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Koe-kakue «menouur»:
MaZHUmMHoOe none, (haza napamempa nopsaoka,
KaauopoeouyHasa uHeaApUAHmMHOCMb, NOMEHUUAIbHOE
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Euwe koe-kakue «menouu»:
Umo makoe onepamop oenrvma?

Omeem 1: 0oenrvma — 3mo umenHo mom napamemp
nOpAOKa, KOMOPLLU ROABGIACHCA 8 Meopuu muna
T'unzoypza-Jlanoay

Omeem 2: denvma — Imo camocoziacoéannoe noe
KynepoecKkux nap

Omeem 3: 0etbma — 3mo 6000uLe-mo He10KATbHbLU
onepamop
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Kak ycTpoeHo KBa3uK/JIaCCHUYeCKoe NPUOIUKEHUE B
CBEPXIIPOBOTHUKAX ?
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KBasukiaccuyeckoe npuoIM:keHne. YpaBHeHUs AHApeeBa.
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Quasiclassical approximation

\i'(ﬁ) :i Je_i('ﬁ'_hkl)s/hgﬁ(s,9p)ds
kJ_ —o0
R U eikzz 27 .
N e \P:(ij — [ (rcos(6, - 6),6,)d6,
- 0
b=ufk A iud +ié.0 [2 4
o g ="l f(s)
k, :kL(cosﬁp,sme)
A=A,0,(r)e" ﬁ]? _ Ef
0

H =—-ihV,6, o+ &, Re A(s)— 6, ImA(s)
S



KBasukiaccuyeckoe nNpuoJIM:KeHne B YPaAaBHEHUAX 1JIs
pynkuuii ' puna.

k. >>l

YpaBHeHusi JujieHOeprepa.
I psa3HBIN nIpeaet.

<< &

YpaBHeHus Y3ajaeJ.



Teopus Junenoepzepa

— i, Vg —let, +2,2]=0

i(R;p)=( - 22] g(R;n):[—f“ gj

_Z; _21

g+§209 82—ﬁ+:1
—ihv, Vg -2 f" =27 f=0
—ihv, Vf —2(e+2%,)f —2X,8 =0
ihv, VF*=2(e+X,)f " -2Xlg =0




Teopus Y3zaoens

<< &
f=(f)+iQ
—iDV(gVf — fVg)+2¢& —2A g =0

g —ff" =1



KBaHTOBasi MEXaHHMKA 3JIEKTPOHOB U AbIPOK B CBEPXIPOBOIHUKAX.
HekoTopble cCOBpeMeHHbIE HATIPABJICHUS

#®KBa3n4acTUIbl B CBEpXIPOBOJIHUKAX C aHU30TPOIIHBIM CIIapHUBAHUEM.
TEIMJI0EMKOCTbh, TEINIONPOBOAHOCTD, CBSI3aHHBIC COCTOSHUS HA BUXPIX U
nedeKTax

# JMHAMHUKa BUXPEH B CBEPXIIPOBOJHMKAX

Me3ockonMYeCKue CBEPXIPOBOASIIIE CUCTEMBI
#® KBAaHTOBBIM TPAHCHOPT B THOPHUIHBIX CUCTEMAX C aHAPECBCKUM
oTpaxxeHueM. AHJIpeeBCKUe HHTephepoMeTpbl. UHTEppepeHIIOHHEIE
3(p(PEeKTHI B cUCTEMaX ¢ NPUMECIMU

® Muxkpoteopus gxo3epcoHoBckux cuctem. BAX. MAR

# CHCTEMBI CBEPXIIPOBOAHMUK — (DEppOMArHeTHK



KBaHnToBasi MexaHuKka KBA3NIaCTHUII KaAK TECT HA THUII CBEPXIIPOBOAAIICTO

crapuBaHUsA
E
OnHopoaHoe
CBEePXIpPOBOASIIIEee
COCTOSIHME:
CpepxnpoBoasmas meiab A I k
kF

Hu3kue Temneparypbl: B OJHOPOXHOM CBEPXINPOBOAHHUKE C H30TPOIHOMI
IIeJIbI0 KBA3UYACTHUIL HET

Nudpopmanus o Tume
CBEPXIMPOBOAALICTO
ClIApUBaHUSA

HeonHopoaHnocTH N3MeHeHHneE CIIEKTPA ‘
1eJu KBAa3W4aCTHIL

BKCHepI/IMeHTbI: TYHHCJIbHAAA CIICKTPOCKOIINSA, TCIIONMPOBOAHOCTD,
TCINJIOCMKOCTDb, NMOIVIOINICHHUE 3M BOJIH, CIHHOBasA BOCIIPUUMYUBOCTD,y ¢ccc...



