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Spin-polarized Shapiro steps and spin-precession-assisted multiple Andreev reflection
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We investigate the charge and spin transport of a voltage-biased superconducting point contact coupled to
a nanomagnet. The magnetization of the nanomagnet is assumed to precess with the Larmor frequency w,
when exposed to ferromagnetic resonance conditions. The Larmor precession locally breaks the spin-rotation

symmetry of the quasiparticle scattering and generates spin-polarized Shapiro steps for commensurate Josephson
and Larmor frequencies that lead to magnetization reversal. This interplay between the ac Josephson current and
the magnetization dynamics occurs at voltages |V | = hw; /2en forn = 1,2, ..., and the subharmonic steps with
n > 1 are a consequence of multiple Andreev reflection (MAR). Moreover, the spin-precession-assisted MAR
generates quasiparticle scattering amplitudes that, due to interference, lead to current-voltage characteristics of
the dc charge and spin currents with subharmonic gap structures displaying an even-odd effect.

DOI: 10.1103/PhysRevB.90.014516

I. INTRODUCTION

The combination of mesoscopic superconductivity and
spintronics has led to the development of superconducting
spintronics [1]. Such spintronics devices rely on the exis-
tence of superconducting spin-triplet correlations, whose spin
properties determine the behavior of these devices. So far,
experiments on devices comprising spin-triplet superconduc-
tors [2-4] have been scarce, although several exotic effects
have been predicted [5-7]. Instead, spin-triplet correlations
have been created from spin-singlet correlations originating
from conventional superconductors with the help of ferromag-
nets [8—11]. Up to now, these devices have consisted mainly
of superconductor-ferromagnet-superconductor junctions with
noncollinear magnetizations whose properties cannot easily be
modified after the fabrication stage. However, tunable devices
are desirable for future spintronics applications, and the search
for such is currently an ongoing quest.

In this paper, we present a theoretical investigation showing
how resonant spin supercurrents controlled by a bias voltage
can be used to manipulate the magnetization direction and even
cause magnetization reversal of a nanomagnet coupled to a
superconducting tunnel junction. Instead of a superconducting
hybrid junction with a static magnetization [12-18], we
consider a junction with a time-dependent one [19-21].
The lowest-energy magnetization excitation can be accessed
by the application of an external magnetic field, which
starts a precession of the magnetization around the direction
of the field [22-25]. This ferromagnetic resonance (FMR)
mode can also be achieved by a coupling between the
magnetization and the Josephson effect: The ac Josephson
current generates an oscillating magnetic field that resonantly
excites the magnetization precession [26—28]. The coupling
between magnetization dynamics and a spatially dependent
superconducting order parameter was experimentally studied
in tunnel junctions where the width W was larger than the
superconducting coherence length & [27]. This coupling was
detected as a rectification of the ac Josephson charge current.
However, in narrower tunnel junctions, such as supercon-
ducting quantum point contacts (SQPC) [29,30], for which
W < &, the spin-rotation symmetry of the superconducting
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order parameter may be broken locally, and one may anticipate
that spin-dependent modifications to the superconducting
correlations will influence the transport properties [31,32].

Here, we study such a coupling between the ac Josephson
effect and the magnetization dynamics of an SQPC containing
a nanomagnet, e.g., a ferromagnetic nanoparticle [26] or a
single-molecule magnet [33-37]. A bias voltage V is applied
across the junction, and the spin of the nanomagnet is set
into precession using standard FMR techniques whose effects
are captured by the introduction of an effective external
magnetic field H that generates a Larmor precession of the
nanomagnet’s spin with frequency w; [Figs. 1(a) and 1(b)].
The Larmor precession creates scattering processes such that
quasiparticles traversing the junction may absorb (emit) a
precession quantum while undergoing a spin flip from | (1)
to 1 ({). The locally broken spin-rotation symmetry generates
multiple Andreev reflection (MAR) processes [see examples
in panels (c) and (d) of Fig. 1], that lead to a rich subgap
structure of the current-voltage characteristics of the dc charge
and spin currents. Moreover, at certain voltages, a phase
locking between the Larmor precession and the ac Josephson
effect occurs that generates Shapiro-like resonances. The phase
locking couples the lead condensates via tunneling processes
that are exemplified in panel (e) of Fig. 1. Interestingly, instead
of giving dc charge contributions as in Ref. [27], we predict
that the Shapiro resonances generate dc spin supercurrents
that are polarized in the plane perpendicular to H. It was
shown in Ref. [38] that an oscillating voltage bias can generate
spin-polarized Shapiro steps in the presence of a precessing
spin. Here, however, we show that a dc voltage bias is sufficient
for obtaining spin-polarized Shapiro steps that in turn exert a
spin-transfer torque on the spin § that may reverse its direction
on subnanosecond time scales [Fig. 1(f)].

