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Background: Superconducting Spintronics

recent review) Linder&Robinson, Nat. Phys. (2015), Eschrig, Rep. Prog. Phys.(2015)

e.g.) Spin valve with Superconductivtiy (= “Infinite” magnetoresistance)
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Lietal PRL (2013)

small magnetic field (~ 50 Oe)

e.g.) Spin hall effect of quasi-particle (Wakamura etal, Nat. mat (2015))
Spin injection in SC (H, Yang, et al, Nat. mat (2010))



Outline of this talk

P

Spin-torque induced by spin-triplet supercurrent n, / &

R. Takashima, S. Fujimoto, T. Yokoyama, Phys.Rev. B 96,121203 (R) (2017)

Noncollinear magnetic order
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Outline

Q Motivation

9 Result : general form of spin torque

Q Application: Domain wall dynamics



Triplet Cooper pairs

* Spin-triplet proximity effect inside ferromagnet(FM)

- triplet SC | FM with Sr,RuO, Anwar ez a/. Nat. commun. (2016)

- singlet SC | noncollinear magnet | FM  Robinson er ) Science (2010)
Khaire et al, PRL (2010)
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Singlet- Triplet Conversion Robinson ef al, Science (2010)

Interplay of spin-triplet pairing and magnetic moment ?



Current-induced torque in normal magnet

* Electric current in magnet exerts spin-torque on localized moment
(spin-transfer torque)

* Manipulation of spin = Application in magnetic devices

Spin angular momentum is transferred Racetrack memory using domain wall /| Skyrmions

electron flow
torque
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https://docs.quantumwise.com/

Writing \
Parkin et al Science (2008)



Motivation of our work

Question: How triplet-correlation changes spin transfer torque?

j o Vo

We study
spin-transfer torque induced by triplet supercurrent / &

c.f.) early works for spin-torque in magnetic Josephson junction:
Waintal& Brouwer PRB(2002), Y. Tserkovnyak &A. Brataas PRB (2002), etc

keypoint :

- Triplet order parameter (=d vector) might give new type of torque ?

Xpr — les,uu — X2 <C§M(k)cz\u(k)>FS

(spin susceptibility characterizes spin-transfer process)



Model

model {| ferromagnet

B SC

(source of triplet)

metallic magnet (s-d model)
with proximity induced triplet pairing

7\
N\
= ¢ Z ;o Cija — Z C; o, Cion—JsdS Z n(r;) - Jaf-gc;-rac@;g
(i,5) !
_I_@Z K- (’P@—H“j) T [(d -O')' ] T T H
9 € Cia i 10y (’jﬁ .C,
(i,7) (square lattice)

Cio : conduction electron (site ¢, spin «)
n; : localized moment (site 7)

d;; : triplet order parameter (site , j)
supercurrent flow is given by the spatial gradient of SC phase gt (ritm;)

j = —2tenga’k  (ka <K 1)
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Calculation of spin torque

conduction

Ci electron * local spin torque : TgpT = 2Jg11 X O 8;
08; =local spin density of electrons under supercurrent
n(r)
localized moment = we calculate spin density within linear response

\
* We assume
» Localized moment varies smoothly
» Exchange splitting is large J.4.5 > Ay
= we only take equal spin pairing ( (anti)parallel to n)
S



Result: suBercurrent-induced torque
—P,a3

* Obtained torque g = Z 2eS

vV=x,Yy

— (—8;,71, + B,,n X (9,,?7,) .

Ju @ supercurrent density
on

—_—~
TSTT electron flow

ot

torque

< O

5 & §
- 4
TgrT X —0,n :direct transfer of spin from neighboring sites % /s: ;;f {; ¥
(~“adiabatic torque”)

https://docs.quantumwise.com/

TsTT X 1 X O,n : deviation from direct transfer (~“$ term”)

P, ~ spin polarization of electrons

—~

[, -originate in order parameter . By o< |Ag?

- depend on the direction of n  (spatial dependence)

W (— (1) ((0,0)* —sin® 0(9,¢)*) + 27(%) sin 98,,98,,4))} ,

=~ JuS 1 1 5 Ly , .
= —neagp_y|ayn|2 ( 1(,)((8 9) + sin“ 0(0, ¢) )+27T1(/ )Slné‘ayt?a,,gb),

ot iy, ’]T() . spin-spin correlation



What causes f term?

