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KBAHTOBbIN 3PDEKT XOJNA

JOURNAL OF THE PHYSICAL SOCIETY OF JAPAN, Vol. 44, No. 6, Jung, 1978

Hall Effect in Silicon MOS Inversion Layers
under Strong Magnetic Fields

Jun-ichi WAKABAYASHI and Shinji KAWAI
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Fig. 5. Sample geometries.
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K 00ObA9CHEeHNI0 KBAHTOBOIO
apdpekTa Xonna

B 6onbLiomM MarHUTHOM nose UMMNYIbC HE ABJTAETCA NnpnemiieMbliM KBaHTOBbIM HYNCI1OM.
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K 00ObACHEeHNIO KBAHTOBOIO
dopekTa Xonna

electrons localized in orbits (insulating)

electrons can move along edge (conducting)
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[lpumep 2: Iepexon metann-n3onaron

¥
Iucoma 6 XITQ, rom 45, ewmn. 10, c1p. 476 ~ 480 25 man 19872 " 4
. ¥
]
¥
NEPEXOI METAJIJT — IUSNTEKTPHK B HHBEPCUOHHBIX KAHAJIAX il ,
Y
KPEMHHEBBIX MAII CTPYKTYP | f
WL
T H. 3ueapuyxas, 3.1, 3asapuyxas '
B unrepnane remnepatyp 0,5 < T < 15 K H3yueHa aneKTponpoBONHOCTE KPeMHHEBBIX HHBEP- ) : -
CHOHHBIX KaHAJIOB C BBICOKOH NMOABMXHOCTBIO HocuTenefl. Pe3ynsTarkl H3MepeHHH COTNACYIOTCH T .
¢ KoHIlenuue#d Morra 1o CYLIECTBOBAHHH I'paHMYHOI'O 3HaYeHHUH, O pin = eth, Pas’enAnILETO ! p
2D-npoBOIHHUKH Ha AM3/IEKTPHKH W METAILIbI, o @ W 1%
T .'|'.j' ':-l.l:
PHYSICAL REVIEW B VOLUME 50, NUMBER 11 15 SEPTEMBER 1994-1
" @ o o3’ Possible metal-insulator transition at B = 0 in two dimensions
3 u 07l
P S. V. Kravchenko, G. V. Kravchenko,* and J. E. Furneaux V. M. Pudalov' and M. D'Iorio
ML We have studied the zero magnetic field resistivity p of unique high-mobility two-dimensional

* 124

electron systems in silicon. At very low electron density n, (but higher than some sample-dependent
critical value n., ~ 10'" c¢m™?), conventional weak localization is overpowered by a sharp drop of
p by an order of magnitude with decreasing temperature below ~1-2 K. No further evidence for
electron localization is seen down to at least 20 mK. For n, < n.., the sample is insulating. The
resistance is empirically found to scale with temperature both below and above n. with a single
parameter that approaches zero at n, = n. suggesting a metal-insulator phase transition.
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OBPA3LLb

KPUCTAIJIbI
[JTEHKW

MWKPO n HAHOCTPYKTYPbI

CTPYKTYPA-> CMMEKTP->CBOVNCTBA



TONONOIM MYECKNE NU3OJTATOPDI

Lu .
ky Zhang, H., C-X. Liu, X.-L. (h, X. Du, Z. Fang, and 5.-C. Zhang,
AN, Nature Phys. 5, 438,
jlx) = u[m[ljﬂ-ml] % i] = vS(x) ¥ i. Current Flow => Spin polarization

Backscattering is prohibited

Topological magnetoelectric effect

H=8-47M + 2P ak,

D=E +47P - 2P.aB,



CBOVCTBA TOMOJNTIOMNMYECKUMNX
N3ONATOPOB

Possible observation of image
magnetic monopole
(not obseved yet)




BonHbl bnoxa: peweHuna YLU ans
nepuoanyecKkoro noteHumana

Bloch waves
Bloch’s theorem:

Solutions of the Schrodinger equation

Felix Bloch
1905, Zrich -
1983, Zlrich

(——i+V(r)J‘I‘f(r) =g, VY (I)

2m dr

for the wave in periodic potential U(r) = U(r+R) are:

Bloch function: ‘P (r)= (,Ikr U, (r)

/\/
Envelope part

Periodic (unit ceII) part
u, (r)y=u,(r+R)
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MOLEJIb BOJIKOBA-ITAHKPATOBA

fTucoma a XITP, rom 42, awan, 4, otp. 145 — [48 23 gaazycra 1985 2.

