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> BBenenue. YT0 Takoe CMUHTPOHUKA?
YTto Takoe cBepXNPoOBOASIIAS CIUHTPOHUKA?
MexaHu3Mbl B3aUMOJCHCTBHS (peppoOMarHeTu3Ma u cBepxmpopogumoctu (SF).

» Bo3MOXHbIC BAPHAHTHI IPUOOPOB CBEPXIPOBOSIICH CIUHTPOHUKH. CTIMHOBBIE
BEHTHUJIA, HHBEPTOPHI CBEPXITPOBOJAIICH (Da3bl, TOMOJOTHUECKH 3AUIICHHBIE KYOUTHI U Ap.

» YhpasiieHHe CBEpXIIPOBOJUMOCTRIO B SF crucTeMax mocpecTBOM OpOUTaIBLHOTO
apdekra. JloMeHHasi CBEPXNPOBOAUMOCTb. YIIPaBIISIEMbIE CBEPXIIPOBOASAIINE KaHAJIbI
HaHOPa3MEPOB.

» YIpaBieHrue CBEPXIIPOBOAMMOCTRIO B SF crucTemax mocpeicTBoM 00MeHHOoro 3 dekxra.

» du3rKa IEKTPOMarHUTHOTO OTKIUKa SF cructem.
ITapaMarHMTHBIA OTKJIMK CTPYKTYP CBEPXIIPOBOJIHUK — (PEPPOMArHeTHK B
ycioBusaX 3 dexra OJIU30CTH.
DJIEKTPOMATHUTHBIN 3(PPeKT 0J1M30CTH.
Heycroniunocts @ynbae-Peppenia-Jlapkuna-OBYHHHUKOBA.



Y10 Takoe CHUMHTPOHUKA?

1996

Spintronics is the name associated with technology
that utilises both the intrinsic spin of an electron as well as its charge in transport devices.

B yacTtHOCTH:
yIpaBJ/ICHHE TPAHCIIOPTOM 4Yepe3 BO3AeUCTBUE HA CIIUHBI JJIEKTPOHOB

Giant magnetoresistance of (001)Fe/(001)Cr magnetic superlattices / M.N. Baibich, J.M. Broto, A.Fert, F. Nguen Van Dau, F. Petroff,
P.Eitenne, G. Creuzet, A. Friederich, J. Chazelas // Phys. Rev. Letters. — 1988
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Figure 1.1: Schematic illustration of the GMRE and TMR effect, in
which a parallel alignment of the magnetization of the two ferromagnetic
(FM) electrodes has a lower resistance than an anti-parallel algnment.
In the case of GMRE, the non-magnetic (WM) layer 1= a metal, in the case
of TMRE the NM layer 1s an insulator.



UTo Takoe CBepXNpPOBOAANIAS CIMHTPOHUKA?
= ynpaBJieHHEe CBEPXNPOBOAANIMM TPAHCIIOPTOM Yepe3 BO3AeHCTBHE HA CIIMHBI

3JIEKTPOHOB
R=0 <{mmmm) R=0

anaeﬂerme ceepxnpogodwnocmbm uepes ynpaejieHue MacHUuUnmHbBIM
MOMEHMOM.
Cnoco6: uzmenenue pacnpe&eﬂenuﬂ HAMAZHUYECHHOCMU

Co30anue cnonmanHovIX Ynpaenenue kpumuueckou
HEOOHOPOOHDIX, memnepamypou
MOKOBbIX, CEEPXNP0BO0AULE20 nepexooa:
BUXPEBBLIX COCHMOAHUIL: CBEPXIPOBOISAIIME KaHAJIbI HA
JJODD, nu-KOHTAKTHI B JIOMEHHBIX TPaHUIAX, CIMHOBHIE

JI}KOBC(l)COHOBCKI/IX CCTAX, U T./. BCHTHNJIN



CBepXnpoOBOAUMOCTb U MArHETU3M - ABAG NMPUMEPA MAKPOCKOMUYECKUX
KBAGHTOBLIX ABMEHUU

Mexanuzmot 6030eiicmeus peppomazHemuka Ha C6ePXnPoOBOOHUK.