The paper is organized as follows. In Sec. II, we present the
approach which is based on nonequilibrium Keldysh-Green’s
function techniques. We then proceed to report results for
charge currents in Sec. III and for the spin-polarized Shapiro
steps and their corresponding spin-transfer torques in Sec. IV
before we conclude in Sec. V. Appendices A, B, and C
contain details of the approach, analytic results obtained in
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FIG. 1. (Color online) (a) An SQPC containing a nanomagnet
with spin S. A bias voltage V is applied across the junction that is
exposed to an effective magnetic field H. (b) The field H causes S to
rotate with the Larmor frequency w, . The angle between H and S is
¥, and y () is the in-plane rotation angle of S. The first- and second-
order tunneling processes are shown in (c) and (d), respectively, in
which a spin-|, (1) electron(hole)-like quasiparticle e |, (2 1) absorbs
a precession quantum «; and undergoes a spin flip. Shapiro-like
resonances between the Larmor and the Josephson frequencies lead
to spin supercurrents that are transferred, e.g., by the process shown
in (e) in which two Cooper pairs at energies differing with 2eV
are transferred while one of the quasiparticles in each of the pairs
undergoes a spin flip. (f) The Shapiro spin currents may lead to
subnanosecond reversal of the precession axis.

the tunnel-limit regime, and explanations of the origins of the
spin-polarized Shapiro steps, respectively.

II. MODEL

The junction is described by the Hamiltonian H = Heags +
Hp + Hr. The left (L) and right (R) leads are assumed to
consist of s-wave superconductors in the clean limit and are
described by the BCS Hamiltonian,

— E i
Hicads = éa,kca,kﬁca,k,a
k.o

a=L,R

+> [Auch el 4, +Hel, (1
k

a=L,R

where the dispersion is &, = h2k? /2m — py and p, is the
chemical potential of lead o € (L,R). The superconducting
order parameter A, = A(T)e'¥* depends in principle on
the temperature 7', but here we restrict the analysis to the
zero-temperature case. The superconducting phase difference
@(t) is taken to be placed symmetrically across the junction,
i.e., o1 g = £¢/2 and increases linearly in time according to
o(t) = @o + wyt, where g is the initial phase difference and
wy = 2 eV/his the Josephson frequency.

The nanomagnet’s spin S is assumed to be large enough to
be treated as a classical entity. Under FMR conditions, external
dc and rf fields are applied to create an effective magnetic field
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H that affects the spin according to Hp = —y S - H, where
y is the gyromagnetic ratio. In the case of a classical spin,
this Hamiltonian leads to the equation of motion dS/dt =
—yS x H.If H, which here is taken to be along the z axis,
is applied at angle ¥ with respect to spin S, the solution to
the spin’s equation of motion describes a precessional motion
of S around the direction of H with the Larmor frequency
wy, = y|H|. For later convenience, we introduce angle y that
is formed between the x axis and the projection of S onto the xy
plane, see Fig. 1(b). Due to the Larmor precession, this angle
is given by x(¢) = xo + wrt, where o is the initial angle.
With these parameters, the spin describes the motion S =
Ses(t), where es(t) = [cos x(f)sin e, + sin x(¢)sin De, +
cos ve,]. The nanomagnet’s spin generates a time-dependent
exchange field affecting the quasiparticles tunneling in the
direction £k across the junction that can be incorporated into
a phenomenological tunnel Hamiltonian [19,39],

