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1. Mogens Kutaesa (k — 0)

H= [ do {4 @eu@) + A @00 @) + hel} | (1)
rae &, = (p?/2m — p). Tamunstonnan BaXK B Gasuce W(x) = [¢4(2), ¥ (z), wI(m), 7’!,[)1(1)]1-:
w= (&, L) =emaam,. (2)

[Juaronanusys ramunstoHnan det (H — E) = 0, nonydaem

By = /€2 + A2E2 3)

— =0, A £0
—eepn <0, A"#£0
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Cnektp Ba>K ramunbToHnaHa p - CBepxnpoBOAHNKA.
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1. CummeTtpusi BaXK ramunbToHnaHa n Tononoruyeckue dassl

Cummetpus vactuua - asipka: {H,CT} = 0, rae C = —iTy - 3apsfoBOe CONPsKEHNUE,
T =i0yK - onepaTop uHsepcumn BpemeHun, K - KOMMNIEKCHOE COMpPsiXKEHMe.
Mycte {®,,(z)} - Habop cobcTeenHbIX byHkuuii H, Torga

HCT®, =-CTH®, = -CTHE,®, = -E,CT®, . (4)

TP1 TP2

TR

Fig. 2.1 The phase diagram of a one-dimensional p-wave superconductor as function of
p-wave pairing strength A" and chemical potential y. There are topological superconducting
phases for > 0, while the system is topologically trivial for u < 0. The topological phases
at positive g differ in their winding numbers depending on the sign of A’.
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1. XapaKkTepucrrka Tonosiorn4eckux as

Mepennwem BaXXK ramunstonnan H = (&, 7. + A’'kTy) B BUge:
roe
(be)e =05 (b)y = Ak 5 (br)z =& -

Paccmotpum oTobpaxetune k € R Ha eguHnyHblii Bektop by, = by /|by|. Tononoruyecknii
VHBapMaHT - Yucio obopoTos by B niockocTn yz.

(a) b, (®) b.
-~

TR TP

Fig. 2.2 Tllustration of the mapping k — bk in symmetry class BDI. (a) Trivial or nontopo-
logical phase. (b) Topological phase.
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1. CBA3aHHbIE COCTOSAHUSI HA AOMEHHOW rpaHmMLe

I'Ipep,nonox(le, HTO [t MEHAETCA NnHelHo B6An3N AOMeHHOﬁ FpaHI/ILl,bllf

wizx) = ax. (6)

B6ausu 1 = 0 MOXXHO npeHebpeub cnaraembim p?/2m. B pesynsTaTe nonyuum ramusio-
ToHuaH [unpaka ¢ HeofHOPOAHOW Maccoii:

H = —ax7, + A/prz . (7)

Nanee Boiuucanm H2:
H? = (az)® + (A'p)®> — Aar, . (8)

CnekTp cobCTBEHHBIX COCTOsTHMIA H 2:
+\2 ’ 1 ’
(BEr) =20"a n+g FA'a. 9)
Pewenne ypaBHenns BaXK, cooTeetcTByloLee E'J =0:

(zln = 0,4+) = uo(x) (1) , uo(x) o exp(—axz®/2|A|) . (10)

13apaqa; BLIMMCINTE CEKTP NOALLENEBLIX COCTOsIHMYA B Mogenn p(z) = o sign(x)
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2. MuHnmanbHasi Mogenb Asi NOJYNPOBOAHUKOBOrO MPoBoga C

NHAYLMPOBAHHOW CBEPXMPOBOANMOCTbIO

FamunbToHMaH npep,naraemoﬁ CUNCTEMbI (HaBe,D,eHHaFI CBEPXNPOBOANMOCTDL S TI/II'la)ZZ

2
H = <2pim + upos — p) 7, — Bo, + A1y . (11)
(a)
€p
J
.
p I
7

Fig. 4.1 Normal-state dispersions of the quantum wire in (a) the Kitaev limit, (b) the
topological insulator limit without Zeeman field, and (c) the topological insulator limit with
Zeeman field.

Mpegen Kutaesa B > mu’: E, = (p°/2m) + B.

