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B 1 (a) S/F-F-Fp/S &4 H/R &R, Hd F Ao
Sk RR M TT I, Fr, Fl Fr o B AR IR e 46 19 A B
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Fig. 1. (a) Schematic diagram of the S/F[-F-Fy/S junction,
where thick arrow in F indicates the directions of the ex-
change field, and the F| and Fy are spin-active interfaces
with non-collinear magnetic moments; (b) the direction of
magnetization p; at the F; interface, where j =L and R
correspond to the left and right interfaces, respectively. 6;
and Xx; denote polar and azimuthal angles of the F; inter-

face, respectively.
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FEL Y 7 ) SRy B R — A S 3 S F O )
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= h,/Ep=0 — h./Er=0.10 - -- kpd = 20.8[A]
h./Ep=0.05 — — h./Epr=0.15 - kpd =31.3[B] — kpd = 41.6[C]
1.0 1.0 ——————————
(b) DX
0.8\ 0.8/
\ h
' 0.6 [
) \ < \
S 06F > \
~ R g4l
0.4F ol
0.2 0 i i
0 0 0.5 1.0 1.5 2.0
kpd ¢/n
20 40
ked
| B <
02 04 06 08 3 =
. ) . . > s

hz/EF

&l 2
BT I B d BB AGRRT; () IR BRREIR B I B he BB ALARAE; he/Ep = 0.15 B (d) Andreev REIE Ea(¢) F1 (e) HLM- A AT
FI(¢). EMARIE D, AERARER =P =0

S/F/S &5 Josephson L Sk RERFAEBOAE (L (a) G FE AL Lo BERRBE SCH Y he RIBRREISIE d B0 ALHRFAE; (b) AN R 32 #e

Fig. 2. Variation of Josephson current with ferromagnetic characteristics in the S/F/S junction: (a) Critical current Ic versus ex-
change field h. and ferromagnetic thickness d; (b) dependence of I. on d for different exchange fields; (c) dependence of I on h.
for different ferromagnetic thicknesses; (d) Andreev energy spectrum FEa(¢) and (e) current-phase relation I(¢) for h./Er =

0.15 . In all panels, the strengths of interfacial polarization are taken as P, = FR =0.

FOBE ] A REH T T BT B 24 F 2 R G M At
(0 <h./Ep<1), G AR SREEEE d2k
1 ARG AT, ARG RS b (30
MK, #Z6 F 2RERE N ked = 60, W3cH
B h,/Fr = 0.05, 0.10, 0.15 B B 340 91 48 17 0.5,
1.0, 1.5 M5 A, [RIREHD, 5 2 iR d %
SL R RGeS R T 23 R B A [
FIFRIZGHFE, UL 2(c).

FAN, R T VA Josephson HL LAY 0-m A 5578
FRAE, & 2(d) FE 2(e) B4 T ked = 20.8,
31.3 1 41.6 A Andreev BT Ea (o) FIHL -0 AH
KR I(P), X 3 MREERIELEE 435X R 2(b) T
A, BF C = 5. I FEREE RN, 76 SRR
A W Andreev 235 H R AL T IASBEH . AT
A1, Josephson HL it 1 /£ & R 3 1(¢) = Lo sin(@)+
Lo sin(2¢) + - . HY T 157 B L 300 A0 O L R 86 /0N
— BB DL R E— B L o A B L2 1Y
Timk. SRR N ked = 20.8 IF, 4~ Andreev
eI £k JL-F-E &, AT Josephson 454 F n-75,
Bl Josephson H 3 3T {LL Hi 75 JE pREN G R 1(9) =~

Iysin(¢p+m). X kpd = 31.3 B}, Josephson%h Ab
T 0-5 M n-AFAZ MG T 5, ILR Andreevigit o
A E TR PANEETNT. Josephson H I A9 R {E /)N, 5
HRf ¢ BB 35 W0 2 B A% . X2 i T A — B R
TERHR (La=0), REGPAF B, %8
T LR 1(¢) ~ Iosin(20) . £ ked BE N 41.6,
Josephson %5 4k F 0-2%, W3 2 R ] LR R R
I(¢) ~ Ly sin(¢) . M, Bif Andreev BEHFHRIGIE
WL, X REARERENE, 7EL L ked B R
Andreev BTSN FITEAR & R A AR, (H ARG
T o/ = VHIZAIFR, WA 2(d).

3.2 S/Fy-F-Fy/S % # i) Josephson H ifi

HSETHEIn A AL L FESS R b, BY7E AR
FHIE. [ 3 25 FJZERREIRIY (0 < h./Er < 1),
e 5 FEL IR Lo B B 2 Bt 52 #0370 b ST IR 55
XAIRG AN F T RIR T 0-n SFAZL LRI, B
TBRE LA I/ 1o ~ 0.3 HEET b T I3, f/MEE
AREIBEN 0. 3 F ZEARMAFE/N (h/Ee > 1),
PRGFHEREZ . J38h, IRIR G AT 5
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SR A AR 25 Sx A OC. 4 F R NERRLAR T,
HLI IR G R AETE S = 0, n b B B, 7 8y =
n/2 Kb ER 5. HLIRAE Sy = 0 Fl 8y = n bR IR AS
FHIE. [Al—3c s T, A Sx = 04k i, T
FEdx =nb A, RZINK. U FEREER
B, PR (E 2 B 53 s b, R3S IS 12 080N, 2
AR £ B 25 S A8k

TR IR, LRI AR AR — A
LFFIRG R F 2N A BRI =X (11)., (1)-
HABERREXT (1) — 1), EFEIEHZE R, BhEH
[F] Y = F X (1) #1 (1) 76 F BN K B4z Ge
i fifT I A F W AR R — A e L, IR HBE S
F 2R d (A3G 3 o o i 0 i (B LR R AR
Sy—J5 T, s S IR LAY T s A e
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Fig. 6. Variation of the critical current with the strengths of interfacial polarization P, and Pr for three different exchange fields
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Josephson current induced by spin-mixing Cooper pairs”
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Abstract

Based on the Bogoliubov-de Gennes equations, we investigate the transport of the Josephson current in a
one-dimensional S/F;-F-Fg/S junction, where S and F are superconductor and ferromagnet, and Fy i are the
left and right interfaces with noncollinear magnetizations. It is found that the F; and Fy interfaces can induce
spin-mixing and spin-flip effects, which can transform a part of spin-singlet pairs in the S into equal-spin triplet
pairs in the F. For the short S/F-F-Fg/S junction, the spin-singlet pairs and the equal-spin triplet pairs can
survive in the F layer. Therefore, with the increase of the ferromagnetic exchange field and the angle difference
of interface magnetization rotation, the critical current oscillates on a base level. If the F is transformed into
half-metal, only the equal-spin triple pairs exist in the F layer, and the oscillation characteristic of critical
current disappears. In addition, the F; and Fy interfaces can work as conventional potential barriers. As a
result, the critical current exhibits double oscillation behaviors with the increase of ferromagnetic thickness, in
which the long-wave oscillation arises from the phase change of the spin-singlet pairs in the ferromagnetic layer,
and the short-wave oscillation is caused by the resonant tunneling effect when the spin-singlet pairs and the
equal-spin triplet pairs pass through two interfacial barriers.

Keywords: Josephson junction, ferromagnet, spin-triplet pair, resonant tunneling
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