BE3MACCOBBIE NIBYMEPHBME 3JIEKTPOHB B HHBEPCHOM KOHTAKTE
5. A . Boaxos, O.A. Ilanxparos



CTAPTOBQIM MATEPUAJT —
Y3KO3OHHbIN MOJTYTNMPOBOOHUK
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POCT KPUCTAJIJ10B

Bridgman Furnace I I
(Cross section)
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ARPES: angle resolved
photcgpmission spectroscopy

K, = R,
V




ARPES: angle resolved
photqgmission spectroscopy
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ARPES: angle resolved
photouemission spectroscopy

camble detaectarl /



ARPES: angle resolved
photg_}emission spectroscopy
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sample detector!



ARPES: angle resolved
photq}emission spectroscopy
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ARPES: angle resolved
photq}emission spectroscopy
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[TOYEMY TAK OOPOIO?

- [letekTop (MoHONoNKM Scienta-Omicron)
- CBEPXBbICOKUW BAKYYM

- 5-KOOPAVHATHbIN MAHUNYNATOP W
CUCTEMA nepegayn

- Y3KOMONOCHbLI NCTOYHUK
(renuesas namna, oHOYNATOpP, nnasep)

- KPUOCTAT

- in-situ LEED, Auger, ion etching



Scienta electron analyzer

Sample Holder




TOYUHOCTb ARPE

- MOHOXPOMAaTU4YHOCTb JTMHUA
- YroJn pacxoxgeHnd cBeTa

- Ka4eCTBO KpUCTasiJia, niioCKOCTb

- YYBCTBUTENbHOCTb K BHELUHUM
MarHMTHbIM NONAM

- BCe norrnoweHune — sénmau
NOBEPXHOCTU =>
-4yBCTBUTENbHOCTb K
PEKOHCTPYKLUUN, aacopoumu...
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XanbKoreHngbl BUCMYTa-CypbMbi

ARTICLES

nature
L]
PUBLISHED ONLINE: 10 MAY 2009 | DOI:10.1038/NPHYS1270 PhySICS

Topological insulators in Bi,Se;, Bi> Te; and Sb,Te;
with a single Dirac cone on the surface

Haijun Zhang', Chao-Xing Liu?, Xiao-Liang Qi3, Xi Dai', Zhong Fang' and Shou-Cheng Zhang**

EblJIN OOHOBPEMEHHO
[MPEOCKA3AHDI ...




N OBHAPYXEHDbI

[TIABHOE
NMPEMMYLLECTBO
Bi2Se3 -

LLEMb 0.3 aB

Xia et al. Nat. Phys. 5 May 2009



CINMMHOBAA MNMOJIAPN3ALUNA B
ARPES

Spin-orbit coupling (SOC): positively charged nucleus

provides effective B=field in rest frame of electron:

= Inmar hemisphere
1 z Ze
B=—vXE=z—"——vXr=——=
c cr3 mer3

Magnetic moment of electron:
_ dse
He 2me
Interaction between electron and effective B field of
nucleus:

Au target

LI p=&pin
Electron (=)

-— Chown-spin
Ze? ®
Vipg = —He* B = znlgcgrg L-S = : Outer hemisphera
Scattering cross section has angular asymmetry H Channeltron
(b) :‘ Faraday cup
Z10"
tn 3 Au
&= %l”:j 50 kev
.. ]
? 210 a A. Takayama, High-
B 3 g, resolution spin-resolved
E e e photoemission spectrometer
E 107 ' . and the Rashba effect in
S 0 20 40 60 S0 100 120 140 160 180  Bismuth thin films (2015)

angle (8)



MOKA3AHA N5 U
NOBEPXHOCTHbIX COCTOSAHUN

I Hsieh et al. Nature 460 (2009)




No UMPKYNAPHOMY
OUXPOU3MY

AI(E, ky,ky) = ILcp — Igcp
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KAK ELLE MPOABNAKOTCA TOIMO-
COCTOAHUNA?
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ELLE MNAPA NMPYIMEPOB (Bi2Se3):

Cin

Sl.]'r[ﬁ

=

TN meuTbl
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Bulk

E'—“JF':E

.Tw.-.