HT = Z CTL,kg VkU;k’a’cR,k’o’ +H.c, (2)
ko:k'c’!

where Viguo = {Voboor + Vs[S() - 01}8(k — k') and o =
(0y,0y,0;) are the Pauli matrices. This Hamiltonian contains
spin-conserving hopping amplitudes Vy 4+ VgS cos vo, as
well as spin-flip hopping amplitudes VS sin e~ “t/% ¢,
Our approach used for calculating the transport properties,
which is presented in more detail in Appendix A, involves
using nonequilibrium Green’s-function techniques in which
the Green’s functions describing the leads are given by their
quasiclassical approximations and the hopping elements by
their Fermi-surface limits Vis) — vos). The lead Green’s
functions are coupled via a t-matrix equation that describes
the perturbation to the hopping elements. The lead Green’s
functions determine the currents, which include harmonics
related to both the Josephson and the Larmor frequencies and
can be expressed as
oy _ . . oy m
i)y =" expl—i(ngo + mxo) — i(nw; + mot1(jL)",
n,m
3)
where u = 0 denotes charge currents and pu = 1-3 denote
the spin-polarization directions x, y, and z. The current
components (j4)" are given in Appendix A. The values of m
are restricted due to the precession of spin S; a spin flip from
spin-| to spin-1 (spin-1 to spin-|,) corresponds to absorption
(emission) of a precession quantum ;. Since the tunneling
quasiparticles are spin-1/2 particles, only a single precession
quantum can be absorbed or emitted. Therefore, only the
values m = 0,£1 are allowed. Moreover, we define the

TABLE I. Types of currents and the existence of corresponding
dc and ac components. The ac column shows with which harmonics
the current oscillates.

Type of current dc ac
Charge current v wy
In-plane spin current off-resonance X w0y
z-polarized spin current v wy
In-plane spin current at Shapiro resonance v wL,wy
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FIG. 2. (Color online) Charge background current and conduc-
tance Gp = dj;/dV for a m junction with (a) Dy = 0.8 and (b)
D; = 0.2. The current is normalized by the normal conductance given
by the two spin channels Gy = [e?/ h][Dy + D, ]. The conductance
curves in panel (a) have been offset with 3 (D, = 0.8), 2 (D, =0.5),
and 1(D, =0.2). In panel (b), the conductance is plotted for
Dy =0.2,D; =0.1,and w, /A = 0.2. In all plots, ¢ = /8.

spin-transmission probabilities D4}y as D)) = 4v%( n/+
v%u)]z, where vy, = vy &= vg cos . Note, however, that a set
of Dy and D values does not uniquely define the hopping
elements vg and vy due to the square of v4(,) in the definition
above. On the other hand, if the voltage bias is replaced
by a static phase bias, the junction is in a 7(0) state if
vs > vg (vs < vg) [32,40], and this additional information
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combined with the spin-transmission probabilities determines
the hopping amplitudes.

III. CHARGE CURRENTS

Clearly, the currents in Eq. (3) can be divided into time-
independent as well as time-dependent parts (see Table I
for an overview). For an arbitrary bias voltage, the dc
currents are in general given by contributions from the ( j")g
components. This kind of current will here be called charge
and spin background currents in the spirit of Ref. [41]. At bias
voltages fulfilling the Shapiro resonance condition, additional
dc components are present. We will start by describing the
charge background current. Next, the effects of the spin current
will be discussed as a starting point for the analysis of the
Shapiro resonances, which then concludes the paper.