Mpegen Tononoruyeckoro usonstopa B < mu’: B, = (p &+ mu)?/2m — mu?/2.

21. Y. Oreg, G. Refael, and F. von Oppen, Phys. Rev. Lett. 105, 177002 (2010). 2. R. M. Lutchyn,
J. D. Sau, and S. Das Sarma, Phys. Rev. Lett. 105, 077001 (2010).
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2. Mpenen Kutaesa B > mu?, Teopus Bo3MyLLeHuii

Eyp,eM OTCUYMUTBLIBATb XNMUYECKNNA noTeHuman oT AHa T NOA3O0HbI:

P’ P’
H= (2 _(B S LA P 12
(£ - @am) b (B )t (12)
B oTcyTcTBMe cnnH-opbuTanbHOro B3anMoaeicTens:
|6> = [1707070]1- ) |h> = [07070’ I]T . (13)

Jlerko nokasatb, 4to (€| A7, |e) = (h| A1y |e) = (e| A1y |h) = (h| A7y |h) = 0. B nepsom
nopsgke nNo CnuH-opbUTanbHOMY B3aNMOAEHCTBNIO:

le) = [1,—up/2B,0,0]" , |h) =[0,0, —up/2B,1]" . (14)

HeHyJ'IeBbIe MaTPU4HbIE SN1IEMEHTbI ATZZ

(h| Aty |e) = (e| ATy |h) = Jié’A . (15)
B pesynbTaTe®:
2
H= (;?—m — ,u,> Te — %Am . (16)

3Paccmatpusanu: H = (p2/2m — p.) T, + A/pTy.
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3. [NonynpoBogHMKOBbLIE MPOBOAA C MHAYLMPOBAHHOW CBEPXMPOBOAUMOCTbIO

Sdbpekt 3eemana [['6;] + cnun-opbuTansbHoe B3ammogeiicTene [agr(n X p)é| + ceepx-
NPOBOAMMOCTb § TMAa = 6eccnMHOBas p - BOJHOBas CBEPXMPOBOAMMOCTb.
MpenmywecTBa NpeanoxxeHns:

1. Xopowo nsyuennbie matepuanst: InAs, InSb ¢ cunbHbIM cnuH-opbuTanbHbIM B3aK-
mogeiicTenem 1 bonbwnm g hakTopoM [ginas ~ 10 — 25™ u gipsp ~ 20 — 70°*], s -
BOHOBble cBepxnposoaHukn Al uan Nb

2. KoHTaKTbl C TakuMy MaTepuanaMi NO3BOASIOT JObUTLCA JOCTaTOYHO HObLIOro 3Ha-
YeHNs HaeegdeHHol wennm A***

ny=1n,=2 ®

=3 =1 * V. Aleshkin, V. Gavrilenko, A. lkonnikov,

S. Krishtopenko, V. Sadofyev, and K. Spirin,
Semiconductors 42, 828 (2008).

** H. A. Nilsson, P. Caroff, C. Thelander,

M. Larsson, J. B. Wagner, L.-E. Wernersson,
FIG. 1 (color online). (a) Schematic plot of the quasi-1D L. Samuelson, and H. Q. Xu, Nano Lett. 9, 3151
nanowire proximity-coupled with an s-wave SC. The rectangular (2009)_

quantum well has .lhe dimensions L, L, and L,: L. <<‘L‘ *%% Y | Doh, J. van Dam, A. Roest, E. Bakkers,

< L,. The nanowire can be top gated to control chemical . .

potential in it. The method for fabricating the proposed quantum L. Kouwenhoven, and S. D. Franceschi, Science 309,
well heterostructure based on InAs has been demonstrated; 272 (2005)'

see, e.g., Refs. [12,18].(b) Schematic plot of the lowest energy

subbands due to the transverse confinement.

ny=2n,=1

ny=1n,=1
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3. Signatures of Majorana fermions in hybrid superconductor-semicond

nanowire devices?