T B XXU3HU

On these samples. transport measurements were made within 20 minutes of the sample
being taken out of the MBE chamber in order to minimize the atmospheric doping effect

[16]: see Supplemental Material SA [18] for measurement details. Figure 2(a) shows that

PRL 109, 116804
(2012)

T, and down to a minimum temperature of 1.5 K. The films were brieﬂj_,-' exposed to atmosphere durulg
the transfer from the MBE to the liquid helium cryostat. This transfer took generally between ~3 — 5
minutes, which accounts for the sample-to-sample variation m carrier densitv and mobilitv versus

thickness shown in Fig_ 1(e-f) of the main text. Suppl to PRL 113,
026801 (2014)



OE®PEKTDI B Bi2Se3 (TOYHEYHDbIE)

(b)

Bi-richlSe-poor Bi- paan" Sc—rzcﬁ

@

L

Calculations:

e

Adv. Mater. 2012, 24, 2154

Formation Energ}rf ey

=t
Li

1 I i 1 1 I i i II i
0.1 02 0. 3 ' 0.1 02 03
Fermi Level, 18 { eV Fermi Level, E, f eV

[T R T e b (it ot

of native defects during s }-‘ﬂll‘lt‘:'-—.lh Earlier HllelEH suggested

Se vacancies (Vg.) were the dominant donors in Bi;Se,
29.30]. Despite intensive STM studies, there has been no

the stoichiometry. However, too much Se introduces Se;,
arain resultine in n-type doping. With delicate control of

J.Dai et al,

PRL 117, 106401 (2016)
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TSEN 0027 - 3640 JETP Letters, 2014, Vol 1K, No. 6, pp. 308402 © PMeiades Publishing, fnc., 2014,

Effect of Surface Defects and Few-Atomic Steps
on the Local Density of States of the Atomically-Clean Surface
of Bi,Se, Topological Insulator’

A. Yu. Dmitrieve-5*_ N, . Fedotovt, V., F. Nasretdinova®, and S. V. Laitsev-Zotov?

PHYSICAL REVIEW B 95, 045123 (2017)

Ambipolar surface state transport in nonmetallic stoichiometric Bi;Se; crystals

Paul Svyers and Johnpierre Paglione’
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Mobility drop by ~ 1.5
orders of magnitude!!!!

Y.S. Hor et al

PHYSICAL REVIEW B 79, 195208 (2009)
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Epitaxial films: Ca clusters



Se content (y)

PHYSICAL REVIEW B 84, 165311 (2011)

4 PELUEHWE: BSTS

Optimizing Bi,.,Sb,Tes ,Se, solid solutions to approach the intrinsic topological insulator regime

A Orthorhombic (O) | A, A, Taskin. Satoshi Sasaki. Kouji Segawa, and Yoichi Ando

T ]

(d)
Bi, SbTe S RO - . o :
.20y €348, | (b) Sb,Te, ) M (c) Bi,Se; ;
% z i o1 "
- Rhombohedral (R) | § . £ .
+Th|5 work i 02 -
— — Teramoto et al. i o

0 1 2 R P " _ _ _
Sb content (x) =ar Hau enect. i parucwar, me composiuon of Biy s5by sTey 75¢e 3 achieves the lowest bulk carrier

density and appears to be best suited for surface-transport studies.
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CAMbIV CUNbHBIK MHCTPYMEHT
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[OAINOTOBKA OBPA3LIOB
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Energy (a.u.)

BEPHEMCA K INMPOBOAVMMOCTN. KAK
OTIIMHNTDB TSS ot OCTAJIbHbBIX?

BBECTWU MAIT'HUTHOE TOJIE!

10 - . -
E =faw (N+1/2) | 7 7
El & c P P — .
e M congt
i (a
L |: ]I E'_1 E, R=ransgt
e B,
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0 W= .
Magnetic field (a.u.)