Figure 2 shows the current-voltage characteristics as well
as the conductance for the charge background current jj =
(J "=0);”=:(? (from here on, we drop the index o and consider
currents on the left side of the interface unless otherwise
stated). The value w; = 0 reproduces the usual current steps
and conductance peaks at eV = 2A /n due to MAR processes
of ordern = 1,2, ...[42-45]. For w; # 0, additional features
appear at voltages eV = (2A £ w;)/n, where n = 1,3, ...
due to the emission or absorption of precession quanta. This
structure can clearly be seen in the tunnel-limit conductance
where it is displayed as distinct satellite peaks [Fig. 2(b)].
The subharmonic gap structure is similar to that of the
current-voltage characteristics generated by photon-assisted
MAR, which shows features in the form of satellite peaks
due to absorption or emission of one or more photons [41].
However, due to the restriction of only a single emitted or
absorbed precession quantum in the spin-precession case,
there is only one satellite peak on each side of the feature
corresponding to a MAR process of order n [see Figs. 1(c)
and 1(d) for processes with n = 1 and 2]. Additionally, for
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FIG. 3. (Color online) Background torque components as functions of bias voltage for a 7 junction. (a)-(c) Dampinglike components
describing spin nutations (d). (e)—(g) Fieldlike components describing oscillations of the precession frequency (h). In all panels, ¥ = 7/8.
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a MAR process of order n that includes an exchange of
energy wy, there are n possible paths [Fig. 1(d) shows the two
possible absorption paths for n = 2]. The energy exchange
causes a spin flip that introduces a minus sign in a subsequent
Andreev reflection amplitude due to the change between the
spinors (ghn,ﬁi)T < (Y l,WI)T. As aresult, the total Andreev
reflection is suppressed due to destructive interference in
processes where n = 2,4, ... but is enhanced in processes
for which n is an odd number. Consequently, only the MAR
processes with n = 1,3, ... display side peaks.

IV. TORQUES AND SHAPIRO RESONANCES

Now, we turn to discuss the spin current and its effects.
The spin current generates a spin-transfer torque on S given
by 7(¢) = j.(¢t) — jg(¢). This torque can then be expressed in
terms of § as

ve(t) .

vu(t) = §xS. @)

S

() = yH x S+

where

va/L(t) = Yu/L.0Dsch/Ls

o0
+ Z {VIS/L,nIDSCH/L,ﬂ cos(nw;yt)

n=1
Vil Dy = Dyleyy, o sinoyn},  (5)

with ¢y 9 = cos ¥, ¢, » = 1, and Dy = 4v3/[1 + vi]>. The
yrL.o component describes a steady damping, whereas the
higher harmonics ch/ a0 describe nutations of the spin [38].

The torque associated with the wao,y,c,/, * components instead
acts like a magnetic field that shifts the precession frequency.
The lowest-order components are plotted in Fig. 3 where it can
be seen that the torque components exhibit the same odd-even
effect as the charge current.

For voltages at which the Larmor and Josephson frequen-
cies are commensurate V" = —(m/n)wr/2e and n,m # 0,
Shapiro resonances may occur [see the inset of Fig. 4(a)].
These Shapiro currents give a contribution to the dc spin
current that has an in-plane polarization, that in turn adds
a dc contribution to the spin-transfer torque. In a first-order
approximation, the dc torque will tilt the spin away from the
Z axis so that it precesses around a new z direction. Treating
this effect self-consistently, we find that the Shapiro currents
may be able to reverse the spin’s direction. To investigate
the effects of the dc Shapiro torques, the corresponding total
torque components y; ;| and y; ,, , are plotted in Fig. 4 at
voltages eV = w1 /2 and wg /4, respectively.yy | /2 includes
the Shapiro contribution, which should hence be enhanced
compared to y; ; » in order to reduce the spin-reversal times.
The other torque components are close to zero and therefore
are not shown. As can be seen in Fig. 4(a), the Shapiro torques
strongly depend on the junction transparency. The Shapiro
torques also display an oscillatory behavior as a function of
wy, as shown in the left panel of Fig. 4(b). The right panel of
Fig. 4(b) shows that it is sufficient to choose small precession
angles for the spin. The existence of a dc current that is spin
polarized in the xy plane implies that the rotational symmetry
around the z axis is broken and that the magnitude of the
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FIG. 4. (Color online) (a) Components of the total torque eval-
uated at the Shapiro resonance voltages y; , (¢V = w;/2A) and
YiuaeV = wy /4A) as a function of Dy for a junction with vy = 0.
The Shapiro steps depend strongly on Dy and are finite only for high
transparencies. Inset: Total dc spin current as a function of bias voltage
for w, = 0.5A, ¥ = 7/8, and Ds = 0.95. The in-plane spin current
exhibits peaks due to Shapiro resonances at the resonant voltages
eV = wy/2n. (b) The torque components as functions of w;, (left
panel) and precession angle ¢ (right panels) showing that y;  , is
sensitive to the precession frequency and that y; 4 ;, is large even
for small precession angles. In all panels, ¢y = 0 and xo = 0.

