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He moryim 061 Bbl KpaTKO ONIKUCATH OCHOBHbIE
pe3yjabTaThl Bamied craTbu M MX 3HAYEHUE IS
Bamei 001acTH MCCIeI0BAHUM?

BonpocamMu B3aMMOCBA3H ABYX SABJIECHUI
CBEPXIPOBOIUMOCTH M MATHETHU3MA S
3aHHTEPECOBAJICS TaBHO, HAYMHAA ¢ Pa0OThI
B.JI.I'un30ypra, Ho ujes1 HAKUCATh 0030PHYIO
CTAThI0 HA 3Ty TEMY NOSIBMJIACH I0BOJILHO
CJy4aurHo. JIeT JecaTh Ha3a/] ¢ HHTEPBAJIOM
MPUMEPHO I'oJ sl ONIMOHUPOBAJ MO JOKTOPCKUM
AUCCEPTANUAM JIBYM Ka3aHCKUM TEOPETUKAM
1O0.H.Ilpomuny u M.I'.XycaunnoBy. Ux padoTsbl
OBbLJIM MOCBANIEHBI TCOPUHU MHOTOCJIOCK,
COCTOSIIIMX M3 YepeayHUIUXCH CBePXIPOBOISIIM A
U (heppoOMArHMTHBIX CJI0eB. BMecTe ¢ HUMU o1
yIJyOuJIcH B 3Ty MP00JieMy, B KOTOPOH
MOSABUJIOCH YK€ MHOI'0 IKCIIEPUMEHTAJbHbBIX
uccjae0BaHuid. Mbl BBINIOJHUJIUA PAJ COBMECTHBIX
padoT 1o JaHHOW TeMe, KOTOPbIe U 3aBePUINJIUCH
HANMCAHUEM 0030pa. ITa HAIIA COBMECTHAS
padora nepenuia B 10Jryr0 Apyxo0y.
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#&%{ Introduction: ferromagnetism vs. superconductivity
in homogeneous materials

Coexistence superconductivity and ferromagnetism in homogeneous materials

requires special conditions:

»""paramagnetic' and “orbital" effect of exchange field 7 suppresses superconductivity
> electron-electron interactions in ferromagnet (F) (repulsion? or attraction?)

» the Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) state

In homogeneous ferromagnet coexistence of
superconductivity and ferromagnetism is practically impossible ???

» Proximity effect ( N/S contact = import of attraction through S/N boundary [P. de Gennes, 1964]
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ﬂ?\’ Introduction: superconductivity vs. magnetism

Coexistence superconductivity and ferromagnetism in homogeneous materials
requires special conditions, but this coexistence is easily achievable in

artificially prepared layered FS systems:
»superconductivity in the FS systems:

proximity effect with BCS ( ) + FFLO analogue (into F layers)
F layer — FFLO like pairing: S layer — BCS pairing:
(p-k/2,45-p-k/2,T) (-¥3-p,T)
an A
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A(r)c A, cos(kr) sign(A) = const
k is the FFLO pair guasimomentum:
k=ail~2llv,
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trilayer structures in
experimental studies

F/S/F trilayer

200A < d, <2000A
dj2 0 d)2 S (T,y):
F/F/S trilayer Nb (8.8-9.4 K),
V (5.1-5.4 K),
Pb (6.8-7.3 K),
Al (~1.3 K),
La (~5 K)
> In ...
-d—d’, 0 d,
A
S/F/S trilayer
— -dJ2 0 dJ2 '
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A1 The asymmetry origin
in the FS structures

» The structures finiteness leads to layer's nonequivalence

-- boundary conditions
- - local environment

Vivid example is

a four-layered system FSF'S'
[Proshin, ez al, PRB (2006)]

i % The decoupled superconductivity F F

may appear in dirty limit: i
T.S)#T(S), HS)FH(S". 7 t X

¢ The tetralayer has considerably

S'

more logical variants than the _—de " 0 ‘;s ) . ) 7 g .
5 5 s F
FSF trilayer and FS superlattices. : : f




A1 The asymmetry origin
in the FS structures

» The structures finiteness leads to layer's nonequivalence

-- boundary conditions
- - local environment

Vivid example is
a four-layered system FSF'S'

> Differences in thicknesses of the same metal layers dg ;.

> Differences in metals © F, F', ... or/and S, S', ...

» Technology (diff. parameters of interfaces and layers)

v

I’ TCS’ gS,F’ lS,F’ vS,F, NS,F” o o, OS'F GNd SO On...

