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rJyjiaH

Tomosornyeckasi 3alUTa KaK pemieHue nmpoodjaeMbl
JNEeKOTePEeHTHOCTH

CocTosinus KBa3n4dacCruu MaﬁOpaHOBCKOFO THUIIA.

AHJIpEEBCKOE OTpaXeHUE. AHIPEECBCKUE AMBI. JIOKAIM30BaHHBIE COCTOSHUS.
P-CBEpXIPOBOJHUKHN. BO3MOXKHBIE SKCTIEpUMEHTAJIbHBIC peaan3allui: BUXpU U
KpaeBbI€ COCTOSIHUS B CUCTEMaX ¢ HMHAYIMPOBAHHON CBEPXIIPOBOJUMOCTHIO

JInHaMuKa ManOPAHOBCKUX COCTOSSHUU M HEJIOKAJIBLHOCTh

b deKT 4eTHOCTH B CBEPXIIPOBOAHUKAX. OCO0EHHOCTH

MAHOPAHOBCKUX COCTOSTHMIA.
ITonHas BoHOBasE PYHKIMS CBEPXMPOBOJAHUKA U OpelaMHT

b ekt Axo3edpcona B MAMOPAHOBCKHX CHCTEMAX.
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[lekorepeHTHOCTb KyOnTOB

y =a0+bl

B3anMOengrene

2X-ypoBHeBas
cuctema

Q. MoxeT nn nomMo4b Tononorna?

OKpY>XeHue

A. KybuTtbl Ha ManopaHOBCKUX KBa3n4vacTuLax B

CBEPXNPOBOAHMKAX




AreKTPOHbI N AbIPKU B HOPMaribHOM MeTarnsne
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AneKTPOHbI U AbIPKN B HOPMaribHOM MeTanne
(04, 4;]0) # 0

- BEPOSITHOCTb PacCesiHUSA 3MEeKTPOHA M3 COCTOSIHUA &, O> B COCTOsIHMe a; O>

ANEKTPOHLI U AbIPKN B CBEPXNPOBOAHMUKE.
AHOManbHbIe cpeaHue.
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OpHopoaHoe cBepxnpoBoasilee COCTOAHUE:
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Andreev bound states




Bogolubov — de Gennes equations and their symmetry
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All states come in pairs???
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Tonono2uyeckue ceoucmea 1D
2amMusibmoHuaHa boX

Db (PeKTUBHBIN FraMUIBTOHUAH

Heff =T m(k)
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Coomeemcmeue o6beM - 2paHuya
n, =N,

Gapless edge state

vacuum

Reason: we can not go “smoothly* from the left medium to the right one
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Singlet pairing Triplet pairing
A,(r,r')=io D(r,r') A1, r')=ic,cD(r,r')
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Haauuune maprHepa Ha yposHe @epMmu Bce ke 0013aTeJIbHO,
Ho! ITosinas Bo/iHOBasi QyHKIMA CUJILHO Pa3/ie/ieHa B MPOCTPAHCTBE

N
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Kanauaarsl B CHCTEMbl ¢ MAMOPAHOBCKUMM YaCTULIAMM
vortices in p-wave superconductors (G.E.Volovik, 1997)
Edge states (Kitaev 1D p-wave superconductor)

Systems with induced superconductivity

J10J15KHO OBITH CHATO BBIPOK/IEHHE MO MPOEKIUU CITUHA!

Sample edge
Vacuum or P-wave
insulator superconductor
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P-wave superconductors. Sr,RuO, as a possible candidate?
He-3
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Majorana states in 1D wire.
P-wave superconductor
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Fermi level

Splitting of vortex core levels: >i/>f A
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YeT-Heuer



HEeNOKaJIbHOCTb U TONOJIOrN4YeCKadA 3alluTa.

OO0ObIYHAY KBAHTOBAA MEXAaHHUKA B 2X AMaXx

2 close levels /\
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ba/K kBaHTOBasi MEXaHUKA B AaHAPEEeBCKUX AMAaX
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Time of particle transfer =0



Q. Kak usbexatb 6ueHun B MauopaHOBCKOU nape?
A .3aPUKCUPOBATL YEeTHOCTb YUCSIA INEeKTPOHOB

Aphekm yemHocmu @ 06bIYHbLIX C8EPXINPOBOOHUKaX 8 yC/108USIX
KyJnoHoeckol 6s10kadbl

0o 1 2 3
Coulomb diamonds



YTto npoucxoamuT nNpu PUKCaUUU YeTHOCTU B
MAaUOPAHOBCKUX CUCTEMax?