Shapiro currents depends on the initial angle of nanomagnet’s
magnetization direction xo. This behavior is analogous to the
dependence on the initial phase difference ¢y, which also is
present in the transport characteristics of microwave-irradiated
Josephson junctions [41].

Realistic values of w; may be smaller than the ones shown
in Fig. 2, which were chosen for clarity. Consider an SQPC
consisting of Nb, whose superconducting gap is A ~ 1 meV,
that contains a nanomagnet which under FMR conditions
reaches precession frequencies of w; ~ 10 GHz, which is
well below the critical magnetic field H, of Nb [22]. Then,
typically w; /A = 0.01, and the temperature is restricted to
T < 100 mK. Increasing H closer to the critical-field value
decreases A and hence increases the ratio w;/A, which
allows for a better resolution of the subgap structures of j.
Alternatively, using the ac Josephson current to resonantly
excite the FMR mode of S(¢), w; values corresponding to an
effective magnetic field |H| > H, can be achieved [26-28].
Detection of the spin-polarized Shapiro currents would then
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be a measurement of the FMR frequency of the nanomagnet.
To estimate the effectiveness of the Shapiro resonances for
spin reversal, self-consistent calculations were performed in
which the spin dynamics were determined using the calculated
spin-transfer torques. A spin S ~ 507, a contact width of
~100 nm giving the number of conduction channels n; ~
600, and w; = 10 GHz give an estimated switching time of
~0.1 ns.

V. CONCLUSIONS

In conclusion, we have calculated the charge and spin cur-
rents through a voltage-biased superconducting point contact
coupled to the magnetization dynamics of a nanomagnet. We
have shown that coherent multiple Andreev reflection in the
presence of the Larmor dynamics leads to a subharmonic gap
structure of the dc charge and spin currents with features
at eV = (2A £ wy)/n, where n is an odd number due to
interference. In addition, resonance between the Josephson
and the Larmor frequencies leads to a rectification of the spin-
polarized supercurrent and the generation of spin-polarized
Shapiro steps, which is in contrast to the current through a weak
link coupled to a nanomagnet whose magnetization performs a
precessional motion. In that case, the resulting time-dependent
magnetic field produces Shapiro-type resonances that give
contributions to the charge current [46]. Estimates show that
the spin-polarized Shapiro steps, that depend sensitively on
the bias voltage, may lead to subnanosecond reversal of the
magnetization direction.
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APPENDIX A: DETAILS OF THE APPROACH

The transport properties are obtained using nonequilibrium
Green’s-function techniques through the Hamiltonian ap-
proach [13,45,47] in which the leads are described by Keldysh-
Green’s functions in the quasiclassical approximation [48-50].
The nanomagnet creates a spin-active interface that can be
treated as a strong impurity [51]. The resulting boundary
condition can be solved using a ¢-matrix equation expressed
in terms of the tunneling amplitudes and the quasiclassical
Green’s functions.

A quasiclassical Green’s function, or propagator, describes
quasiparticles at the Fermi surface with momentum pj
moving along classical trajectories with velocity vp(pg).
These Green’s functions can be written in the form

R(p.,R;e,t) 85X(pp.,R;et
eR(pr ) &Xpr ))’ Al

g R e,t) =
8(pr ) ( 0 §A(pF,R;8,t)

where “””” denotes a matrix in Keldysh space and the Green’s
functions gX-X4 are the retarded (R), Keldysh (K), and
advanced (A) Green’s functions in Nambu space, that is
denoted by “".” The Green’s functions obey the Eilenberger
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equation [50],

ihvp - V3 + ety —H,3), =0, (A2)

that is complemented by the normalization condition g o ¢ =
—721. The symbol “o” denotes matrix multiplication and
convolution over common time arguments.

