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Spin transport and tunable Gilbert damping in a single-molecule magnet junction
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We study time-dependent electronic and spin transport through an electronic level connected to two leads
and coupled with a single-molecule magnet via exchange interaction. The molecular spin is treated as a

classical variable and precesses around an external magnetic field. We derive expressions for charge and spin
currents by means of the Keldysh nonequilibrium Green’s functions technique in linear order with respect to
the time-dependent magnetic field created by this precession. The coupling between the electronic spins and
the magnetization dynamics of the molecule creates inelastic tunneling processes which contribute to the spin

currents. The inelastic spin currents, in turn, generate a spin-transfer torque acting on the molecular spin. This
back-action includes a contribution to the Gilbert damping and a modification of the precession frequency. The
Gilbert damping coefficient can be controlled by the bias and gate voltages or via the external magnetic field and

has a nonmonotonic dependence on the tunneling rates.
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I. INTRODUCTION

Single-molecule magnets (SMMs) are quantum magnets,
i.e., mesoscopic quantum objects with a permanent mag-
netization. They are typically formed by paramagnetic ions
stabilized by surrounding organic ligands.! SMMs show both
classical properties such as magnetization hysteresis®> and
quantum properties such as spin tunneling,® coherence,* and
quantum phase interference.>> They have recently been in the
center of interest>®’ in view of their possible applications as
information storage® and processing devices.’

Currently, a goal in the field of nanophysics is to control
and manipulate individual quantum systems, in particular,
individual spins.'®!! Some theoretical works have investigated
electronic transport through a molecular magnet contacted to
leads.'>”! In this case, the transport properties are modified
due to the exchange interaction between the itinerant electrons
and the SMM,?° making it possible to read out the spin state
of the molecule using transport currents. Conversely, the spin
dynamics and hence the state of an SMM can also be controlled
by transport currents. Efficient control of the molecule’s spin
state can be achieved by coupling to ferromagnetic contacts as
well.!

Experiments have addressed the electronic transport prop-
erties through magnetic molecules such as Mn,, and Feg,?*??
which have been intensively studied as they are promising
candidates for memory devices.’* Various phenomena such
as large conductance gaps,”® switching behavior,® negative
differential conductance, dependence of the transport on
magnetic fields and Coulomb blockades have been experimen-
tally observed.?>?327-28 Experimental techniques, including,
for instance, scanning tunneling microscopy (STM),?>23:29-3!
break junctions,’ and three-terminal devices,”?*?’ have
been employed to measure electronic transport through an
SMM. Scanning tunneling spectroscopy and STM experiments
show that quantum properties of SMMs are preserved when
deposited on substrates.?’ The Kondo effect in SMMs with
magnetic anisotropy has been investigated both theoretically'*
and experimentally.’3* It has been suggested® and experi-
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mentally verified®® that a spin-polarized tip can be used to
control the magnetic state of a single Mn atom.

In some limits, the large spin S of an SMM can be treated as
a classical magnetic moment. In that case, the spin dynamics
is described by the Landau-Lifshitz-Gilbert (LLG) equation
that incorporates effects of external magnetic fields as well as
torques originating from damping phenomena.?”-*® In tunnel
junctions with magnetic particles, LLG equations have been
derived using perturbative couplings®**’ and the nonequi-
librium Born-Oppenheimer approximation.'® Current-induced
magnetization switching is driven by a generated spin-transfer
torque (STT)*!~** as a back-action effect of the electronic spin
transport on the magnetic particle.'®**7 A spin-polarized
STM (Ref. 36) has been used to experimentally study STTs
in relation to a molecular magnetization.*® This experimental
achievement opens new possibilities for data storage technol-
ogy and applications using current-induced STTs.