C.f. ) Normal SyStem Zhang& Li (2004), Tatara et al. (2008), Tserkovnyak et al(2008)

T E —Pa? DT (—0uyn + fn x dyn)
nor — v —0Uyp J v .
2¢5 7

V=XI.,Yy

- magnetic impurity scattering / mistracking — f term

- [ is qualitatively important

With triplet-SC correlation
anisotropy in spin susceptibility — deviation from direct transfer
BuA0 wp T -mAO .
7Y #£0 n +
7% spin-spin correlation
[ term can be controlled by triplet order parameters (d-vector).

(©in normal metals, it depends on extrinsic scattering) >



Domain wall dynamics

* Domain wall texture in ferromagnetic metal s Domain wall motion
e Assume the d-vector tHitbb e ecoeeb bttt} P

Supercurrent me=lp ——

d(k) = (—sink,,sink,, dsin ky)

Possible origin:
spin-orbit coupling due to structure inversion asymmetry Jso (k) -o

d(k) || gso(k) is favored

* Applyacurrent Domain wall moves

 EOM of collective coordinates (X: domain wall center)

Ve o o )
atX — (1 _l_ 042) (T(Q)U)jx + O{F(Qf))j:t + S111 2¢0) b
—1 oo L )
Orpo = m (a7(d0)jr — F(d0)jz + asin2gg),




(detail) Spatial dependence of f5

domain wall configuration 1

L= O}

53, has strong spatial dependence



Domain wall dynamics

Under a constant supercurrent,

Current dependence of Time dependence of
domain wall Vel()City att =00 domain wall Velocity
3 current denslity """" 2
J > 5
P~ S FAY ---10
S 82 R I | T 15
S S Qz;’ N
L = N /. S T T TIIITTIT
> e 11 /~\ — ] S I
’ N
Il/ 0 / \, . . . 0 4 . . . . .
U 10 15 20 6. 04 08 12 16 2
- J=/Jo  current density t/aty time
v'No threshold current density v'No oscillatory motion
*without extrinsic pinning
<~Normal metal, oscillation occurs
* This is due to 3 terms B, o |Ag|?

that arises from d-vector
* [ depends on n (space)

& w/o 3 terms, threshold current exists



Summarz of 1%" part RT Fujimoto, Yokoyama,PRB 96, 121203 (R)

_ _ 7 x V6
Spin-transfer torque by triplet supercurrent p

v We obtain the spin-torque given by

—Pa3 .
TSTT = Z 903 T (—&/n + B,n X &,fn) .

Vv=x,y

v’ a new type of /C:] term : Interplay of d-vector and magnetic moment n

triplet correlation changes spin susceptibility of electrons (~spin transfer process)

v’domain wall dynamics

,Alir Domain wall motion
- threshold current density is lowered B et b FM

Supercurrent m==p ———

- No oscillatory motion |
Triplet Superconductor

* Qur calculation is limited to the linear response

—some relaxation might occur after a long time .



Outline of this talk

P

Spin-torque induced by spin-triplet supercurrent n, / &

R. Takashima, S. Fujimoto, T. Yokoyama, Phys.Rev. B 96,121203 (R) (2017)
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R. Takashima, Y. Kato, Y. Yanase, Y. Motome arXiv: 1710.11349
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Noncollinear magnetism and SC proximity effect

Noncollinear magnetic order : Spins are not in parallel /antiparallel \ /

Noncollinear magnetic order is important
in physics of SC proximity effects

. . .. . Keizer et al, Nat. Lett. (2006)
* Singlet-triplet pairing conversion

Robinson et al, Science (2010)

* Topological superconductor w/o spin-orbit coupling "ev=eta! (2013

noncollinear

Smglet SC moments FM

helical order+ s-wave pair
—1d p-wave topo. SC

:jL Mﬁ\lllﬂﬂwﬁ"ﬁ-ﬂlh\vﬂﬂ'wz‘l N

T W/kF

mV)

R, (

= triplet

singlet (Sz==E 1)
(Sz=0) \

singlet, triplet ( Sz=0)

Characteristic voltage, | |

Singlet-Triplet Conversion Cobalt thickness, d,, () Klinovaja et al. (2013)
Robinson ez a/, Science (2010)
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Motivation of our work

Question: Can we switch/control noncollinear magnetic order
in the presence of SC proximity effect?