INneKmpomMazHUMHbLIL MEXAHUZM B .H.FHHBGpr ( 195 6)
(pazpyuienue KynepoecKux nap
MACHUMHBIM ROJIEM, C030a8aemMbiM Maznummnoe none macHemuKka MeHsiem
MAZHUMHOU ROOCUCMEMOTL) mpaexkmopuu 31eKmponHoe

Oomennoe none mazHemuKa eébicmpaueaenm CnRUuHbsl, pa3pyuiai KynepoeckKue napbsl

Matthias, Suhl, Corenzwit (1958)

IIpuTsizkeHue 3IEKTPOHOB HPUBOAUT K OO0MeHHOe B3auMOAeCTBUE IPUBOAUT
06[)330]33]‘[“]0 KYINECPOBCKHUX IIap (CHI/IHI)I K IOSIBJICHU IO (beppOMarHeTH?.Ma
3JIEKTPOHOB B ape (cMMHBI JIEKTPOHOB COHAIIPaBJIEHbI)

IMPOTUBONOIO0KHBI=CHUHIJVIETHOC cocmsmne)
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OueBuaeH KOHGIUKT! U MarHerusm J0JI2KeH NO0CKIATh: Tk >> Tc




HexoTopbie nuoHepcKue padoThl

NMucoma 6 XKITH, mox 25, swin. 7, cmp. 314 — 318 5 anpeas 1977 1. HI/I'KOHTaKTBI
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Critical-current oscillations as a function of the
exchange field and thickness of the ferromagnetic
metal (F) in an S-F-S Josephson junction

A. l. Buzdin, L. N. Bulaevskil, and S. V. Panyukov
P. N. Lebedev Physics Institute, Academy of Sciences of the USSR
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CrepxnpoBoasiiast CHMHTPOHUKA: IPUMEPbI YCTPOMCTB
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Coupling of Two Superconductors through a Ferromagnet: Evidence for a 77 Junction I I I/I—KO HTAKTBbI
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Thickness Dependence of the Josephson Ground States
of Superconductor-Ferromagnet-Superconductor Junctions
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FIG. 1. The F-layer thickness dependence of the critical cur-
rent density for Nb-Cug,;Ni,53-Nb junctions at temperature
4.2 K. Open circles represent experimental results; solid and
dashed lines show model calculations discussed in the second
part of the Letter. The inset shows a schematic cross section of
our SFS junctions.



CrepxnpoBoasiiast CHMHTPOHUKA: IPUMEPbI YCTPOMCTB

CnuHoBbBIC BEHTHJIHN

VOLUME 83. NUMBER 10 PHYSICAL REVIEW LETTERS 6 SEPTEMBER 1999

Low-Field Superconducting Spin Switch Based on a Superconductor/Ferromagnet Multilayer

L.R. Tagirov

Spin-orientation—dependent superconductivity
in F/S/F structures

A. 1. Buzpin, A. V. VEDYAYEV(*) and N. V. RYZHANOVA(*)

A superconductive magnetoresistive memory element using controlled
exchange interaction

Sangjun Oh and D. Youm
Department of Physics, Korea Advanced Institute of Science and Technology, Kusung-Dong, Yusung-Gu,

dg d, 0 d| d, ~

Ly T oz 2%

AFM |FM1 FM2
SC

Taejon 305-701, Korea

M. R. Beasley?
Department of Applied Physics, Stanford University, Via Palou, Stanford, California 94305-4085

(b)




CrepxnpoBoasiiast CHMHTPOHUKA: IPUMEPbI YCTPOMCTB
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Evidence for Triplet Superconductivity in a Superconductor-Ferromagnet Spin Valve
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CrnuHoOBBIC BEHTHJIN

PHYSICAL REVIEW X 5, 021019 (2015)

Colossal Proximity Effect in a Superconducting Triplet Spin Valve Based
on the Half-Metallic Ferromagnet CrQO,

A. Singh, S. Voltan, K. Lahabi, and J. Aarts
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Tononozuuecku 3auguuieHHble KyOumol.
Kanouoamui: nonynpoeoonukogsle HaHONPOBOOA, NOKPbIMbIE CEEPXNPOCOOHUKOM
8 CUNIbHOM 3€eMAHOB6CKOM NOJE +CRUH-0POUmManbHoe g3aumooelicmaeue.