Fig. 1. (A) Outline of theoretical proposals. (Top) Conceptual device layout with a semiconducting
nanowire in proximity to an s-wave superconductor. An external B field is aligned parallel to the wire.
The Rashba spin-orbit interaction is indicated as an effective magnetic field, B, pointing perpendicular
to the nanowire. The red stars indicate the expected locations of a Majorana pair. (Bottom) Energy, £,
versus momentum, k, for a 1D wire with Rashba spin-orbit interaction, which shifts the spin-down band
(blue) to the left and the spin-up band (red) to the right. Blue and red parabolas are for B = 0; black
curves are for B # 0, illustrating the formation of a gap near k = 0 of size £, (u is the Fermi energy with
1t = 0 defined at the crossing of parabolas at k = 0). The superconductor induces pairing between states
of opposite momentum and opposite spin, creating a gap of size A. (B) Implemented version of the-
oretical proposals. Scanning electron microscope image of the device with normal (N) and super-
conducting (S) contacts. The S contact only covers the right part of the nanowire. The underlying gates,
numbered 1 to 4, are covered with a dielectric. [Note that gate 1 connects two gates, and gate 4
connects four narrow gates; see (C).] (C) (Top) Schematic of our device. (Bottom) illustration of energy
states. The green rectangle indicates the tunnel barrier separating the normal part of the nanowire on
the left from the wire section with induced superconducting gap, A. [In (B), the barrier gate is also
shown in green.] An external voltage, V, applied between N and S drops across the tunnel barrier. Red
stars again indicate the idealized locations of the Majorana pair. Only the left Majorana is probed in
this experiment.

4V. Mourik, K. Zuo, S. M. Frolov, S. R. Plissard, E. P. A. M. Bakkers, L. P. Kouwenhoven, Science

336, 1003-1007 (2012)
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3. Hard gap in epitaxial semiconductor - superconductor nanowires

a InAs

Figure 1| Epitaxial full-shell device and hard induced gap. a, Schematic
cross-section of epitaxial full-shell nanowire with InAs core (green) and Al
shell (grey). b, Measurement set-up, showing Ti/Au leads (yellow), InAs
nanowire (green) and Al shell (grey). ¢, Transmission electron micrograph of
epitaxial N/S interface along the cut in a. d, Scanning electron micrograph of
lithographically similar device (false colour).

SW. Chang, S. M. Albrecht, T. S. Jespersen, F. Kuemmeth, P. Krogstrup, J. Nygard, and
C. M. Marcus, Nature Nanotechnology 10, 232-236 (2015).
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Figure 1 | Majorana island device. a, Electron micrograph (false colour)
of a device that is lithographically similar to the measured devices. Yellow,
Ti/Au contacts; green, InAs nanowire; light blue, two-facet Al shell
(oflength L); Vsp, applied voltage bias; I, measured current; Vg, gate voltage.
b, Cross-section of a hexagonal InAs nanowire showing the orientation
of the Al shell and field directions B and B, .

6S. M. Albrecht, A. P. Higginbotham, M. Madsen, F. Kuemmeth, T. S. Jespersen, J. Nygard,
P. Krogstrup, and C. M. Marcus, Nature 531, 206-209 (2016).
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4. Mukpockonuyeckas Teopusi achcpekta 6amsoctu

CosmectHo ¢ UI. M. Xaiimosudem n A. C. MenbHUKOBbIM.
MaMuUIbTOHMAH CUCTEMBI :

H=H,+H,+H; . (17)

.= d.Re [ dy do{ S ULRE R, (R) + [ARVRIIR) +he ] | (9)

Hy = S /dy > ol [gw( V+Be— ia0®D, + Vyo }M’a(,/(y), (19)
= VaRuSs [ duap 3 WL uT (o pas) +he | (20)

Mop,em:. HEKOrepeHTHOro TyHHeNnpoBaHnA:

T(p,Y)T(¢,Y') = t25(Y —Y")5(¢ — ¢') , (21)

7W. L. McMillan, Phys. Rev. 175, 537-542 (1968).
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4. VYpaBHeHus [opbkoBa

[—iwF: + €w + apybs + Vyoy 7 — B Cuw + AuGur. = 1, (22)