A first step in calculating the transport properties of the
junction is to solve Eq. (A2) separately in each lead under the
assumption that the tunneling is switched off. In equilibrium,
the solutions are given by the Green’s functions

884 = tgR A (e) + 11 R (eia,

and
e =[ale - gl@luh (). (A3
o o o 2T
where
ghAe) = —me/ QR fRAe) = —m A/ QA
and
QRA = \/IA]2 — (e £i0)2. (A4)

The effects of ¢(t) are accounted for by a transforma-
tion Z/Ala = expligpy(t)T3/2] of the lead Green’s functions.
The voltage-biased lead Green’s functions g,(¢,t") are then
expressed in terms of the equilibrium ones g,(t —1t') =
[(de/2m)e™ 0= g, (e) as Z(t,1) = ULDZult — 1o (1)

Next, the quasiclassical trajectories in the left and right
leads are connected via the coupling described by the tunnel
Hamiltonian Eq. (2). Within the quasiclassical approximation,
the hopping amplitudes are replaced by their Fermi-surface
counterparts, which here means that V, and Vy are replaced
by vo = 7 NgVy and vy = m NpSVs, where N is the normal
density of states at the Fermi energy. The resulting hopping
matrix in Nambu space is then

oy = ("0 " (A5)
N 0 Vo — vsoyles(t) - ooy ’

where eg is the unit vector that describes the precessional
motion of spin S defined in Sec. II. The coupling between the
left and the right leads is captured by the so-called 7-matrix
equation that describes a perturbation to the hopping element
and is given by

fy(t,1) = To(t,1)
+ / d, / ATt )8t (), (A6)

where f‘L/R(t,t’) = 0(t)gryL(t,t)0(¢'). The time dependence
of the superconducting phase of the Green’s functions is
transferred to the hopping elements by the traqsforma—
tion U, (1) according to Dy g/rr(t) = UpL/r(ODOU,, () =
expl[£ip(?)T3/2]0(¢). The t matrices can be shown to depend
on energies containing multiples of frequencies w; and w;.
Explicitly, the ¢ matrices have a time dependence of the form

fa(t,") =) expl—i(ngo + mxo)

+i(nw; +mop )t it — ), (A7)
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where the components are given by

. d -
L1 = f & e (e (A%)

)]
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™ = [{(e")] and g™ = g(¢") and Fourier transforming the
t-matrix equation, one obtains the algebraic equation,

¥m 5 m,l ¥l m,l VI m,l v]
ands’”=£+nw1+me, _FZn—i_Z Anntn—l_Bnn-H n+1+Bnn ln 1} (A9)
From now on, we drop the index o and show how to !
calculate the r matrices on the left side of the junction. Defining where the retarded components are given by
|
[fR]m _ Z ( =iyl [gR]J_(]/z)(sn 0 e—i¢0pm—jia (yj)T fR]{/z(sn 1 (A10)
n - eiwo(vm*j)Tigyvj[fR]i(l/z)Sn,_l —(v" j)T(UJ)T[g 1 nO
AR 22: IR le kT, i Tlio [gRY) L H1fR, AlD
" j==2 (Um j)T(V] Z)Tlay[gR]11+1/2[fR]£1 (Vm_'])T(V]_I)T[gR]J_H/z[gR]
HRym,l 2 i m—jn\g: j—lr pRYJ 0 0
BRI = D 0" Do 51 "] R i ) (A12)
j=— n+1 n+140y
and
; io /"1, —l&"T,_
[B*17, I—Ze wym=iio, (i[RI ,/2< ! 0 : 0 . (A13)
=

Here, we have defined v° = vy + vso, cos ¥, vE!
matrices are similarly defined. Collecting the terms as