P-ceepxnposodumocme u Maitopanoeckue cocmoanus.

substrate

FIG. 1. (Color online) Typical transverse profile of a Majorana SM-
SC heterostructure. The SM nanowire (yellow) is partially covered
by an s-wave SC (blue) and placed on an insulating substrate (light
red). A back gate (black) creates a controllable electrostatic poten-

2 (R upg, — | 7. — Bo. + AT,



MexaHU3MbL KOHKYpeHLuU
CBepXNpPOBOAUMOCTU U MArHETU3MA.
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DJIIEKTPOMATHUTHOE B3aUMO/IeiCTBHE.

Ynpagpienue cBepxXnpoBoauMoCcThI0 B Sk cucremax
MOCPeaCTBOM OpOUTAIBHOIO 3 dexTa.



Localized superconducting channels.
Domain wall superconductivity

] 1D cBepxmpoBoasinmue KaHAJbI
Cooper palr -
T




DEHOMECHOJIOTMYECKASA TEOPUS
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Electromagnetic (orbital) mechanism. Phenomenological Ginzburg-Landau theory

Inhomogeneous
External field H magnetic field
induced by magnetic
\ / moments
— + o A(r) Y =
D, )

1 [
c2 << H C2

Thin superconducting films: Only B, field component is important

Assumption: Domain walls are pinned




Superconductivity nucleation in S/F bilayers

Narrow
domains w<<D
<@=)
D |
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Superconductivity nucleation at an isolated domain wall

Thick domains
w>>D

N

B,-maximum field
induced by the domain
wall

1, (X}
[arb.units]

Local approximation:
Particle in a linear B profile
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Superconducting nucleus in a periodic domain structure in an external field
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3apoxaeHue cBepxXnpoBoANMOCTM B HEO4HOPOAHOM

MarHUTHOM norsie. JKCNepuMeHT

PRL 95, 227003 (2005) PHYSICAL REVIEW LETTERS 25 NOVEMBER 2005
Phys.Rev.Lett (2005), e ————
- 1L = 1 I C (b LE [
Phys.Rev.B (2007-2008) o0 ® b 20l ® P=====u
- G 7 B 4 - O s~ - DF ] T
80 Padars—_ - 80| = - - _ “"— T Ax A
CoPt / Nb / CoPt: ¢ ol ob "‘5 E
s o o = 3
BnuaHnne amnnutygbl : - - - ]
-40 — A0 dz2 ]
HEeoOHOPO4HOro L " ok ]
MarHMTHOro nons o o i !‘I l'\
_12D_|||||||||||||||||||_'_120¢"|_|-.|_|||||||||||...L..‘
. -0.04 0.03 -0.02 -0.01 0 -0.04 -0.03 -0.02 001 | o0
1.5
CoPt/Al: @ BExperimen | ‘M"ﬂ
1.25 3 \:: “" !
BnnaHue WRWY/
NPOCTPaHCTBEHHOU g 4; g sive ﬁ*’ J
i |.|.H|.r'l'|'l
CTPYKTYpbI =
HeoOHOPO4HOro 0.75
MarHUTHOro rnorns
(LLMPUHBI JOMEHOB) 05 N
-4 -20 0 20 40
g H (mT)




Busyajau3anusi 10MEHHOW CBEPXIPOBOAUMOCTH MOCPEACTBOM HU3KOTEMIIEPATyPHOM

CKAHUPYIOLIEH JIa3ePHOl MUKPOCKOIINH

CaepxmpoBogHuK: Pb
®eppomarnetuk: BaFe;,0;q

R

T= T*

R. Werner, A.Yu. Aladyshkin et al., Phys. Rev. B 84, 020505(R) (2011).
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Visualizing domain wall and reverse domain
superconductivity

