2018511 R12-14B ZHEXFIZHMRER - TFY
SRMEZER-ICAYEZRIER (EHER)
RRAFHZRMRAMYELER
Lecture Slides (PDF files) E {G‘;J | I ﬂ% EJ
http://www-surface.phys.s.u-tokyo.ac.jp/KougiOHP/
1. Nanoscience and Surface Physics /%4 I2 X EREYE
Nanoscience in Nobel Prize
2. Atomic Arrangements at Surfaces 3% R -FBECHI#E:&E
Scanning Tunneling Microscopy, Electron Diffraction
EEbRIVEEMER. EFRET
3. Surface Electronic States 3 & F1K &
Surface states F&E1KHE. Rashba Effect 5 1/ \%h&E
Topological Surface States FARA )L R EIKEE.
Band Bending 7\ FiZEHA
4. Surface Electronic Transport & H & x5 &
» Space-Charge-Layer Transport and Surface-State Transport
ERBERECELREREEE
Atomic-Layer Superconductivity [RFEBIEE

Surface States and Space-Charge Layer (Band bending)

(a) 2DEG in Space-Charge Layer (b) 2DEG in Surface Sates
SraceCh S. Hasegawa & F. Grey,
pace-Charge .
Layer Surface Science 500 (2002) 84-104
Surface

Bulk
Conduction Band

_______ Fermi Level
Bulk
Valence Band

Electron Energy

i Valence Band

‘Depth from Surface

i Depth from Surface

Eleclm|l Energy

=
Electron Density of States Electron Density of States
Wavefunction Wavelunction

Three Channels for Electrical Conduction

ERWE + S 2A Field-Effect Transistor FET

S. Hasegawa & F. Grey,
Surface Science 500 (2002) 84-104

Surface-Space-Charge Layer

1. Surface-State Conduction
2. Space-Charge-Layer Conduction
3. Bulk Conduction

Measured conductivity
O=04s+04. t0p

Energy E

m:a

Depth form Su;ace

(b) (c)

Gate-Control of Band Bending

;|

I%%__,f—;_—%, =
é., ; ,—,{——/’—;‘7/
T

_~Channel

Electron Energy

(SUBSTRATE BIAS)
Fig. 3 Schematic diagram of a MOSFET. (After Kahng and Atalla, Ref. 4.)




= A Nobel prizes
E¥m ) l//)(ﬂ% Quantum Hall EffeCt 1985 von Klitzing IQHE

Okamoto Lab. 1998 Laughlin, Storner, Tsui FQHE

o
[=]

LA S e ma e ey o e e

g | meilE
~ e/
< 40k 7/ 3 1
- 2
& | ]
8 aof -s
g :
‘20 -3 .
2 Px
Tom' Landau levels E 1o 7= 40 mK "
. ]
ﬁE:th(n+5j (n=0123..) S R T Qf\& ST IR FRRET ¢
Cyclotron freq. o, _<B W
. o *Hall resistance is quantized.
: : 3 oo Klitzing constant Ry
7 el hle? = 25812.807557(18) Q
1 * Longitudinal resistance is zero.
Ilm: : @& g .
; <edge conduction
2 mwR b Ero == & Topology (Berry’s phase)

Longitudinal Resistivity p,, (kQ)

Various Surface States

Mono-Layer Az Au(111)  Graphene e

?n Si(111) Bi(111) (Monolayer Graphite) Bi,Se,

A
w E
> Spin-Deg. . Spin ¥
% Spin ¥ Spin 4 Spin-Deg
[
’ - -
—_—
Wavenumber k Spin Split
_ 22 2
p2 k2 Due to Rashba k= \/(mc )" +(pc)
E=——= effect =
2m*  2m* m=0 Relativistic
Free-Electron-like E =+tpc =*chk

(Non-relativistic) Massless Dirac Electrons

Mono-Layer Ag on Si : Si (111)-\3 x \V3-Ag Surface

Standing Waves on Si(111)-V3 X V3-Ag Surface at 65K

Er|
2D Metal !
(Monatomic-Layer Metal)