%o, £ioy]sin ¥, and v =0 if |j| >

2. The advanced and Keldysh

W Arlf;g 0 ért:rllil érz,’gil 0
Apn =AY AN AV | Bupmr = ét(l):rltil él?’gil ér(t),’;ill .
0 A.° A:l}’l ! 0 Bn et Bn,rllill (Ald)
Iy r,
=20 T,=]T1°]
il It
the #-matrix equation becomes
fn = T80 +T08n0 + T-180—1 + Bunsrfns1 + Apntn + Bup—1fn—1. (A15)
A recursive solution to Eq. (A15) can be found by defining the auxiliary matrices,
Xpni1 =1 = Auyw — Buni1 Xus1 42l Buwoy forn <N,
Xyni1 =0 forn> N, (A16)
Xyno1 = —A_,_y — By _y1X_yot1—n2l "By 1 for —n > —N,
X 4 w1=0 for —n <—N,
which results in the initial condition,
[1— Ay — Bi2X33] —Bi 0 f I
—By.1 [1— Agpol —Bo 1 o | =] To (A17)
0 —B_1o [1—A_ 1 —B_1 12X 3]1) \i |

The t matrices can then be obtained recursively from the
auxiliary matrices according to

fn = Xn,n-&-lt_n—la (A18)

t_fn = X*ﬂ,fnflffﬂﬁ’l' (A19)

01451

(

These ¢ matrices are then used to calculate the perturbed
lead Green’s functions and subsequently the charge and spin
currents through the junction.

The calculation of the currents starts by noting that the lead
Green’s functions can be divided into two categories depending
on if the quasiparticles they describe have trajectories leading
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towards or away from the interface. These Green’s functions
are called incoming and outgoing propagators ¢’ and g°,
respectively, and are given by [52]

80t = a(t,1)) + (3 T im]) 0 dy 0 (80 Fim DI,
(A20)
The charge and spin currents can then be calculated as the
difference between these propagators according to

[ de . gi< _
jt = / %Tr{/c“[ (e.t) — 8~ (e.n)]}, (A21)

where we have defined #° = ef3 for the charge current and
&' = diag(o;,0,0;0,)/2 for a spin current with a polarization
in the i = x,y,z direction. With the help of Eq. (A20), the
currents can then be obtained as

d 9
b= / ZETr{/?"[ta,g’a];}, (A22)

which, with the help of Eqgs. (A7) and (A8), can be written as

Jim =" expl—i(ngy + mxo) — i(nw; +mo )t (L),
’ (A23)
where

Gy = [ el e ate) -

are the current components of Eq. (3).

g(e)i(en)]™) (a2

APPENDIX B: TUNNEL-LIMIT EXPRESSIONS

In the tunnel limit vy,vy < 1, analytical expressions for
the charge and spin currents can be obtained. Defining
8VE =[eV —2A £ wr]/2A, the height of the charge current
steps at 8V* « 1 generated by the spin precession can be
approximated in the tunnel limit by

S~ @(avi)eszf sin’(N)I([eV + w.]/2A0),  (BI)

where is the Heaviside step function, [I(a)=
[2aE(,/1 —1/a%?) — K(/1 —1/a?)/a], and K and E are the
complete elliptic integrals of the first and second kinds, respec-
tively. In the limit w;, < 2A, one obtains I([eV £+ w ]/2A) =
1+ %8 V*], and the heights of the charge current steps at
V = (2A £ wy)/e are thus ocvs2 sin? 9.

The spin background current can be divided into a spin-
filter current and a spin-pump current j = jije, + Jpump 0
the tunnel limit. The spin-filter current is given by j., =
e.(A/2n)(Dy —D))I(eV/2A) for eV > 2A and reproduces
the results of Ref. [17]. The spin-pump current can correspond-
ingly be approximated by jp,m, + ~ *e.j{/2e. For eV >
2A + wp and wy K A, the total spin-pump current is given
by jgump =e.,(3 /4)vf sin?(9)w,, and is hence proportional to
wy, and does not depend on the bias voltage.