3aaasas YeTHOCTb YUCNA 3NEeKTPOHOB...

fermion parity
E [+) even |—) odd
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UTO Mbl Ha3sblBaeM ManopaHOBCKUMM
COCTOSHUAMUN? DPPEKT YETHOCTMN.

y P- cBepxnpoBOOHUK TUNA
OBbIYHbIN CBEPXMPOBOAHUK — .
KntaeBckon LIENOYKMN — HET
BbIpOXOEHWNE MO NMPOEKLNU CNUHA

BbliO)Kﬂ,eHl/IFI no I'IiOeKLI,I/II/I CrnnHa
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UTO Mbl Ha3sblBaeM ManopaHOBCKUMM
COCTOSHUAMUN? DPPEKT YETHOCTMN.

P- cBepxnpoBOOHUK TUNA
KntaeBckon LIENOYKMN — HET

BbliO)Kﬂ,eHl/IFI no I'IiOeKLI,I/II/I CrnnHa

+A +A

OObIYHbI CBEPXNPOBOAHUK —
BbIpOXAEHME MO NPOEKLUNN CnnHa

CosgaHune Bo36yXgeHua noa
LLEernbio BO3MOXHO 0e3
N3MEHEHUSA YETHOCTU Yncna
9NEKTPOHOB

CosgaHune Bo36yxgeHua noa
LEenbo 0ba3aTenbHO MEHAET
YEeTHOCTb YnUcra aNeKTPOHOB



Josephson systems with Majorana states.

Hp = tGLCH + t*CLCL COCTOSIHVSA C pa3Hoii
YETHOCTbIO 3MEKTPOHOB
E = 4+2cos(yp/2)tour g
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Bound quasiparticle states

27 oréd periodicity of Josephson current?



& Cmynenvku Illanupo
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I-V curve
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NMNepunoau4HOCTL BXOAa BUXpPEWU B cBepXxnpoBoaslime
konbua. dd ekt AapoHoBa-boma

2 77 O03edpCOHOBCKMIN KOHTAKT

_ 7hc AdbdekTt AB ans
Do =

MartuTHoe e KynepoBCKNX nap

none B

4 7r [0%03edPCOHOBCKUIA KOHTAKT

5 — 27thc  ddhgekt AB ans
¢0 o e 9NEKTPOHOB

MarHutHoe
none B



Idea of manipulation and braiding of Majorana states

Standard quantum mechanics: ¢ =0or @=7

Q: Can e'” be an arbitrary phase factor, or operator?

Related Q: How does an ensemble of Majorana particles arrange in pairs?
Degenerate ground state?

Q!Q O




BonHoBasa ¢pyHKUMA cBepXnpoBoAHUKA
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Braiding
NepenneteHue

veT




Peannsauusa B cuctemax
C MHOYLMPOBAHHOM CBEPXMNPOBOANMOCTLIO



Examples: Systems with induced superconducting order

Tononorun4yecku
HeTpuBUanbLHas

reomeTpus [Hn] 1 T

substrate
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substrate

[Hn|=0




Ewe cucrtembr ¢ mamopaHoBCKUMU
pepmuoHamu. Llenoukm marHUTHLIX TOuek.

magnetic nanoparticles

Majorana
zero-mode



Vortex in 3D topological insulator coupled to
superconductor with a hole




Braiding in nanowires by Braiding in vortex arrays
gates
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Figure 3 | AT-junction provides the simplest wire network that enables

meaningful adiabatic exchange of Majorana fermions. Using the methods

af Fig. 2, one can braid Majoranas bridged by either a topological region . . .

(dark blue lines) as in a-d, or 2 non-topological region (light blue lines) as Q L DI S S I p at I O n ') ? 7
ine-h The arrows along the topological regions in a-d are useful for " - % N
understanding the non-Abelian statistics, as outlined in the main text.




Some conclusions

- cocTossHuAa ManopaHa = cmecb YacTuu u
aHTM4acTuu Ha ypoBHe Pepmu

- cocToaHua ManopaHa = NPOCTPaHCTBEHHO
pa3geneHHasa BonHoBasA PyHKUMSA

* cocToaHua ManopaHa = cunbHeuwas
HerloKaribHOCTb U3MEPUMbIX XapaKTepPUCTUK npu
domkcnpoBaHHON YETHOCTU YMCIIa INEKTPOHOB

° MAHUNYNSAUMUN U NSIeTEHNEe KBAaHTOBbIX COCTOSHUMN
0e3 HapyLeHUs KOrepeHTHOCTH