The goal of this paper is to study the interplay between
electronic spin currents and the spin dynamics of an SMM.
We focus on the spin-transport properties of a tunnel junction
through which transport occurs via a single electronic energy
level in the presence of an SMM. The electronic level may
belong to a neighboring quantum dot (QD) or it may be an
orbital related to the SMM itself. The electronic level and the
molecular spin are coupled via exchange interaction, allowing
for interaction between the spins of the itinerant electrons
tunneling through the electronic level and the spin dynamics
of the SMM. We use a semiclassical approach in which the
magnetization of the SMM is treated as a classical spin whose
dynamics is controlled by an external magnetic field, while
for the electronic spin and charge transport we use instead
a quantum description. The magnetic field is assumed to be
constant, leading to a precessional motion of the spin around
the magnetic field axis. The electronic level is subjected
both to the effects of the molecular spin and the external
magnetic field, generating a Zeeman split of the level. The spin
precession makes additional channels available for transport,
which leads to the possibility of precession-assisted inelastic
tunneling. During a tunnel event, spin-angular momentum
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may be transferred between the inelastic spin currents and
the molecular spin, leading to an STT that may be used to
manipulate the spin of the SMM. This torque includes the
so-called Gilbert damping, which is a phenomenologically
introduced damping term of the LLG equation,*® and a term
corresponding to a modification of the precession frequency.
We show that the STT and hence the SMM’s spin dynamics
can be controlled by the external magnetic field, the bias
voltage across the junction, and the gate voltage acting on
the electronic level.

The paper is organized as follows: We introduce our
model and formalism based on the Keldysh nonequilibrium
Green’s functions technique**=! in Sec. II, where we derive
expressions for the charge and spin currents in linear order
with respect to a time-dependent magnetic field and analyze
the spin-transport properties at zero temperature. In Sec. III
we replace the general magnetic field of Sec. II by an SMM
whose spin precesses in an external constant magnetic field,
calculate the STT components related to the Gilbert damping,
and the modification of the precession frequency, and analyze
the effects of the external magnetic field as well as the bias and
gate voltages on the spin dynamics. Conclusions are given in
Sec. IV.

II. CURRENT RESPONSE TO A TIME-DEPENDENT
MAGNETIC FIELD

A. Model and formalism

For the sake of clarity, we start by considering a junction
consisting of a noninteracting single-level QD coupled with
two normal, metallic leads in the presence of an external,
time-dependent magnetic field (see Fig. 1). The leads are
assumed to be noninteracting and unaffected by the external
field. The total Hamiltonian describing the junction is given
by H(t) = Hp g + Hr + Hp(t). The Hamiltonian of the free
electrons in the leads reads Hy z = D koEc(L.R) Ekggélgsékgg,
where & denotes the left (L) or right (R) lead, whereas the
tunnel coupling between the QD and the leads can be written
as Hy = Zk,a,&eL,R[ka’SéltaEd(f + Vk’zsdiékgg]. The tunnel
matrix element is given by V.¢. The operators é,Tm E(ékgg) and

d i (ﬁa) are the creation (annihilation) operators of the electrons
in the leads and the QD, respectively. The subscript o =1, |
denotes the spin-up or spin-down state of the electrons. The
electronic level €y of the QD is influenced by an external
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FIG. 1. (Color online) A quantum dot with a single electronic
level €y coupled to two metallic leads with chemical potentials 1,
and pg in the presence of an external time-dependent magnetic field
E(t). The spin-transport properties of the junction are determined
by the bias voltage eV = p; — g, the position of the level €y, the
tunnel rates I';, and I'g, and the magnetic field.

eV
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magnetic field B _()t) consisting of a constant part B¢ and a time-
dependent part B’(¢). The Hamiltonian of the QD describing
the interaction between the electronic spin 5 and the magnetic
field is then given by Hp(1) = H 5+ H'(1), where the constant
and time-dependent parts are HE = Za eoﬁiﬁg + gMB§I§"
and H'(t) = g B?E/(t). The proportionality factor g is the
gyromagnetic ratio of the electron and pp is the Bohr
magneton.

The average charge and spin currents from the left lead to
the electronic level are given by

= g ([A.8.,)). (1)

d .
ILv(t) =q1)<_NL\)> h

dt
where NLU = Z,m,m 6,J£GL(6U)M/6,“,,L is the charge and spin
occupation number operator of the left contact. The index v =
0 corresponds to the charge current, while v = x,y,z indicates
the different components of the spin-polarized current. The
current coefficients g, are then go = —e and g,20 =%/2. In
addition, it is useful to def}ne the vector 6, = ( i ,3), where 1 is
the identity operator and o consists of the Pauli operators with
matrix elements (3)00/- Using the Keldysh nonequilibrium

Green’s functions technique, the currents can then be obtained
50,51
as™”