The dc spin-transfer torque components, can, in the tunnel
limit, be expressed as

A v§ eV +wr eV —wp
~-——SRe|II| ——— )| - 1T ———=) |,
YO T e[ 0( 2A o\ T2a

(B2)
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and

A 2 v
yHON_v_cos(ﬁ)Im[ (e +wL)
21 wr,

e -
I (@)= 2({z|a|[( ) <|a|)} |a|K(ﬁ)}

S )

— sgn(a){2|a|E<
lal

|al
(B4)
The first-harmonics terms are given by vy =

)/Z/H’l cos(wyt) + y‘LY/qu sin(wy;t) where the components
of the dampinglike torque are given by

A eV +owr eV —wp
c N — R I‘L’ - = _IT - = ,
YL — Vg [ 1 ( A ) 1 ( A >:|

(BS)
P A eV +op eV
Yia & JT_a)LvOUS cos(ﬁ)Im[If(T) —2I7 <ﬂ>
eV —wp
I ——)| B6
i ( 24 )] ®9)
where I (a) = —2i K(|a]). The components of the fieldlike
torque are
c A T eV + o . eV
el (55) ()
eV —wp
I\——)| B7
(%57 ®
P A eV +wp eV —wrp
T e, “S”°Re[’f < 2A ) - (T)]
(B8)

APPENDIX C: THE SPIN POLARIZATION OF THE
SHAPIRO CURRENT

The spin polarization of the Shapiro current is a direct
consequence of the symmetries of the properties of the ¢
matrices calculated using Eq. (A15). The spin raising/spin
lowering #"=*! matrices can be shown to contain # matrices
of the form 7"=+1X = ym=+1.Xdjag{oc*! — 5,0*'0,}, where
o*! =[o, +i0,]/2 and X stands for one of the retarded
(R), advanced (A), or Keldysh (K) Nambu matrices. Then,
one immediately obtains the result that the Shapiro current
is spin polarized in the xy plane and hence can be written
in the form jéhapim = metl e‘i(”‘/’O’LmXO)(ji)ZlcS(V -V,
wherei = x,y,z. Defining (j1),8(V — V,) = 3, _,[()" +
(ji)’fn]S(V — V"), where V,, = *w; /2en, one can write the
nth component as (J ghapiro)n = RY(j),R8(V —V,), where
n > 1 and the transformation R = exp[%(—n(po + Xo)fl -0
rotates the vector (j), around the direction of the external
magnetic field H through an angle —ngy + sgn(V,,) xo.

014516-7
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The physical explanation for the existence of the spin-
polarized Shapiro steps is the following. Consider a phase-
biased SQPC coupled to a precessing spin and with a bias
voltage eV = 0. As was shown in Refs. [31,32], the resulting
quasiparticle scattering leads to induced superconducting spin-
triplet correlations in the leads close to the tunnel interface.
In general, spin-triplet correlations may be characterized by a
complex d vector that is given by A =d - oio, and points
along the direction of zero-spin projection of the Cooper
pairs. If one similarly defines d, vectors for the induced
spin-triplet correlations in lead « of the phase-biased SQPC,
one finds that the d, vectors have a time dependence similar
to that of the r matrices described above, viz. d,(t,V =
0) =di +dle ' 4 d ;' e, where d° describes a time
independent z component and di[l are complex vectors in

PHYSICAL REVIEW B 90, 014516 (2014)

the xy plane [32]. These spin-triplet correlations are able
to support a spin-triplet supercurrent that is correspondingly
given by j (t,V =0) = ji + jleiort 4 jleiort where
Ji is a z component and jfl contains xy components.
Replacement of the phase bias with a voltage bias that is
on-resonance leads to a rectification of the higher harmonics of
the time-dependent current. Since the higher harmonics in this
case are nothing but jflejFi‘“L’ , the Shapiro steps are xy spin
polarized. The existence of a dc current that is spin polarized
in the xy plane implies that the rotational symmetry around
the z axis is broken and that the magnitude of the Shapiro
currents depends on the initial angle of the nanomagnet’s mag-
netization direction x( analogous to the ¢y dependence of the
Shapiro steps displayed by microwave-irradiated Josephson
junctions [41,53,54].
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