Conclusion: it is more difficult to grow
completely symmetrical superlatticel 77

| t; it iy ?j
i

FTT L



1 Outline

1. Introduction

* Theoretical and experimental motivations

- e {-. -3
TR N P Y
T I ||Ii._l.ll




ﬂ‘f Theoretical F/F/S spin switch

Appl. Phys. Lett. 71 (16), 20 October 1997

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,
Taejon 305-701, Korea

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

(Received 14 January 1997; accepted for publication 24 July 1997)

A memory device that can be switched between the normal state and superconducting state by an
Lot we=ticld 1s proposed. The device consists of a superconducting/double magnetic
(SMM,) trilayer Jand 1s switched in a manner analogous to giant magnetoresistive memory
devices. Using Usadel equations it 1s shown that the superconducting transition temperature of the
device changes when the magnetic configurations of magnetizations of the two lower layers are
switched between parallel and antiparallel. Appropriate design parameters are discussed and the
materials issues analyzed. © 71997 American Institute of Physics. [S0003-6951(97)00238-6]
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ﬂ‘\ Theoretical FSF spin valve

VOLUME 83, NUMBER 10 PHYSICAL REVIEW LETTERS 6 SEPTEMBER 1999

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

L.R. Tagirov
epartment, Kazan State University, 420008
(Received 18 May 1998)

d | | | d
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IR ¢ N
JROPHYSICS LETTERS
urophys. Lett., 48 (6), pp. 686-691 (1

Theoretical Physics azan, Russian Federation

> T .(P) < T(AP)
X

09)

$p1n-quentatlon—dependent superconductivity Buzdin at al.
in F/S/F structures Eur.Phys.Lett.
48, 686 (1999)

A. . BuzpiN, A. V. VEDYAYEV(®) and N. V. RYZHANOVA(")

Fig. 1. — Schematic representation of the geometry of F/S/F sandwich. F (ferromagnetic) layer and
S (superconducting) layer with thickness 2d.

(received 20 April 1999; accepted in final form 13 October 1999)
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Fig. 2. — The calculated dependence of the superconducting transition temperature 17 /1. vs. the
reduced inverse half-thickness d*/d of the superconducting layer. The solid line corresponds to the
P-phase and the dashed one to the AP-phase.
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Experimental FSF spin valve (Gu et al.) (a)
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FIG. 1 (color online) (a) Schematic structure of an

F/S/F/AF proximity switch device. (b) Sample structure of
an exchange-biased spin valve. Py /CuNi/Nb/CuNi/Py/FeMn.
As shown by the arrow in (a), resistance can change from a
finite value to zero at TP < T < TAP,




A Experimental FSF spin valve (Gu et al.) (b)

Gu et al. PRL 89,
267001 (2002)

See also

Potenza@ Marrows PRB,
71, 180503 (2005)
Rusanov et al, PRB, 73,
060505 (2006)

Moraru I.C. et al. PRB,
74, 220507 (2006)

Leksin ef al. PRB
(2009,2011)
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FIG. 3 (color online).




Available online at www.sciencedirect.com
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ELSEVIT _

physc

On the F S F ‘tures

* Centre de Ph |l Pt et 3 X, France

Fig. 1. Geometry of the studied F/S/F trilayer.

Abstract

We investigate ferromagnet/superconductor/ferromagnet (F/S/F) hybrid structures in the dirty limit, described by the Usadel equa-
tions. More precisely, the critical temperature is studied as a function of the ferromagnetic layer thickness for parallel and antiparallel
orientations of the ferromagnetic moments. We show that an asymmetry in the ferromagnetic layers may lead to an enhancement of the
spin-valve effect, while spin-flip scattering leads to its decrease, which could explain the small experimentally measured values.

© 2007 Elsevier B.V. All rights reserved.




Pis'ma v ZhETF, vol. 91, i1s5. 6, pp. 329 -333 (€) 2010 March 25
Superconducting triplet spin valve

Ya. V. Fominov™, A. A. Golubov*, T. Yu. Karminskayva "V, M. Yu. Kuprivanov"¥, R. G. Deminov -, L. R. Tagirov"-

We study the critical temperature T, of SFF trilayers (S is a singlet superconductor, F is a ferromagnetic
metal), where the long-range triplet superconducting component is generated at noncollinear magnetizations
of the I layers. We demonstrate that 7. can be a nonmonotonic function of the angle o between the mag-
netizations of the two F lavers. The minimum is achieved at an intermediate «. lving between the parallel

(P, « = 0) and an -valve effect:
at temperatures ab S F1 F?2 z only in the
vicinity of the colli vior. At the
same time, conside < I}ﬁurj and
“Inverse” (I}f‘ = < . . >
d Infinitely thick
Z4 O
i}
X