—
O A A

Binding Energy (eV)
[+ ]

-Inert and atomically flat surface

. 2 2 2
-Free-electron-like surface state p_ P _ nk,,
2m*  2m*

STM Images dI/dV Images




Carrier Doping Into Surface States
to Change Electrical Conductivity

Y. Nakajima, S. Takeda, T. Nagao, S. Hasegawa, and X. Tong:
Surface electrical conduction due to carrier doping

into a surface-state band on Si(lll)—\/3X\/3-Ag,

Physical Review B 56 (1997) 6782-6787

M. Aitani, Y. Sakamoto, T. Hirahara, M. Yamada, H. Miyazaki,
M. Matsunami, S. Kimura, and S. Hasegawa:

Fermi level tuning of topological insulator thin films
Japanese Journal of Applied Physics 52, 110112 (Oct, 2013)

Au Adsorption on Si(111)-V3XV3-Ag

1. Carrier doping in the surface-state band
= Increase in band occupation seH

2. Hybridization of the localized state and surface-state band
= Band splitting
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Macro-Four-Terminal Measurements in UHV
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Crystal Structure of Bi,Se; : Topological Insulator

H. Zhang, et al., Nature Physics (May 2009)

Crystal Structure of Bi,Se; (Bi,Te,)

% . b H. Zhang, et al., Nature Physics (2009) S. Borisova, et al.,
€ y : & site Cryst. Growth Des. 12, 6098 (2012)
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Bi,Se, : Epitaxial Growth & Bands * Dirac Cones of Topological Insulators
Y. Sakamoto, et al., Phys. Rev. B81, 165432 (2010). [
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Four-Point Probe Method for Transport Measurements

Electrical Resistance

vV . - Contact Resistance
R=1-C C: Correction Factor _ Three Parallel Conduction Channels
- Surface Sensitivity ~ Gmeas=0ss T 0sctop
Current | - Local Conductivity
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Macro-4-Point Probe Micro-4-Point Probe

Bulk-Sensitive Surface -Sensitive
(Surface -Insensitive)

B H 1. Shiraki, et al., Surf. Rev. Lett. 7 (2000) 533.
Tem pe rature-Variable C. L. Peteresen, et al., Appl. Phys. Lett. 77 (2000) 3782.

Monolithic Micro-Four-Point Probe s.Hasegawa, etal., J. Phys: Cond. Matters 14 (2002) 8379.

T. Tanikawa, et al., e-J. Surf. Sci. Nanotech. 1 (2003) 50.

Developed at Denmark Technical University
BN R 432 : Commercially available;

http://www.capres.com
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Conductivity Measurements by 4-Tip STM
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Surface-Dominated Transport on a Bulk Topological

Insulator BIZTeZSeM L. Barreto, et al.,

Nano Letters 14, 3755 (2014)
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Current Distribution vs. Probe-Spacing Dependence of Resistance

3D transport
V__r
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Intrinsic conduction through topological surface states of
insulating Bi,Te; epitaxial thin films on BaF, (111)

K. Hoefer, et al.,
PNAS 111, 14979 (2014)
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Surface-State Superconductivity

M. Yamada, T. Hirahara, and S. Hasegawa:
Magnetotransport measurements of

a superconducting surface state of In- and
Pb-induced structures on Si(111)

Phys. Rev. Lett. 110, 237001 (Jun, 2013).
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S. Yamazaki, et. al., Phys. Rev. Lett., 106, 116802 (2011). ==
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Eli. Rotenberg, et. al.,
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Fermi wave nunfber
k. =14nm (very large)
Circular Fermi surface

kpl=20>>1

—metallic conduction

Isotropic two dimensional
nearly-free electron gas

Parabolic dispersion relation
Effective mass
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o IR D,,= % =4.6[eV'nm "]
2m n=3.1x10%cm™

*T-dependence of Peak width in spectra

= e-Ph coupling constant A~1 (Very large)
= Superconducting




1=} Sub-Kelvin y4PP with strong B

M. Yamada, T. Hirahara, S. Hasegawa, T. Nagamura,
Ll e-J. Surf. Sci. Nanotech. 10, 400-405 (Jul, 2012).

{ Lowest T:~800 mK I
L Mag. Field:7 T( L Surface)
— | MBE-RHEED UHV (10'°Torr) in situ
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Unisoku Co. 2011