M. Iavarone1, S.A. Moore1, J. Feci(:rrd"Tr S.T. Ciocysz, G. Karapetrovz, J. PearsonB, V. Novosad® & S.D. Bader’
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Figure 3 | Emergence of superconductivity above a domain wall (sample B). (a) Zero bias conductance map acquired at 2.0K in zero applied field
for sample B. The image shows spontaneous vortices produced by the underlying magnetic pattern. Scan area is 900 x 1,625nm?. The image was
obtained by acquiring several images of size 600 x 600 nm?2. The inset shows the same image reported in b. The image is rotated and superimposed to a to
show the field of view of b on a larger map. The vertical dashed lines indicate the position of the individual vortices. The white dashed square is the
scan area in b. (b) Zero bias conductance map at T=2.0K and applied field H=0 Oe in a smaller field of view. The scanning area is 600 x 600 nm?,
scale bar, 100 nm. The dashed square in the image shows the field of view (300 x 300 nm?) for the zero bias conductance images shown in ¢ T=55K,
(d) T=5.2K, (e) T=5.0K and (f) T=4.88K (scale bar, 100 nm for c-f). The magnetic field is H=0 Qe for all images. The white dashed line shows
the approximate position of the domain wall. (g) Series of local tunnelling di/dV spectra acquired across the dashed line in d at 5.2K (tunnelling
conditions V= —10mV and | =100pA). The conductance maps are normalized to the conductance maps at V= —10mV.
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Superconducting films with arrays of ferromagnetic dots

Unusual behavior of T_(H):
Y.Otani, B.Pannetier, J.P.Noziers, W.Gillijns, A. Silhanek,

D.Givord (1993) V.Moshchalkov (2006 - ”
gttt g
1.32 M,=0 =
I 20
T 1.31 |-
. . 1301
Tc(H) oscillations ? _pal
~ L
" & o128
Nb-Gd/Co .y
1.26 -
125 L&
H FIG. 2. (Color online) (a) Superconducting transition 7.(H) of
> the Al film for different magnetic states of the dots. By increasing
_ZOG O ZOG the magnetization a clear shift of 7.(H) and a decrease of 77" is

observed. (b) Lateral dimension i of the nucleation of supercon-
ductivity as a function of the magnetization of the dots.



Little-Parks effect and multiquanta vortices in a hybrid S/F system
Axially symmetric field profile

Example: magnetic dot (dipole) above S film

Superconducting ring with area S
Winding number=m

T. (H) oscillations are caused by the quantization of flux through the area S
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Magnetic dot assisted superconductivity.
T, oscillations for a nucleus at the ring

Bz (ro) =0

Local approximation: | << I
S nucleus in a linear B profile

-

@,

7 | B;(ro)l

F particle 300 x 300 x 300 nm,
magnetization ~ 103 G,
h~300 nm

M ~3-10"G-cm’
b, ~10°G N, ~10
Nb film: T, ~9K
o —40nm
AH ~100G
AT, ~ 0.1K



,ZIQ!CO3€¢COH086‘KME? mpancnopm 6 noJjié MaZHUmMHbBIX vacmuy
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OOMeHHOe B3auMOAENCTBHE.

KBaHTOBasi MeXxaHHKA U HHTepdepeHIus] KBA3NYACTHII
B SF cucremax. /lajbHHE CBEpXIIPOBOASILIIUE
KoppeJasuuu B peppoMarHeTuke.



Proxim Ity effect. n,  Cooper pair density
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From proximity effect to Josephson effect.

ns Cooper pair density
T4
N

X

Zlﬂuua KoeepenmnHnocmu 6
HOpMAJIbHOM MmMemaJiie

Josephson junction
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Ocob0ennoctu 3pdexra 0,U30CTUH B heppoMarHeTuKe
&—] —ho h= exchange energy

VY

S N
X Damped oscillatory

dependence of pair wave
function in ferromagnets
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Cocrosinue JlapkuHa-OBunHHUKOBA-Dybae-Deppenia
(JIODPD - FFLO) (1964)
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O0MenHoe B3auMoaeincTeue: SH = ho
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CkaHupyrowas CKBU mukpockonus

V.V.Ryazanov, et al. Nature Physics 2008
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FIG. 1. Temperature dependence of the resistance for F/S
junctions (curves 1 and 3) and adjacent superconducting wires
{curves 2 and 4) taken at zero external magnetic field, the lines
1 and 2 for the sample F51 (left axis); lines 3 and 4 for FS3
(right axis) at low F/S interface barrier resistance, K. Left
inset: sample geometry, side and top views; the bar shows
actual scale. Right inset: temperature dependence at high K.

