations were observed in magnetoresistance.
Magnetic field orientation dependent measurements enabled us to identify the
topological surface states as the dominant contributor to the SdH quantum

oscillations

» The fan diagram of the Landau levels and in particular, the fitting of the oscillatory
resistance with the Lifshitz-Kosevich theory yield a Berry phase with a phase
quantity (1+£0.1) =, indicating the existence of ideal Dirac fermions in the topological

insulator Bi,Se,
NANO. ...
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