1 More and more...

> Take into account too

- - possible noncollinearity of magnetizations that leads to
triplet superconductivity

[Bergeret,Volkov,Efetov, PRL (2001), RMP (2005)]

[Fominov et al, JETPL (2003)]
[Golubov, Tanaka, etc. (2007-2012)]

-- parallel external magnetic field
[Radovi¢, Buzdin, e a/ PRB (1988)].
[Krunavakarn & Yoksan, Phys. C: Sup-ty (2006)]




1 Outline

2. Asymmetrical spin switch (spin-valve)




The geometry of asymmetrical trilayers

F,SF, and F,F,S




1 Outline

- FSF asymmetrcal system
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1 Outline

- FFS asymmetrical system
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Ona FSF u FFS cuctem

1) MUHUMYM t(g$) MOXeT AOCTUrATLCS MPU OTIMYHOM OT Hy N
3Ha4YeHuu yrna [Fominov et a/, 2010];

2) Ans HecuMmeTpuuHbIx FiF,S cuctem makeumym At(dy ;)
MOXeT bbITb 3HAUYUTENbHO BbILE AHANOrMYHOIroO 3Ha4YeHUs
Ans cummeTtpudHou FFS cuctemsr, koraa TONWMHLI 060mX
F cnoes ( d¢; =0d¢, =d; ) meHaroTCa CUHXPOHHO;

3) npu ysenuyeHuu d,, pasHOCTb At CTPEMUTCSA K HYMHO, UTO
obycnosneHoO noTepen KOrepeHTHOU CBA3U Mexay
rpaHuuamum FF n FS B cuny 6b1cTporo 3atyxaHus napHou
amnnuTtyabl B F metanne;

4) B otnnume ot FSF cuctemsr, sennuumHa At moxet 6bITb
oTpuuaTenbHa Npy onpeaerieHHbIX 3Ha4YeHUAX NapameTpos.

()




Bureoan:

» ACUMMETPUYHOCTb CUNBHO BNUSET HAQ KPUTUYECKYHO
TemnepaTypy U, COOTBETCTBEHHO, Ha YCNOBUS
HabnroaeHUa 3g@eKTa CAUHOBOrO Nepeknovartens
(«spin valve») npu BbI160pe NnapameTpos B6NU3U
peanu3aumm BO3BpaTHOM CBEpPXNPOBOAUMOCTU

> Y npagngemas HecopasmepHOCTb KOHeuHbIX F/S
CTPYKTYP — KOHCTPYMPOBAGHUFO MAPHBIX GMMNIIUTYA.

Yyet (co3aaHue!) HeakBuBaneHTHOCTU
cnoee (rpaHUL) MoXeT aBNATbCS CpeACTBOM
TFOHUHra (HacTpouku) KOHeuHbIX F/S cTpykTyp.
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The end ?
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To be continued ...
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In memory of Yu.A. Izyumov




.

B > e = e, L
B ———
wrwanasss i 00T T RN R
Wb 0050 1R N

o



_.-t

"_. 4 . ; - -

i,

e

Yuactauku niepBoii "Koyposku'" Ha "KoypoBke-XXV" B 1994 r.
Crosar: M.U.Kypkun, A.A.Kokun, B.I'.Ilecuanckuii, B.I'.IllaBpos, FO.A.N3r0MOB,
A.A.Pyxanze, A.K.3Be31uH,

cuaat: K.b.Bnacos, B.M.Eneonckuii, E.A.Typos, C.B.Bouncosckuii u B.I1.CrnuH.









bopucy Kouenaesy
TTosapasneHua 75-netHero...
Hoporovi mou gpyr, bopuc NeaHosuul!

TTpyMm OT MeHs, KOTOPOMY Yxe UCMNONHUMIOCL 75 B NpOLNOM
roay, cepAeyHsle nosapasneHus ¢ HObuneem. KTo-To 6bl
cKasan He «No3apaerieHua», a «cobonesHosaHue». S
KaTeropuyecku npoTtus. C BLICOTHI Halwero ¢ Tobou Bo3pacTa
BUAeH 60NblWOU NYTb U pe3ynbTaTbl HAWUX YCUNUW.

4 He MOry TOYHO BCMOMHUTb, KOFAA U FAe MbL BrepBble
BCTPETUNUCH, HO HALWU MYTU MHOTUE AeCATUNETUS LN PIAOM.
MHorume apkue cobbITUA MBI NepexuBanu BmecTe.