Experimental evidence for long — range proximity effect in some SF systems
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FIG. 2. Temperature dependence of the resistance of samples 1
and 2. Sample 1 has one Al izland in contact with the Co loop,

sample 2 has two. The normal-state resistance. respectively,
96.09 () and 98.35 (), has been subtracted. Bias current 0.1 A
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Interplay between superconductivity and
ferromagnetism in crystalline nanowires

Jian Wang'?*, Meenakshi Singh"?, Mingliang Tian"?, Nitesh Kumar"?7, Bangzhi Liu?, Chuntai Shi'?7,
J. K. Jain"2, Nitin Samarth"?, T. E. Mallouk™?* and M. H. W. Chan'?*

W-Co-W junctions
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Figure 1| TEM characterization and transport measurementof a 40n
Co nanowire, with L = 0.6 um. a, An oxide shell is found surrounding tt
crystalline core. The fast Fourier transform of the core (inset) shows a
hexagonal close-packed [2 T73] zone pattern and [0001] growth direc
b, Zero resistance is found below 3.5 K. The inset is a scanning electron
micrograph of the Co nanowire contacted by four FIB-deposited
superconducting W electrodes. €, Voltage versus current curves of the (
nanowire measured at different perpendicular magnetic fieldsat 1.8 K. 7
lengths of the nanowires (L) in this article are defined to be the distance
between the inner edges of the voltage electrodes. The resistance at 6 k
193 © and the resistivity (p) of the wire, assuming an oxide shell of 2nn
32uLZcm.
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Long-range superconducting proximity effect in polycrystalline
Co nanowires

M. Kompaniiets,' O. V. Dobrovolskiy,#® C. Neetzel,® F. Porrati,” J. Brotz,® W. Ensinger,®

and M. Huth'

'Physikalisches Institut, Goethe-University, 60438 Frankfurt am Main, Germany
*Department of Physics, V. Karazin National University, 61077 Kharkiv, Ukraine
HDEp(u‘m:er of Materials Science, TU Darmstadt, 64287 Darmstadt, Germany

(Received 27 November 2013; accepted 21 January 2014; published online 4 February 2014)

We report experimental evidence of a long-range superconducting proximity elffect 1n
polycrystalline Co nanowires in contact with a superconducting W-based floating electrode
(inducer). For electrical resistance measurements, voltage leads were connected to the Co nanowire
on both sides of the superconducting inducer at a distance of 7.2 pm. We observed a 28% reduction
of the nanowire resistance when sweeping the temperature below the inducer’s transition
temperature T, = 5.2 K. Our analysis ol the resistance data shows that the superconducting
proximity length in polycrystalline Co 1s as large as 1 uym at 2.4 K, attesting to a long-range
proximity effect. Moreover, this long-range proximity elffect is insusceptible to magnetic fields up
to 11 T, which 1s indicative of spin-triplet pairing. Our results provide evidence that magnetic
inhomogeneity of the ferromagnet enlarges the spatial extend of the spin-triplet superconducting
proximity effect. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4863980]



Experimental evidence for long — range proximity effect in some SF systems
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CrO2 - half metal

Figure 2 | Observed superconducting transport properties of the
superconductor-Cr0;-superconductor system. a, Typical current—voltage
(I-V) characteristic at temperature T'= 1.6 K: a zeroresistance supercurrent
branch is clearly visible (for larger critical currents the current-voltage
characteristic is hysteretic, see inset), Similar data have been observed in 10
different samples, some of which had several devices in series. From device
to device a spread of critical current of less than 2 orders of magnitude is
found. The magnitude of I Ry (the product of the critical current, I, and
the normal state resistance, Ry is for all junctions smaller than 4 mV (twice
the estimated gap size of the NbTiN), and typically 10-300 pV, for nominal
junction lengths, L, of 0.3-1 pm. b, Critical current as a function of
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Experimental evidence for long — range proximity effect in CrO2

2010

Long-range supercurrents through half-metallic ferromagnetic Cr(),

M. 5. Anwar,"* F. Czeschka? M. Hesselberth,! M. Porcu,® and J. Aarts!-f
lfi'ﬂmfrlingh Onnes Laboratorium, Leiden University, FO. Box 9504, 2300 RA Leiden, The Netherlands

