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Vortex matter: Buepa, ceroaHs, 3aBTpa
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N3oaupoBaHHbIM BUXPb. Ci1a0ble MATHUTHBIE MOJIS.
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Interaction between vortices in type-11 superconductors: bulk
samples

#repulsive interaction between vortices

# hexagonal vortex lattice
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Vortex lattice structure.

# 1 vortex per unit cell
# magnetic flux through the lattice cell: j j T Thic
— e
e

a Primitive cell:
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BuxpeBas pemerka. 3agaua Aopukocona (1957)
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HuddepenuuanbHoe ypasHenue 1 nmopsajaka mo
BPEeMEHH HEBEPHO JJISl CBEPXIPOBOIHUKOB!

OnpaBaanus:
1. IIpocToTra U JOCTYNHOCTD JJIsi HAPOAHBIX MACC.
2. becuiesieBasi CBepXNnpoBOAUMOCTb.
3. B Majiol OKpeCTHOCTH CBEPXIIPOBOAALIETO
Iepexona BepHo.



Buxpv+nonpaexku (2D conumon + noie)
Topvkoe — Konnun (1975)
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Buxpu kaxk uacmuuwvi. Macca, éa3xkocmv euxp
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Ilouemy suxpu 6 ceepxnpoeoOHUKAX MAK YIHC UHIEPECHbL
o151 Hac?
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CBEPXIPOBOAHUKAX

e PazriisabiBasi BUXPH, Mbl MOKE€M YTO-TO Y3HATH O
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e MaHuNMyJIMpPysi BUXPSAMH, Mbl MOKE€M YIIPABJIATH
TPAHCIOPTOM 3apsi/ia U TeIJIA B CBEPXINPOBOIHUKE




300napk U006 suxpeil.
Hemnozo knaccuguxkauuu u nazeanuil...

Buxps AOpukocoBa Buxps /I:xo03edcona

CBEPXTOK

? ?,

| |

HopMaJjbHBIN KOP Her HOpMaJILHOT0 KOpa
(cBepxmpoBoasilIas HIeJb
Mo/JaBJIeHA)



Unconventional structure of vortices in layered superconductors.
High-Tc cuprates.
Weak anisotropy limit.

Anisotropic magnetic field profile

Anisotropic core

Anisotropic Ginzburg — Landau model
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Unconventional structure of vortices in layered superconductors.
High-Tc cuprates.
Strong anisotropy limit.
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Lawrence — Doniach model
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IIpuTtsi:keHue BUXpen?

Layered superconductors
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Attraction of vortices in anisotropic superconductors

A.I.Buzdin and A.Yu.Simonov (1990)

A.M.Grishin, A.Yu.Martynovich, and
S.V.Yampolskii (1990)
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Vortex chains in anisotropic superconductors in tilted
magnetic fields

YBCO (high-resolution Bitter patterns): P.L. Gammel et al (1992)

NbSe, (STM): H.F.Hess et al
(1992)

YBCO (Lorentz microscopy): A.Tonomura et al
(2002)



(a)

Eleclron Beam
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Lorentz microscopy measurements. A.Tonomura et al

@

Magnetic field

Lorentz micrograph

(2002)

Vortex

FIG. 1icolor). Observation of magnetic vorices in high-T.
superconductors at a tilled magnetic field.  (a) Lorentz mi-
croscopy of vorlices in a superconducting thin film. (b Lorent:
micrograph of vortices in Bi-2212 film. {c) Bilter patlern of
vortices in Bi-2212. Similar chain-lattice patterns are observed
in both (b and ic). However, these two images are different in
that Lorentz micrograph [14] is formed by the electron phase
shifts caunsed mainly due o the vortex magnetic field inside the
film and that Bitter pattern [1] is formad by the fine iron par-
ticles pathered at the locations where the vortex magnetic field
appeared just oukside the superconductor surface.



Question: can we get more than 1 vortex per unit cell?




Question: can we get more than 1 vortex per unit cell?