= can be used

» to switch /optimize the singlet-triplet conversion

» to externally control topological SC and Majorana zero modes etc

In our work:

We propose a new way to induce noncollinear magnetic order
by a supercurrent

18



Model

model { metal

singlet SC
2d Correlated metal

attached to s-wave SC with a supercurrent

repulsive Hubbard interaction

ko ) 1 7
* mean field of spin density | e singlet supercurrent ] XK
| 1 B : . |
: m; = §<Cja%afcwf> P ( spatial gradient of SC phase )

_______________________________________________

19



Magnetic instability

]{32

* bare spin susceptibility X(q) in the continuum model : & = 5, ~€F
m
w/o current J XK )
03 supercurrent 03
—2]6]7 0.25 0.25 .
suppression . - 0, 1IICI'E€ASE
by singlet ga : '
yome (_g % 4 0 ’ 0.15 0.15
1~ |
Anderson&Suhl (1959) Y 0.1 0.1
2k 0.5 0.05
0 . k/kp = 0.022
—2/€F 0 2k7F —2k)F A/GF = 0.05
qx qx
2| |2 2 ~\2
a”|K| q |Al\  a’(k-q) q |A
X(q) — Xk O(Q) f k_a + g k_a 40 ((,i/k;F)‘l)
€F F €F €F F €F
much smaller than g >0 and peak at q/kg ~2

Supercurrent leads to magnetic instability VGGG

20



Magnetic order in lattice system
. W/o_current

 square lattice model : & = —2t(cos(kza) + cos(kya)) — p

Instability : mg—(+0.,0), Mq=(0,+Q) (Q ~2r/3a) 1/t = —2.96
. .. . cos(Qx;)
Varlatlonal ansatZ mzlng]e — MO (SIH(Q$%) m?ouble — MO
M : variational 0 0
( 0, Q variationa parameter) i ’,;_,\ 5_,\ toubled }( (\\( (\:(\
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Supercurrent induces first-order transition to double-Q state 2l



Switch to single-() magnetic order

We can switch magnetic state by the direction of supercurrent

y <50
0
supercurrent
& single-Q ———
§ o r(cos(45° — 66),sin(45° — §6),0) double-Q —e—
>
o0
| -
)
c
v
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0 15 30 45
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Phase diagram (T=0K)

Critical U decreases as current increases

30 x 30
36 x 36 —e—

double-Q

para

0 0.1 0.2 0.3 0.4
KA

magnitude of current

Yy
J x k(1,1) Z'

“switch” of magnetic states

S o~ o~
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° 50[°]

current angle y‘ 00
X
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Summarz of 2nd part

We propose a new way to control noncollinear order by supercurrent

v'Supercurrent induces
15t order phase transition to double-Q state

v'Switch magnetic states by current direction

- . . ' - 86
: § ZES3S
J XK SUPErcurrent o, RTINS
. ZSSI8838
e VY aye Ve e vl
0.15 double-Q single-Q
o U N/
—\/—\7/—\
0.05 —\7/—\7—\
—\/—\/—\
0a —N\ /=X /—=\|
o SVAUA
—2kp 0 2kp para
qz

Remark
1) First-order transition— metastable state of magnetic order w/o supercurrent

2) Different lattices/pairing ™ a wide range of magnetic states, e.g. skyrmion

3)Rashba Spin-orbit coupling
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Rashba sEin orbit coupling

 Rashba SOC at the interface

Hy=a ) g(k)-(c}, OChe,),
k

* Energy functional

Bl = 53 (1- @),

@ spin-spiral plane is locked

mZ—I—FZ(ﬁXH:)mZ,

@Inverse-Edelstein effect

= in-plane magnetic field

Realized magnetic states would be modulated

cf)w/o SOC
E[{fm}] =

LS (o o) me

q
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Conclusion

Background  experiments on triplet-proximity effect in magnet

N

Spin-triplet supercurrent give a new type of spin-transfer-torque

Model  metallic magnet + triplet pairing potential

RT, Fujimoto, Yokoyama,PRB 96, 121203 (R)
Background Rich physics arise from interplay of noncollinear order and SC

Model  2d correlated metal + singlet pairing potential

Supercurrent induce double-Q/single-Q magnetic order
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Possible SetuE

current
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