“Walther Meissner Institute, D-85748 Garching, Germany
*Kavli Institute of Nanoscience, Delft University of Technology, Lorentzweg 1, 2628 CJ Delft, The Netherlands
(Received 9 August 2010; published 3 September 2010)

We report on measurements of supercurrents through the half-metallic ferromagnet Cr; grown on hexago-
nal AlyOy (sapphire). The current was observed to flow over a distance of 700 nm between two superconduct-
ing amorphous MosgGesy electrodes which were deposited on the Cr0; film. The critical current I increases as
function of decreasing temperature. Upon applying an in-plane magnetic field, I, goes through a maximum at
the rather high field of 80 mT. We believe this to be a long-range proximity effect in the ferromagnet, carried
by odd-frequency pairing correlations.
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Josephson current through a ferromagnetic wire

The mechanism is based on the dependence
of the exchange energy H,, of the band electrons on
the quasi-momentum (k) orientation.
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Induced superconducting gap
Ferromagnetic wire
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Singlet pairing Triplet pairing
A(r,r)=ic,D(r,r) As(r,r')=ic,aD(r,r')

D(r,r')=D(r',r) D(r,r')= DZr',r)

B03M0XXHO 711 NI3MEHEHUE THUMA UHAYITUPOBAHHOIO CBEPXITPOBOISIIIETO CIIAPUBAHMUS ?
MoskeM i1 MBI YOPaBJIATh TUIIOM cliapuBaHua? T.e. BOJHOBOM (hyHKIIHEH

KYIIEPOBCKOM ITAP5I
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Nanowires with strong Zeeman field and strong spin-orbit coupling
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Fig. 4.1 Normal-state dispersions of the quantum wire in (a) the Kitaev limit, (b) the
topological insulator limit without Zeeman field, and (¢) the topological insulator limit with
Zeeman field.
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JIoKaJIn30BaHHBbIE KPaeBble COCTOSTHUSA C JHEPrued BHYTPH
cBepxXnpoBoasiuei mejau (MaiopaHOBCKHE MOIbI)

2
P up
Sample edge H = ( o '”’) Tz — E&Tﬂf'

2
P-wave
superconductor
Vacuum or
insulator — A
< =
+ A

Criterion of nontrivial topology:

B>+ A




Kitaev chain.
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Anekmpoounamuueckuit omxkauxk SF cmpyxkmyp



Inexkmpoounamuxka SF cmpyxkmyp

DJIIEeKTPOMATHUTHBIN OTKJIMK TMOPUIAHON SF CTPYKTYpBI

London equation

AleKBATHbIN SKCIEPUMEHT:
JKPAHUPOBKA MATHUTHOIO I0JIsI, U3BMEPEHUsI UMIIeIaHCA



Meissner effect and London equation
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Ginzburg-Landau theory
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Eilenberger equations
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Usadel theory
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Electromagnetic response of SN structures
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MEISSNER EFFECT IN SUPERCONDUCTOR—-NORMAL METAL PROXIMITY SANDWICHES
A.D. Zaikin
P.N. Lebedev Physical Institute of the USSR Academy of Sciences, Moscow, USSR
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Electromagnetic response of SF structures
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Manifestation of proximity effect in electrodynamic response
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FIG. 2. (Color online) T (squares) and A20) {circles) vs dpy; for Nb/Ni
bilayers with dpy,=102 A,
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0-pi transition in the electromagnetic response of SFS
structures
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SkpaHupyrowme ceomctea Nb/PdNi/Nb: akcnepumeHT

BosspaTHaa 3aBUCUMOCTb A (T) -
3TO nposBfieHUe nepexona mexay
O u © coctoaHuamu SFS cTpykryper ?