We need attraction between vortices!
Example:
1.Layered superconductors.
2. vortices in superconductors with two order parameter components.
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Fig. 1: (Colour on-line) Vortex lines in the SF superlattice with
codirectional magnetic moments IV in all layers.
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KBaHTOBass MeXaHMKA KBAa3NYACTUIl B BUXPSX
AOpPHKOCOBA KAK NPUMeP NMPUI0KESHUS
METO0B KBAa3UKJIACCHYCCKOU TCOPUH

CBEPXIIPOBOAMMOCTH




CALL UL L

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms10977

|
Left extension | Central part | Right extension X
L h

Figure 1 | QP density and gap distributions in a S disc. The S gap E4(B, x)
in a S disc with narrow extensions (Sample A) is represented by the height
of the blue volume, while the QP density n,,(x) is shown by red circles; mis
the vorticity of the island, B is the magnetic field acting on the sample. The
wide central part of a Sample A of size 2R is limited by vertical dashed lines,
the narrow extensions are located on the sides. (a) Uniform zero magnetic
field state; (b) Meissner state with reduced E4(B, x) in the central part at
small fields in a vortex free state; (c) Single-vortex state with smaller gap
reduction outside the vortex core than in b. The 3D schematics depict the
corresponding E.(B, x) (in blue) and ng,(x) (in orange semitransparent).
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IneKmpoHHana CmpyKmypa 6UxXpeeo2o cOCMmoAHUA
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depMuUOHHBIC BO30YKICHUS B BUXpeBOH (ase
CBEPXIPOBOAHNKOB
IloueMy OHU BaKHbI?
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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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Ckanupymwoiasi TYHHeJIbHasi MUKPOCKONUS/CIIEKTPOCKONMS.
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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. Lévy

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

The local density of states ol 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.

1.0 b x=0.03

ol oo— —————————
1.0 W
=0.20 T

]

1.0 :f'j"“_““ww“’”’r

Normalized dI/dV

L 1 LI 1 1 L I | |

—4 -2 0 2 4
1“‘Irlilim (mV}
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.




STM naOmonenus Buxpeun. DOS LDOS = : uy () 6 ~¢;)

PRL 101, 166407 (2008) PHYSICAL REVIEW LETTERS ”(‘,‘f%ﬁﬂ"gm 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;Cu30Q7—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)

YBCO (a )38 H=2T (b)
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. > ki & 0 x(nm) 75

plied by the area, within experimental errors. Thus, we
obtain averaged vortex lattice constants ap = 33.2nm and
23.5nm for H =2 T 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 &halo is much -
longer than the SC coherence length ésc, and the average
&halo decreases with field. We find &1, = (7.7 £ 0.3) nm for
H=2T, (6.4£0.6)nm for H=4.5T, and (5.0+0.7) nm

for H=6T.

h

(‘n‘e) ones ;APAP |

-
o
1

-
—i



Vortex matter in systems with induced superconductivity
graphene and topological insulators etc.
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Graphene spectrum

K. Komatsu et al, 2012
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FIG. 2: Scanning electron micrograph of the graphene sample
connected to Nb electrodes. The distance between electrodes

18 L = 1.2 pm and the graphene width 1= W = 12 ym

Hubert B. Heersche et al, 2007



Search for Majorana quasiparticles

week ending

PRL 114, 017001 (2015) PHYSICAL REVIEW LETTERS 9 JANUARY 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,gj Dandan Guzm,l Chun Lei Gao,] Dong Qian,] Ying Liu,]'3‘5 Qiang-Hua Wal1g,4'5
Fu-Chun Zhang,lj Qi-Kun }{.ue,6 and Jin-Feng Jia™"
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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 dI /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).



Vortex states in a system with induced superconducting order.

Multiple vortex core.

Small core of the size of a
superconducting coherence
length

_H}

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




JIEKTPOHBI U IBIPKH B HOPMAJIbHOM MeETAaJLjIe
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DJIEKTPOHBI U IIPKH B HOPMAJbHOM MeETaJLjIe
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Koe-kakue «menouu»:
MazZHUMmMHOe noJie, (haza napamempa nopAaAoOKa,
KanuopoeouHas uHeaApUAHMHOCHb,
nOmMeHUUaIbHOe paAcCCesHUe Ha
HEOOHOPOOHOCMAX, ZDAHUUAX, CHUH

. ( . 2 \
nlv- A4
hc n'k;
- — +U u+Av=(e% SH )u
2m 2m
N )
4 io 2 \
nPV+—A -
hc hik; "
+ ~U v+Au=(expH)
2m 2m




Euwe Koe-kakue «menouu»:
Umo makoe onepamop oearvma?