CBepxXnpoBOAHUKHA B MATHUTHOM I10J1€.
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OcHoBHast HHOPMALUS 0 BUXPSIX
AOpPHKOCOBAa B CBEPXIIPOBOAHHKAX

# MaraurTHoe 1oJjie NPOHUKAET
B CBEPXIIPOBOIHUK B BHU/I€
BUXPEBBbIX JUHUHU

® Buxpu oTTaJKMBAIOTCA
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@depMHUOHHBIE BO30YKICHUS B BUXPeBOH (pa3e CBEpPXIPOBOIHUKOB
Ilouemy OHM Ba’KHBI?
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Experiment:

FIG. 3. Spectra taken at the center of a voriex core for vari- B
ous Ta substitutions at 1.3 K and 0.3 T. The spectra are nor- ( )
K(B) <<k, [
c2

malized to the differential conductance at high bias.

Ch.Renner et al (1991)




IneKmpoHHan CmpyKmypa UXpeeo2o cOCMoAHUA

CBsizaHHbIe COCTOSAHUSA (PePMHUOHHBIX BO30YKICHUN B KOpe BUXPHA
Ipoduias cBepxXnpoBoASIECH HIEJHU: MOTCHIUAIbHAA AMA 1JIH JJIEKTPOHOB

OueHka MUHMIIEJH B CIIEKTPE BO30YK/IeHUM
2 2

Rt RPA, A,
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C.Caroli, P.G.de Gennes,
J.Matricon (1964)
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AHIpeeBCKOe OTPaXKeHue

[Tamarommu OTtpakeHHas
AIEKTPOH bIpKa .
P P OTpakKE€HHBIN
HopmaiabHbIi JJICKTPOH
Oapbep
MeTaJLl

CBEPXIIPOBOAHUK CBEPXTOK

Tpancmopr Temua. SNSNS CTPYKTYpPbI — IPOMEKYTOUHOE
cocrosinue (A.@.AHapeeB)



AHIpeeBCKHE CBA3aHHbIE COCTOSTHUSA
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J2x03e(PCOHOBCKUI TPAHCIIOPT. AHJIPEeBCKUE YPOBHU B KOHTAKTAX.

Ippexm /rcozedhpcona

BkJaa noamesieBbIX COCTOSIHUM B
CTAIMOHAPHBIN CBEPXTOK:

1%(p) = _ze 08, (9) tanhM
h i 09 2T

Bonpoc: Tok onpenensiercsi sin pa3noctu ¢asz?

OTBET: TOJBKO JIA MAJION MPO3PAYHOCTH I'PAHULIBI



Koporkuii 1-Mo10BbIii KouTakT d << &
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Kulik-Omel’yanchuk 1977
Habercorn et al 1978
Zaitsev 1984
Beenakker 1991
Bagwell 1992
Beenakker-Houten 1991
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AHJIpeeBCKHE YPOBHHA KBA3MYACTHUII B BUXPAX
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C.Caroli,
P.G.de Gennes,
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IIpeneccust KIACCHYECKON TPACKTOPUM
OTKJIOHEHHE OT TOYHOI0 ) a 9 a
paccesiHUs Ha3aa Npu ‘ h P _ E —— Yacrora
AH/IPEeBCKOM OTPaKeHUU B ot 0 1 npeneccun

KOpe BUXPS
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IIpeneccust KIACCHYECKON TPACKTOPUM

OTKJIOHEHHE OT TOYHOI0 ) a 9 a
paccesiHUs Ha3aja NP ‘ 7] P _ € = — Yacrora
aHJIPEeeBCKOM OTPaKEHUH B af a ,U npeuneccuu

KOpe BUXPS
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IIpeneccust KIACCHYECKON TPACKTOPUM

OTKJIOHEHHE OT TOYHOI0 ) a 9 a
paccesiHUs Ha3aja NP ‘ 7] P _ € = — Yacrora
aHJIPEeeBCKOM OTPaKEHUH B af a ,U npeuneccuu