Superconductivity at Si(111) -\V7xV3-In

600 r T T g;w-m.‘"@l_ﬁ.@_ﬁ.,..@hﬁ-@-e“g.uﬁ ........... ]
= -Below Tc ~
g 500 Global i ]
¢ .
= coherent H Large fluctuation above T,
8 400 superconductivity$ ]
§ Te=2.77K E Above Tc: 1
2300 (Uchihashi: Té=2.8 K) R = ]
] _ i q
n(l:.) <Te=3.18 K (froméSTS) o, + Oy + O\r
_,q_s 200 - <Tc=3.41K (Bulkgln) 1
[0) ‘ 2D Aslamazov-Larkin (AL) term
('/C) 100 T=2. 77K§ Excess conductivity by Cooy er pairs
: generated by thermal fluctuation
ol o \g . ISuperclonduciti\l/y only Ipcally |
0 1 2 3 4 5 6 7 8

TK)

Si(111)-\7xV3-In : Under Magnetic Field

700

Fredut]  qu[dT
g500 P
8 g 400
g 3 Soi o tor
@ 300 _ d?m 300 0.3T? 0.15T |
f’,zoo : T=0.8K B 200 . - StrongerH
i o - : .
&0l Upper Critical H,=0.33T 4, I =Lower T,
. Field Hc, j | | | | . Y ,5 o J
0.1 0.2 03 04 0.5 0.6 0.7 0.8 0 1 2 3 4 5
NAaanati~ CialAd H /T Temperaturé(K)
05 T T T T T
E o4
) He,
T Normal
=} A
€, Very high Hc (=short €)
% Strong Critical Field Hc (0)~5000 Oe
e O .
2 Superconducting cf. bulk In : Hc=293 Oe
= i ; ; ; : | Short Coherence Length
0 0.5 1.0 15 20 25 a0

Temperature (1 ’ €5.(0)~25 nm << 330 nm(Bulk In)

Vortex and Scanning Tunneling Spectra
of Si(111)-V7 X \3-In Double Layer Superconductor

(a) Topography  (b) By =0.08T (c) By =0.04T (d) Boe=0.00T (e)

No gap at Vortex core.

" N
. AN T P
H 1.5 a4 1 e
5 |
1 ?

S. Yoshizawa, et al.,
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S. Hasegawa, et al., Phys. Rev. B 43, 7631(1991)
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Si(111)-V3 x \3-(Tl, Pb) Rashba-type SS

STS below T on Si(111)-V3 x V3-(TI,Pb) w/o B

== D. V. Gruzney, et al., Sci. Rep. 4, 4742

(2014)
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Fitting STS Spectra by Theory

Dynes formula : BCS density of states with broadening parameter (I")
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Superconductivity above 100 K in single-layer FeSe films on
doped SrTiO4

J-F. Ge, et al.,
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Spin Transport at Surfaces

T. Tono, T. Hirahara, and S. Hasegawa:

In situ transport measurements on ultrathin
Bi(111) films using a magnetic tip: Possible
detection of current-induced spin polarization
in the surface states

New J. Phys. 15, 105018 (Oct 2013)

Utilizing Spins
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Various Surface States

Topological
Mono-Layer Ag  Au(111) Graphene opologiea
. . . Surface States
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(Non-relativistic) Massless Dirac Electrons
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M. Z. Hasan and C. L. Kane,
Rev. Mod. Phys. 82, 3045 (2010) JIILSEDRE VRS

Spin-Textured Fermi Surface

Current-induced Spin Polarization

» No macroscopic or local magnetic
field effect (Hall effect)
» No edge (spin Hall effect)

Spin's L wavevector k
(current j)
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magnetizatior

red: local spin polarizatior

Conductivity Measurements by 4-Tip STM
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Signal of Spin Orientation on Bi(111) Surface
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