Omeem 1: oenbma — 3mo uMeHHO MOm napamemp
NOpPAOKA, KOMOPbLU ROABGIAEMCA 6 Meopuu muna
T'unzoypza-Jlanoay

Omeem 2: denvma — Imo camocoziacoéannoe noe
KynepoecKux nap

Omeem 3: oenbma — 3mo 6000uwe-mo
HEeN0KAIbHBLI ONEPAmop

Au = [ A7 u(F,)dr,
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IIoHM3UM NMOPATOK MO MPOU3BOAHbIM!
Kak ycTpoeHo KBa3uKJIacCHYeCcKoe NpudJImKeHue B
CBEPXIIPOBOAHMKAX ?
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Oc00eHHOCTH KBA3HUKJIACCUYECKOT0 MPUOJINIKEHUS B
ypaBHeHusix borosrooosa.
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Oc00eHHOCTH KBA3HUKJIACCUYECKOT0 MPUOJINIKEHUS B
ypaBHeHusix borosrooosa.
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Oc00eHHOCTH KBA3HUKJIACCUYECKOT0 MPUOJINIKEHUS B
ypaBHeHusix borosrooosa.

p=S,
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Oc00eHHOCTH KBA3HUKJIACCUYECKOT0 MPUOJINIKEHUS B
ypaBHeHusix borosrooosa.

p=S,

Imp




Oc00eHHOCTH KBA3HUKJIACCUYECKOT0 MPUOJINIKEHUS B
ypaBHeHusix borosrooosa.

p=S,
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KBasukiaccuueckoe npuodJavKeHe. YpaBHeHUs1 AHApeeBa.

(—ihVF(V—;Aj+Uju+Av:(8i,BH)u
C

[ihVF(V +’eAj—Ujv+A*u =(exBH )y

hic

Henocrarkm:
Hey4yer OTKJIOHEHUI TPAeKTOPUH B
MATrHUTHOM I10JI€,
. IIpeneccusi TpaekTOpui (HETOYHBIH
k backscattering npu aHapeeBcKoM
F OTPAKEHUHM )

Kpome 1010, 3111 YypaBHeHHsI HEYJI00OHBI JIJIsl y4eTa paccesiHusI
HA MpuMecsx!



KBasukiaccuyeckoe npuoIM:KeHe B YpaBHEHUAX 1JIs
¢pyuxkuuu ['puna.

k. >>l

YpaBHeHusi JujieHOeprepa.
I psa3HBIN nIpeaet.
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YpaBHeHus Y3ajaeJ.



AHJIpeeBCKHE YPOBHH KBA3MYACTHUIl B BUXPAX
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Impact parameter '
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KBaHnTOoBass MexaHuKa KBA3UIacCTHUIl KaK TECT Ha THUII CBEPXIIPOBOAAIIICTO

CIapuBaHMSA
£

OnHopoaHoe

CBEPXIIPOBOAsIIIEe

COCTOSIHME:

CBepxnpoBoasinmias mejab I I
kF

Hu3kue remneparypbl: B OTHOPOJXHOM CBEPXIPOBOAHUKE C
MU30TPOIHON HIEJbI0 KBA3NYACTHIl HET

Nudpopmanus o Tume
CBEPXIMPOBOAAILIECTO
ClIAapUBaHUSA

HeonHopoaHnocTH N3MeHeHHneE CIIEKTPA ‘
1eJu KBAa3W4aCTHIL

BKCHepI/IMeHTbI: TYHHCJIbHAA CIICKTPOCKOIINSA, TCILIOMPOBOAHOCTD,
TCIJIOCMKOCTDb, IIOIVIOIICHHUEC 3M BOJIH, CIMHOBasA BOCIIPUUMYINBOCTD,



MoryT Jid 3J1IeKTPOHbI TYHHEJIMPOBATH MEXKAY BUXPAMHU ?
KBaHTOBBIE OCHMILISIIMOHHBIE 3P PeKTHI B CBEPXIPOBOJHUKAX

boJabioe MexBUXpeBoe
paccTosiHUeE.
Caroli — de Gennes — Matricon
CIIEKTP.
MuHuueIb.