KOpe BUXPS
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KBaHTOBass MeXaHMKA NMPeEHeCCUPYIOINUX TPACKTOPUM

[0 ,, 4] =i

Spectrum as a function of the momentum
component along the vortex axis
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AHOMAaJIbHbIE BETBHU CIICKTPAa B MHOI'OKBAHTOBbLIX BUXPHX. TeopeMa 0
YuCJI€ HYJICBBIX MO/.

m=1 £ =2 £

spectra 5 A \ H $
DOS
profiles ®

Classical impact K K
parameter at the ~k Lf
Fermi level
E=0 Hp HP HP

G.E.Volovik (1993)
D.Rainer, J.A.Sauls, and D.Waxman (1996); Y.Tanaka et al. (1993,1995); S.M.M.Virtanen and
M.M.Salomaa (1999); ASM and V.Vinokur (2002); K.Tanaka, I.Robel, B.Janko (2002)



JInnamuxka Buxpei. CrieKTpajbHbIA MOTOK.

Baszkoe meuenue nomoka unu yejieuenue suxpeii c6epxmoxom?
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Thermal transport along vortex lines

Landauer Number of transverse modes
approach T

Andreev reflection suppresses the effective
Can we consider number of transport modes

vortices as N wires?
Group velocity along

2
Neﬁ (kF é:) yortex axis

kK(B)=nk, =<k, %I hole € £
c2 V = ~ V.
*“nok. T E,

Nongquasiclassical trajectory
drift

Experiment: J.Lowell and
J.B.Sousa (1970); W. F. Vinen et
al. (1971)
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CxaHupywiasi TYHHeJbHasi MUKPOCKONNS/CIEKTPOCKOMNMS.
P PeKTUBHBIN METOX UCCIET0BAHNS NMPUPOIBLI CBEPXIIPOBOASAIIEIO CIIAPUBAHMSL.

dlI/dV (x,y)

ITux naomuocmu
cocmoAanuil 8 yenmpe Buxps



Reference STM images of vortex cores.

VOLUME 67, NUMBER 12 PHYSICAL REVIEW LETTERS 16 SEPTEMBER 1991

Scanning Tunneling Spectroscopy of a Vortex Core from the Clean to the Dirty Limit

Ch. Renner, A. D. Kent, Ph. Niedermann, and . Fischer
Département de Physique de la Matiere Condensée, University of Geneva, 24 quai Ernest-Ansermet, CH-1211 Geneva, Switzerland

F. Levy

Institur de Physique Appliquée, Ecole Polytechnique Fédérale Lausanne, CH-1015 Lausanne, Switzerland
(Received | July 1991)

The local density of states of a superconducting vortex core has been measured as a function of disor-
der in the alloy system Nb, -, Ta,Se: using a low-temperature scanning tunneling microscope. The peak
observed in the zero-bias conductance at a vortex center is found to be very sensitive to disorder. As the
mean free path is decreased by substitutional alloying the peak gradually disappears and for x =0.2 the
density of states in the vortex center is found to be equal to that in the normal state. The vortex-core
spectra hence may provide a sensitive measure of the quasiparticle scattering time.
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FIG. 3. Spectra taken at the center of a vortex core for vari-
ous Ta substitutions at 1.3 K and 0.3 T. The spectra are nor-
malized to the differential conductance at high bias.



Biausinue 0ecnopsiika Ha 3JIEKTPOHHYIO CTPYKTYPY BHUXPeid.
OT YHCTOIO K I'PA3HOMY Ipe/eJry.

1. OauH aToM NpuUMecH B KOpe

Vortex line with an impurity
atom in the core

superflow

2. YBesinueHHe KOHEHTPAH
npuMecei = pasMbiTHE Zero-bias
AHOMAJIMHU B IIEHTPe BUXPSA

Larkin-Ovchinnikov — E/gq,

1998

2
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FIG. 3. Spectra taken at the center of a vortex core for vari-
ous Ta substitutions at 1.3 K and 0.3 T. The spectra are nor-
malized to the differential conductance at high bias.
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STM naGmonenus suxpeit. DOS P05 = - u, (P 66 =€)