N.Pompeo, et al., PRB 90, 064510 (2014)
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Electromagnetic proximity effect



Inverse proximity effect in S/F bilayers.
Electron spin polarization near the surface.
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Inverse proximity effect in S/F bilayers.
Experiment.

week ending

PRL 102, 087003 (2009) PHYSICAL REVIEW LETTERS 27 FEBRUARY 2009

Experimental Observation of the Spin Screening Effect in Superconductor/Ferromagnet
Thin Film Heterostructures

R. 1. Salikhov, I. A. Garifullin,* and N.N. Garif’ yanov
Zavoisky Physical-Technical Institute, Kazan Scientific Center of the Russian Academy of Sciences, 420029 Kazan, Russia

L.R. Tagirov
Kazan State University, 420008 Kazan, Russia

K. Theis-Brohl, K. Westerholt, and H. Zabel
Institut fiir Experimentalphysik/Festkorperphysik, Ruhr-Universitdt Bochum, D-44780 Bochum, Germany

We have studied the nuclear magnetic resonance (NMR) of 'V nuclei in the superconductor/
ferromagnet thin film heterostructures Pd,_ Fe,/V/Pd,_,Fe, and Ni/V/Ni in the normal and super-



Some experimental puzzles
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Remotely induced magnetism in a normal metal
using a superconducting spin-valve
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Electromagnetic proximity effect in S/F bilayers.
No electron transfer ==)» No magnetic field outside the
ferromagnetic film
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Can the magnetic field
(not just vector potential !)
escape from ferromagnet to superconductor at large
distances?




Spontaneous currents in S/F bilayers.
Electromagnetic proximity effect.
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Spontaneous currents in S/F bilayers.
Electromagnetic proximity effect.
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Paramagnetic Meissner effect in dirty S/F bilayers
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Meissner effect in clean S/F bilayers
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Effect of misalignment of magnetic moments

(clean limit)

(b)

FIG. 3. The profiles of the spontaneous magnetic field in the superconduc-
tor-ferromagnet-ferromagnet trilayer when the magnetic moments in the two
Flayers are (a) parallel to each other and (b) perpendicular to each other.

4 6 8 10
d./&,

FIG. 5. The dependencies of magnetic kernels Q for clean
S/Fi/Fa structure with identical thicknesses of the ferromagnets,
i.e.. d| = d,, on d,. Here, & = vy /h. The green curve corresponds
to @Q: for parallel orientation of magnetic moments, while the red
and blue ones are Q, and Q, for perpendicular orientation, respec-
tively. The parameters are A =277 and h = 10xT. Here I' =
87!2921.)91)},1-[(02?'2).



Effect of misalignment of magnetic moments
(dirty limit)

|B(0)|/(47tM,Q,)

(b)

2
d./S

FIG. 3. Spontaneous magnetic field at the S/F, interface induced
due to the electromagnetic proximity effect as a function of the
Fi layer thickness. Green (red) curve corresponds to the parallel
(perpendicular) orientation of the magnetic moments in the ferro-
magnetic layers.

FIG. 3. The profiles of the spontaneous magnetic field in the superconduc-
tor-ferromagnet-ferromagnet trilayer when the magnetic moments in the two
Flayers are (a) parallel to each other and (b) perpendicular to each other.



Remotely induced magnetism in a normal metal
using a superconducting spin-valve

M. G. Flokstra'*, N. Satchell? J. Kim? G. Burnell?, P. J. Curran?, S. J. Bending?, J. F. K. Cooper?,
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(a)

Left positron detector

A H,
W Y Evidence for the
) 2 . . ¥ long-range triplet
ran J—n component ®)

Right positron detector

For our experiments we use superconducting spin-valve
structures  Au(x)/Nb(50)/Co(2.4)/Nb(3)/Co(1.2)/TrMn(4)/Co(3)/
Ta(7.5)/Si-substrate with numbers indicating the layer thicknesses
in nm and x =5 or 70. They consist of an S/F interface with an
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Manifestation of the electromagnetic proximity
effect in superconductor-ferromagnet thin film
structures ¢
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FIG. 1. Top panel: Muon stopping profies for the CuNb/Co trilayer for sever:
implantation energies with their respective average implantation depth marked o
the x axis. For E = 20 keV and above, the profiles extend into the Si substrate (nc
shown). Bottomn panel: LEuSR results showing the flux profies (solid lines) an
averages (round symbols) obtained for a Cu/Nb bilayer (NS) and Cu/Nb/Co trilaye
(NSF). Open (closed) symbols comespond to measurements taken at T=10|
(25 K). The data used are the same as the set Il of Ref. 26.



Magnetic proximity effect in Nb/Gd superlattices seen by neutron reflectometry
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Josephson-type experiment to observe electromagnetic
proximity effect

0 Hext

FIG. 4. Shift in the Fraunhofer critical current oscillations for the Josephson
junction with one electrode being covered by the ferromagnetic layer.