HopMajibHBIN MeTaJLI
Cuexkrp Jlanaay.
Munuiem Het.

Ocuuiisiuum ge I'aaza — Ban

Aab@ena.

MexaHnusm KpoccoBepa ?

ME

-~ 1/H
>

Hopmanvtivlil C6epxnpoboonux
memann




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

AO AO e_a/ 4
k

¢ ln(kF 5) Typical 2
intervortex g ~ |2
distance H
2. a. :
k.&~10"=10° 3 ~2+3 g 6 Ho

a.  [Ink. &Y



a;>a,

Intervortex
tunneling is
negligible.
Degenerate

CdGM spectrum.

In(k, 5 )

l\)l‘ﬁm

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?



Can we charge the vortex ?

First answer: not so easy!
vortex charge is very small

A<<1

Ep

Superconductor

VOLUME 77, NUMBER 3 PHYSICAL REVIEW LETTERS 15 JuLy 1996

Electrostatics of Vortices in Type-II Superconductors

Gianni Blatter," Mikhail Feigel'man,” Vadim Geshkenbein,"* Anatoli Larkin,">3 and Anne van Otterlo'
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Single-molecule spectroscopy as a possible tool to study
the electric field in superconductors

M. Faurg!, B. Lounis?? and A. 1. Buzpin??

laser fluorescing signal

_ + —|Vortex charge sign




Coulomb blockade. Electrons enter the sample one by
one.

Coulomb diamonds



Weber blockade. Vortices enter the sample one by
one.

PRL 107, 017002 (2011) PHYSICAL REVIEW LETTERS 1 JULY 2011
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Weber Blockade Theory of Magnetoresistance Oscillations in Superconducting Strips

David Pekker,' Gil Refacl,' and Paul M. Goldbart”
'Department of Physics, California Institute of Technology, MC 114-36, Pasadena, California 91125, USA

2School of Physics, Georgia Institute of Technology, 837 State Street, Atlanta, Georgia 30332-0430, USA
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Magnetic field-induced dissipation-free state 50
in superconducting nanostructures 3 10°
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PRL 114, 077002 (2015) PHYSICAL REVIEW LETTERS 20 FEBRUARY 2015

Measurement of Critical Currents of Superconducting Aluminum Nanowires
in External Magnetic Fields: Evidence for a Weber Blockade

Tyler Morgan-Wall, Benjamin Leith, Nikolaus Hartman, Atikur Rahman, and Nina Markovié

Department of Physics and Astronomy, Johns Hopkins University, Baltimore, Maryland 21218, USA

{C} 1 I 111 Iy v
BN L] V" ' NS
I I I I
E I R | I
a ! ! Webher ! Superconducting ! Mormal
;—‘g : : blockade : edges : state
S5 f | Fee 17V |
| entry | B |
J." | | | I |
Meissner B, B Be Magnetic field

state




Bxo0/evix00 euxpeii u 3apa006 M0;HCHO
CUHXPOHU3068amb 3a cuem IPphexma
yemnocmu!
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Henwv3a nu ucnonvzoeamev coCmosaHus 3neKmpoHos8 6
sUXpaAX Kak Kyoumsuwl (2x ypoeHnegwvie cucmemot)?
Majorana fermions, zero modes, elc.
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Buxpb ecTb 1 B KOOPAMHATHOM M B HMITYJIbCHOM NMPOCTPAHCTBE



Umo nam HA00 NOMHUMb 0 BUXPAX U INEKMPOHAX?

‘BI/IXpI/I — I3TO0 KBAHTOBbLIC SIMbI VI 3JICKTPOHOB

* JJIEKTPOHbI B BUXPAX 00J1a1aK0T 3HAHUEM 00
YCTPOMCTBE CBEPXIPOBOAALIECTO CIIAPUBAHUSA

* JJIEKTPOHbI B BUXPAX ONPEACJAIIOT NOABUKHOCTH
BUXpeH

* JJIEKTPOHBI MOT'YT TYHHEJIMPOBATH MEKIAY BUXPAMH