PRL 101, 166407 (2008) PHYSICAL REVIEW LETTERS 17 Ogek ending & VOLUME 75, NUMBER 14 PHYSICAL REVIEW LETTERS 2 OCTOBER 1995
Superconducting Density of States and Vortex Cores of 2H-NbS, Direct Vortex Lattice Imaging and Tunneling Spectroscopy of Flux Lines on YBa;Cu307-5
1. Guillamén,' H. Suderow,' S. Vieira,' L. Cario,” P. Diener,” and P. Rodiére® 1. Maggio-Aprile, Ch. Renner, A. Erb, E. Walker, and @. Fischer
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STM experimental results

H. F. Hess et al PRL (1990) I. Maggio-Aprile et al PRL (1995)
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STM experimental results

I. Guillamon et al PRL (2008) M.R. Eskildsen et al PRL (2002)
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STM experiment:
Anomalous Large Vortex Core

N. C. Yeh et al EPL (2009)
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40
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0
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plied by the area, within experimental errors. Thus, we
obtain averaged vortex lattice constants ap = 33.2 nm and
23.5nm for H =2T and 4.5 T, respectively, comparable to
the theoretical values of ag = 35.0nm and 23.3nm. On the

other hand, the mean “vortex halo” radius &£ha1o is much

longer than the SC coherence length &sc, and the average

Ehalo decreases with field. We find &, = (7.7 £+ 0.3) nm for
H=2T, (6.4+0.6)nm for H=4.5T, and (5.04+0.7) nm

for H=06T.
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Why the local density of states can differ from the standard
CdGM picture?
(splitting of LDOS peak, splitting or absence of zero-bias
anomaly, anomalously large minigap or vortex size, ...)

* Vortex-vortex interaction
(tunneling of quasiparticles between vortex cores)
 Normal (elastic) scattering at inhomogeneities
(boundaries, impurities etc.)
e Interaction with pinning centers
(deformation of the vortex core structure)
e Unconventional superconducting pairing?
e Additional order parameter?
e Proximity induced superconductivity?



Influence of surface layer

D. Roditchev et al PRL (2001)
Two Gap State Density in Mngz A True Bulk
Property or A Proximity Effect?
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Induced superconductivity in graphene and topological insulators

Graphene spectrum

K. Komatsu et al, 2012 Ti/Al

FIG. 2: Scanning electron micrograph of the graphene sample

connected to Wb electrodes. The distance between electrodes Hubert B HeerSChe et al’ 2007
18 L =12 pm and the graphene width 18 W = 12 pm.



Search for Majorana quasiparticles

week ending

PHYSICAL REVIEW LETTERS 9 JANUARY 2015

PRL 114, 017001 (2015)

Experimental Detection of a Majorana Mode in the core of a Magnetic Vortex inside
a Topological Insulator-Superconductor Bi,Te;/NbSe, Heterostructure

Jin-Peng Xu,! Mei-Xiao Wang,' Zhi Long Liu,' Jian-Feng Ge.! Xiaojun Ya11g,2 Canhua Liu,'”"
Zhu An Xu,z‘j Dandan Guan,] Chun Lei Gao,] Dong 'Qian,I Ying Liu,]‘?"j Qiang-Hua Wal1g,4‘5
Fu-Chun Zhang.”” Qi-Kun Xue.® and Jin-Feng Jia">'

x104

Sample bias (mV)

FIG. 1 (color). (a) A schematic illustration of topological
insulator-superconductor heterostructure. (b) The calculated re-
sults showing two Majorana modes in a vortex core on 5 QL
Bi, Te;/NbSe,. (¢) A vortex mapped by zero-bias df /dV on5 QL
Bi, Te; /NbSe, at 0.1 T and 0.4 K. (d) A sharp zero-bias peak in
the di/dV spectrum measured at the center of the vortex in (c).
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Vortex states in a system with induced superconducting order.

Multiple vortex core.

Small core of the size of a
superconducting coherence
length

_Ht

Large core with the size
determined by the
effective coherence length
in a 2D layer




Multiple vortex core. Gap potentials induced by a vortex line.

Clean limit. Coherent tunneling.

1
E—E,

localized

Solution: scale separation method.