Bo-nepBbIx, ycnexu TBOUX MHOMOUYUCTIEHHBIX YYeHUKOB, B
Hay4HOU cyabbe KOTOpbIX MHE NPUX0AUSIOCH YYaCTBOBATD.

A NOMHULWb Halwe ¢ Tobou onnoHupoeaHue B JleHUHrpaae, rae
MbI XUIU B OAHOU 60NbLIOU KOMHATE Ha ynuLe XanTypuHa
BO3Me IpMuTaxa B J1IeHUHrpaae?



A MOMHULWb Hawy BCTpedy B YMkaro nert TpuaLath Hasaa, U
Yyem OHa 3aKoH4Yunacb? TTOMHULWB KaK TOU HOUbFO MbI
nonanu B KNy6-CTpUNTU3 U KaKUe TaM BbINU AeBOYKU?

A MHOroumcneHHble «Koyposku» ¢ 60blWIOU KOMNAHWeEU
TBOUX YYEHUKOB U YYeHUL, 3aCTOSbe U NeCHU C Ka3aHCKOU
Anacnopou?

4 xouy:
1. OnnoHupoeatb B KasaHu ele MHOMUM TBOUM YYEHUKAM.

2. Buaetb Teba B «Koyposkax» B OKpyXeHUU TBOeuU
60nbLWOWV CBUTLL,

3. TTpucyTcTBOBATH Ha TBOEM Crieaytolem Hobunee.

ObHuMaro, n NnoagHUMaro bokan 3a Teoe 340pOBbe U
AanbHeUulme ycnexu.

Teou HOpa Ustomos Anpenb, 2009 ==
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Jlexaopp 2004, Kazanb, mocie 3amuThl KaHauaaTckon mucce KoypoBka ...




Ha xadenpe teop. duzuku KI'Y. Ilocne 3aiiurhl.
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B Kazanu ...
) YIS

SINOHCKUN pECTOPAHYHUK.
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B my3ee KI'Y ...




Koypoka 2008. «ITpuem» KazaHCKOU AEJIETalvH ...
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KoypoBka 2006. Ycramm ...




‘g{ B Tpromax Kopannbl U xemuyr,
CTapbIi NUPATCKUIA Bpur.
CyAHO BeAET ¢ Nnoxmenbs
Cam KanuTaH CTapuK.
TTpunes: Houb - rony6as TauHa,
Cronbko Ha Hebe 3sesp!
Ckonbko B Hauyane mas
TTponuto ropbkux cnes.
ToHeT nupatckoe cyaHo,
Hekomy mm nomoub.
A Ha BOCTOKe Taet
Ta ronybasa Houb.
Mope, BepHU MHe cbIHal
Mope, otaavi mHe aoub!
bonblwe oHU He yBuaat

Ty ronybyro Houb...
(npuseseHo ¢ ApkTpy U3 anbnuHUcTckoro narepa Cesepo-Yyickue benku
M.M. Hockoseim u HO.A. Ustomosbim B 1962 roay)
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"B Tpromax nonHo..."

‘%\ (nepeaenaHo k 70-neturo KO.A. N3romoea B 2003 r.)

B Tpromax nonHo 3araaok,
Ho Haw cuneH Hanop,
TBepao senet komaHay,
Cam KanuTaH - YneH-Kkopp.
U ycTynaroT TauHbL
Hatucky ¢pusukos-3sesa:
Asaauats Bocbmoe mas -
3a kanutaHa TocT!
B Tpromax nyctb 6yaet xemuyr,
A Ha ayle - BecHal
/0 - BO3pACT cUnbI,
MyapocTtu n o3opcTeal
U ycTynaroT TamuHbL
Hatucky ¢pusukos-3sesa:
Adsaauats Bocbmoe mas -
3a kanuTtaHa TocT!

tn‘_ﬂ._ul



F ey TTycTb 6yayT ecTpeun B KasaHu
N HOBbIX papocTen BKyC.

Hosble ¢ "nowaabro caHu™*
W Ha BepwuHe apbys! **

U ycTynarot TauHbr
Hatucky ¢pusukos-3sesn:
Heaauatb Bocbmoe mas -

3a Nstomosa TocT!

Nropa v FOpa TTpolwumHeL.
28 mas 2003 r.

KasaHb

*Koypoeka-4. KataHue Ha caHax. "M3romos! Ecnu BbI He nowaab, BepHUTE

caHu!"
** TToaapok Jlnae YawmHon. TTuk Abas, 3amnuimckoe Anatay, 1968 r.

(pyk. A.K. Kukoyae

«VE HQCTOQMCIE;‘ - B npownoe u byaywee..» FO.A. U3romos, EkatepuHbypr, 2000 r,