LONG-RANGED SUPERCONDUCTIVITY CONTROL
OF THE MAGNETIC STATE IN F1/S/F2 STRUCTURES

less favourable more favourable

A AL
‘ ' j QFI}O e Z4 j
T X LN AN T_i‘
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d/2 0 d?

1

FIG. 8. The magnetic states and the corresponding magnetic
field profiles in different F,/S/F, structures. The electromagnetic
proximity effect controls the magnetic state of two ferromagnets: in
the case when electromagnetic kernels Qp, and (g, of the F; and
F, layers are positive antiparallel magnetic configuration is more
favorable.



Key point

* long-range electromagnetic proximity effect
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Modulated superconducting states along the layers.
FFLO



Paramagnetic Meissner effect and the FFLO instability

j=— - AtA=-2 > Fi=—[17AV
) ?
F, =IA(A—2—;V¢j dv
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Fo=| A(%Vgojzdv Pl
27T m

The uniform ground state can be unstable!



FFLO states in thin-film S/F systems
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A hallmark of the instability: vanishing Meissner effect
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Can in-plane FFLO states exist?
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Transversal FFLO state
) \IJ( T)
[in-plane homogeneous]

in-plane FFLO state: W(z, y) = Z Co(z)e™@? Q. =Qf=0Q
Q

Yu. A. Izumov, Yu. N. Proshin and
M. G. Khusainov, UFN 172, 113 (2002)

B : — Ya.V. Fominov, M.Yu. Kupriyanov and
Qs =0 Qf#0 Q@ M.V. Feigelman, UFN 173, 113 (2003)




FFLO state in S/F bilayers
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Stability of the FFLO state:
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Other systems with in-plane FFLO instability
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What happens below T_?




The idea about the low-temperature FFLO phase
A2 (T)=A(T, -T)+B(T,-T) +...

A<0 —> FFLOinstabilityatT=T_

A>0 ——> No FFLO at all?

-2 — 2 .
A1 A

B<O




Analytical results

A7 (A)=aA*(T)+bA*(T)+...

a>0 b<0 C—>  FFLO instability at AZ(T):l%l
Nonlinear Usadel 60
U 40|
fo (x) f.(X) 50|
0
> @w =%
1 =TI S oI I o




FFLO states in S/F/N structures
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FFLO states in S/F/N structures
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Phase diagrams of the S/F/N sandwiches
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Figure 3: Phase diagrams of the 5/F /N sandwiches with dif-
ferent thicknesses ds of the S layer. The ratio d./(v27&s)

takes the values: (a) 1.2; (b) 1.4;

(c) 1.6; (d) 2.8. Other

parameters are: oy/os = 1, on/os = 150, h/T.0 = 25,

dn/(V27E) = 1.



Towards the experimental observation of the FFLO phase
1—2 1.5 - : )

0.57

/T,

S: NbN, TaN, WSi ... [~ 10 nm]
F: CuNi, PdFe ... [~5 nm]
N: Ag, Au, Al ... [~ 20 nm]



Dependence of supercurrent on supervelocity




Dependence of supercurrent on supervelocity
J~A7(v,)v,

A% =a(v)A% (v, ) +b(vy)A*(v,)
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Change of the sign of the third harmonic?
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F: CuNi, PdFe
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Hexomopoie umozu:

° CBEPXIIPOBOASAIIME KAHAJIBI, YIIPABJIsIeMbIe MEPECTPOUKON
JTOMEHHOU CTPYKTYPbI

* HeyCTONYMBOCTh JIODPD B CJIOUCTBIX CTPYKTYpPAaX ¢ CWIbHBIM
paccesiHUEM U MOSIBJIEHHE MOTYJIUPOBAHHON B IJIOCKOCTH CJI0€B
CBepXnpoBoasinen (pas3bl

° MEXaHM3MBbI JaJbHUX CBEPXIPOBOAANINX KOPPEIAUH

* ynpasJjenue CBY umnenancom B CBEpXnpoBOASIIAX BEHTHIIAX

* JJIEKTPOMATHUTHBIN 3P PeKT 0J1130CTH