Energy spectrum.

le—e,(b)]e-¢,(b ]+F[ \/F2 le—¢, )]}zO




Anomalous branches in the quasipartice spectrum in the core:
splitting of the zero — bias anomaly

AL Bereiers ettt e e

FIG:. 1: (Color online) Two-scale behavior of the spectrum,
Eq. (9), for coherent tunnelling. The spectrum has two local-
ized branches, ey(b) and ez(b), for € << I'. The branch esib)
has a scale £2p, 1t saturates at e = 1" for b 3 £2p. e1(b) has
a scale £5. For Re = ' it transforms into scattering reso-
nances. b* is defined as €,(0*) = I' — 0, while ¥ corresponds
to Rey (') =1+ 0.



Incoherent tunneling
splitting of the zero — bias anomaly
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Puzzles of quasiparticles in d-wave
superconductors.
Motivation: High-Tc cuprates

Ak,
ki

G.Volovik (1993): important role of the nodal quasiparticles -
£=t N K)+EK) +p,V

N.Kopnin ( 1998): generalization of CdGM solution for localized core
states in d-wave case



Precession of classical trajectory in a vortex

Deviation from exact
backscattering during
Andreev reflection in the core

50[’ - VSVF - VskF - A0 2

& &, & k& n

— € — —()  Precession
a )7, frequency
Ak,

k

Quasiparticles escape from the core
through the gap nodes.

CdGM states and delocalized states
are hybridized.
Question:

Can we still get closed trajectories and

discrete energy levels?



Similar problem: de Haas-van Alfen oscillations in superconductors.

Normal metal.
Landau spectrum.
Cyclotron orbits.

Superconductor.
Caroli — de Gennes — Matricon
spectrum with minigap.
Cyclotron orbits are destroyed.
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Precession of classical trajectory inside vortex core
competes
with rotation along the cyclotron trajectory

Y/

Question: how to restore the cyclotron motion?

Answer: to take account of quasiparticle tunneling between the vortex cores.



Qualitative arguments.
Critical intervortex distance:
minigap = energy level splitting due to tunneling

Typical &
intervortex g ~ />
distance H
2 . 3 aC —~ .
LE~107+10 ?~2T3 e % H,

a> [In(k.&)]



a..
aij > Clc ij

Intervortex
tunneling is
negligible.
Degenerate CdGM
spectrum.

<da In(k é:)

Cc

t\)ltﬁm

Vortices are strongly coupled by
tunneling.

Vortex cluster in a disordered flux line array:
Spectrum is similar to the one in m-quanta vortex

Cluster size~ cyclotron orbit radius.
Can we restore Landau quantization?



a Hybridization of core states and delocalized states.
00 ~ —< Cyclotron arcs are connected by precession of trajectories inside
a the cores

RN
B Aokxky 6

_7

a
AQ~k.r, —<~2x(n+
¢ FLCl ( 16) (k/‘
, | H neH
kF P
H hic

1 v 6@ Compare with standard A 1 27e

Y HTR e H H) e,
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Hybridization of core states and delocalized states.
Cyclotron arcs are connected by precession of trajectories inside
the cores

H ' Compare with standard A 1 27Te

Eq.: H — hCSext



Effective area of cyclotron orbit which determines the oscillation
period in magnetic field:

NS H<S

ext ext H * ext

Small Fermi pockets?

Energy quantization:

nehN HH' B n’s,
m

mc

E

n

oy, " Se

ha, <oeE<h@,. <hw, =hao,

Compare with Eq.10 in [Kopnin, PRB 1998]



What we should remember considering electrons and holes
states in vortex state?

* Qusiclassical approach works nicely in most cases
* Vortex core is an Andreev well

 Anomalous spectral branch determines most of the
equilibrium and transport properties

e Zero bias anomaly is a fingerprint of the anomalous branch

* In strong magnetic fields intervortex tunneling modifies the
individual vortex spectra

e scattering at defects




Fermionic zero modes. Majorana states.
(H — )+ jA(r, r'v(rd’r'= eu

jN (r', r)A(r')d3r'+(,u—H*)v = &v

Singlet pairing Triplet pairing
Alr,r') = iGyD(l’,l") Alr,r')= i6y5'13(r,r')
D(r,r')=D(r',r) ﬁ(r, r') = —ﬁ(r' 7
E— —€& E— —€&

Baes oL,



Fermionic zero modes. Majorana states.

Singlet pairing

Triplet pairing

+
y =Y
Standard fermions (with
usual commutation rules)

Obvious contradiction:
We can not change statistics using canonical
Bogolubov tranformation

y =y
Majorana fermions (not
fermions at all)

yy+yy =1
yy+yy=0