/By = Ne/(hn)



KBAHTOBAHWE NNAHOAY ONA
OVNPAKOBCKUX SJIEKTPOHOB

ABe/h [ N=10
- N=6 HYNEBOW YPOBEHb JIAHOAY
(c) N=2 -
N=2 { 2Be/h
M= ABe'h
=10 HA HYJIEBOM ypoBHe
noMeLwaeTcd B ABa pa3a
MEHbLLE 3J1IEKTPOHOB.
rpadpeH

HYNEBOW YPOBEHb NAHOAY OAET BKNAQL
B XOJTNOBCKYHO NMPOBOAMMOCTb h/2e’



KAKYBNOETb 3TO
BblPOXOEHNE: FAN DIAGRAM
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Two-dimensional gas of massless Dirac fermions ir
graphene

K. S. Novoselov', A. K. Geim', S. V. Morozov’, D. Jiangl, M. 1. Katsnelson®, 1. V. Grignrieual, S. V. Dubonos”
& A. A. Firsov”



2D — MMHMMYM CcONpOTUBIIEHNS
coBnagaet ¢ MUHUMYMOM
NPOBOANMOCTMU
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TOP SURFACE

TOP SURFACE

TEPMOIOAWHAMWKA: n=const vs
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PHYSICAL REVIEW B 90, 201307(R) (2014)

Surface Shubnikov-de Haas oscillations and nonzero Berry phases of the topological hole
conduction in Tl;_,Biy ;. Se,

G. Eguchi,” K. Kuroda,”" K. Shirai,” A. Kimura,” and M. Shiraishi’

‘4300

180°

-] CEnj

=5

s
_
o
«J, e
w..__l..
.-'..-Ih.
~I
I L Poax max. m |
:_______.a-"" A=-047 +0.06 Paak min, | 1
L 1 L 1
0.1 0.2 0.3
W M (IT)



FIGURE OF MERIT: mobility

| @ p:«:L(l _#H)
WTL ° nep \pB 1

%

| A
| =P 1=p (A T)p,,
<v>=l/enw _ V_-R -
Foecysp  VWR/e | T=Ry=B/ne 1T=1m?Vs
Best n-GaAs QWs 5000 m?/Vs
Best BN/Graphene/BN 100 m?/Vs
Siatroom T 0.1 m*/Vs

R~500 Om/




JKCrepuMeHTaribHble HabnMaeHUs
MarHetToocumnnngauvin B
XaribkoreHngax BucmyTa

Observation of topological surface state quantum
mmnmmmmm”m‘iﬁlﬁﬂﬁ Hall effect in an intrinsic three-dimensional

— Sl topological insulator
| _
i | 2 T - Yang Xu'?, Ireneusz Miotkowski', Chang Liu®#, Jifa Tian*?, Hyoungdo Nam®, Nasser Alidoust®?,
a0f _ 1" liunine Hu26_ Chih-Kane Shih®. M. 7ahid Hasan®* and Yong P. Chen"26*
. |
= &0 |
2 =
L, | =
40 - \ 3
| | =
| =
ol R
II
0 i
0 -B0 ~i




ELLIE KOX Bi Se,

iiiiiiii LA E R ES IS AR S LS
ihh‘ii“hiliii A L N T
AT SRR R TR R e R -

L A T T s

T T L e .‘{b‘tlbitii'
EANEREREEEFEEEERPERRER R

........ {Bl in

.-1“".': i
i i i

0
0 51015202530 35
B(T)

N. Koirala et al, Nano Letters 15, 8245, (2015)




R, (Q)

JKCrepuMeHTaribHble HabnMaeHUs
MarHetToocumnnngauvin B
XanbKoreHnagax BucMyTa
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We report measurements of the surface Shubnikov—de Haas oscillations (SdH) on crystals of the topological
insulator BizTe;Se. In crystals with large bulk resistivity (~4 £2cm at 4 K), we observe ~ 15 surface SdH
oscillations (to the n = | Landau level) in magnetic fields B up to 45 T. Extrapolating to the limit 1 /B — 0, we
confirm the 1-shift expected from a Dirac spectrum. The results are consistent with a very small surface Landé

g factor.
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Conclusion

- Ha HM pa3mepax n cyb-nc BpemeHax (ARPES)
B "3D TWU" Ha ocHOBe xanbkoreHngoB BUCMYTaA
HabntogatoTcs TSS...B TpaHCNopTe — He
O4YEeBUOHO

MOPAJIb: butBa 3a BeLECTBO — HEMNPOCTOU
npouecc

B cnegytouwlen nekyum:.

- NpMHUMN 6eH3onunbl

- TOHKME NIEHKN

- CBEPXNPOBOAALLMNE XaNnbKOreHnabl BUCMYyTa