[~iwr + 6 -20] G+ AGE = T,
roe 25;” = I'sdiag (.@s,ﬁs)v Sgd) = I'ydiag (gwaﬁw) n

A ~ 0 sts

Aw = # . , 2
i (sti 0 ) (3)

. . 0 A+ Ty fu

A, = 7 - . .
i (N+waL 0 )

3pecb w =27T(n+1/2), &w = pi/me — pu+ Ec, my, addekTnBHas Macca 3n1eKTpoHa
& nonynposogHuke, & = (pi + k?)/2ms — p, k umnynsc saons obonouky,

- 1 ~ . 1 -
9gs = ;/dfs Gs(gs) y Guw = ;/dpy Gw(py) s (24)
I's = t°0.Ryms/2, Tu,=1t0/2.

VpasHerusi (22) pelwanncb COBMECTHO C yPaBHEHMEM CaMOCOr1aCoBaHNs Ha Lesb B CBEPX-
NPOBOAHMKE:
)\7TT
AF
E Tr [fs 16y ] . (25)

(VcTuTtyT chnsnkm mukpoctpyktyp PAH) 25 mas 2017 r. 15 / 19



4. 3aencumocts T, (1)

VpagHeHue Ha T, B mogenn MakmunnaHna:

In L0 Po_ [y (Lpletle (L (26)
n = — Zpw s et

T. Ty + T 2 2T, 2 ’
rae I'yy = tzécuw(O)/Q N 4 (0) -NNOTHOCTB cocTosiHMil Ha yposHe Pepmun B npoeoge. Cnyuvaii I'y = 0

aHaNIOrN4eH CBEPXMNPOBOAHNKY C MAarHUTHbIMU MpUMecsMu. Y4eT 3aBUCMMOCTU MIOTHOCTU COCTOSIHWIA OT
SHepruy B NPoBOAE AAET:

(1+Ts/w)

“1_ o ,
A= T%w[l-&-fw(w)/w—i-l—‘s/w]

(27)

Fu(w) = TwRy/2mu /[ — Be + i (w+ )] -

g
~
= 0.4 oo T, = 01T, Ty = 05T
'y =0.1T,, Ty = 1.2}
0.2 —= T, = 05T, Ty = 1.2Ty
— T,=0,T,=15Te

—%0 -10 0 10 20 30 40
(1 —Eo)/Tw
Kputepuii paspywenus csepxnposogumoctu B obonouke (I's = 0): 1525‘:\/777,11,/2TC ~ Teo.
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4. 3aBncumocts T.(p, o, V,

0 04
a
& 03
=
S o 0.2
|
2 0.1
205 5 0
Vy/Ta V/ T
20 20 0.4
< 2
g g 03
= 3
S “ﬁ 0 0.2
|
! X \
= 0.1
20 20 o
s 0 5 10
Es/Two Ey/To

(a) Color plot of the critical temperature of the shell T.. /T as a function of the chemical potential in the
wire (u — E.) /Teo and the Zeeman field V, /T calculated for I's = 0.6To, I'yy = 270, and

Eso = 3T¢o. (b) Corresponding density of states in the wire in the normal state at the Fermi level v, (0)
in the units of \/m.,, /2T as a function of the chemical potential (u — E.) /To and the Zeeman field
Vy/Teo. (c) Color plot of the critical temperature of the shell T, /T, as a function of (u — E.) /Tco and
Eso/Teo calculated for I's = Teo, I'yy = 2Tco, and V,; = 5T¢. (d) Corresponding density of states in the
wire in the normal state at the Fermi level v, (0) in the units of \/m,, /2T, as a function of

(1 — E.) /Teo and Egq. Here Ty = t24, Ryyms /2, Ty = t2lor/may [2Tc0.
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5. Jlutepatypa

CraTby no TemaTuke + chegytolime nekumn:
Felix von Oppen, Yang Peng, Falko Pientka, Topological superconducting phases in one
dimension, Oxford University Press (2014).
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Cnacunbo 3a BHUMaHMe!
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