2,
I(1) = — Z

Re / dt'Tr{6,[G"(t,thE[ (1)
+G=(t.H24 (' 0]}, 2

where G% =< are the retarded, advanced, and lesser Green’s
functions of the electrons in the QD with the matrix elements
Gr\(t.1') = Fib(xt F 1) {({d, (1).d}, (1)) and GZ,.(t.1) =
i(c?i/(t/)cic,(t)), while ¢ =(t,t) are self-energies from the cou-
pling between the QD and the left lead. Their matrix elements
are givenby [Z7~(t,t)oe = Y 4 Vior&r ~(t,1)V;:,, . The
Green’s functions g,i’f‘(t,t’) are the retarded, advanced, and
lesser Green’s functions of the free electrons in the left lead.
The retarded Green’s functions Gg of the electrons in the QD,
in the presence of the constant magnetic field Be, are found
using the equation of motion technique,”® while the lesser
Green’s functions Gg are obtained from the Keldysh equation
G(f = Ggfl<ég, where multiplication implies internal time
integrations.’! The time-dependent part of the magnetic field
can be expressed as é’(t) = Zw(éwe_iw' + éj)ei“”), where
I§w is a complex amplitude. This magnetic field acts as a
time-dependent perturbation that can be expressed as H'(r) =
> (Hye ™ + Hiel®), where H, is an operator in the
electronic spin space and its matrix representation in the basis
of eigenstates of §, is given by

O — EMUB <sz

By — i Buy
2 . . 3)
2 Bux + i By

_sz

Applying Dyson’s expansion, analytic continuation rules, and
the Keldysh equation,”' one obtains a first-order approxima-
tion of the Green’s functions describing the electrons in the
QD that can be written as

G ~G
. 4
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The expression for the currents in this linear approximation is
given by

Re Tr{6, [Ggif + G5

+GyH'GYEr + GLH' GG 38 + Gs H'Gi3¢ ).
Equation (5) is then Fourier transformed in the wide-band
limit, in which the level width function, I'(¢) = —2 Im{ X" (¢)},
is constant, Re{X"(¢)} =0, and one can hence write the
retarded self-energy originating from the dot-lead coupling
as X"%(e) = Fil'/2. From this transformation, one obtains

() =15 +Z[1Lu(w)e*'“"+Izu<w)e’w’] 6)

&)

Using units in which /2 = 1, the dc part of the currents! I; de { and

the time-independent complex components I, ,(w) are glven
by

deT,T
1% =g, [ SR f60) — fr@] Trim{6,6l0)} (7)
and
de T, T
I(@) = —ig, 2—6 L R{[fL(G)—fR(G)]
T

X Tr{&v[ég(e — w)H,G(€)
+2i Im| AB(e)}I:IwGS(é + )]}

+ Z fe(e)]

ELR

fL(€ + w) —

x Tr[6,G () H, G(e + w)] } 8)
In the above expressions, f:(€) = [et€He)/keT 1 1171 s the
Fermi distribution of the electrons in lead &, where kg is the
Boltzmann constant. The retarded Green’s function G(,(e) is
given by Gii(e) = [e — €y — ' (€) — (1/2)gupo BE]~1.16
The linear response of the spin current with respect to the
applied time-dependent magnetic field can be expressed in
terms of complex spin-current susceptibilities defined as

aILv(w)
9B,;
The complex components I;,(w) are conversely given
by Ip(w)=); quj(a))Ba,_,-. By taking into account that

aﬁw/an, = (1/2)gupé; and using Eq. (8), the current
susceptibilities can be written as

() = ©)

, J=X,¥,2.

_ 81z de I' Ty
h 47 T

Xyj(@) = {[fL(E) — fr()]

x Tr{6,[Gi(e — 0)6;Gy(e)

+2i Im{Gi(e)}6,G(e + )]}

r
+y F—i[fs(e +w) = fule)]
§

X Tr[&vég(e)&j Gg(e + a))] } (10)
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The components obey XUL]. (—w) = XULJ-* (). In other words, they
satisfy the Kramers-Kronig relations>® that can be written in a

compact form as

1= 1)
XVL)‘((J)):EP/; ;(J_—wd&

with P denoting the principal value.

For any i, j,k = x,y,z such that j # k and j,k # i, where
i indicates the direction of the constant part of the magnetic
field B¢ = B¢, the complex current susceptibilities satisfy
the relations

an

Xji(@) = X (@) 12)

and  x (@) = —x; (), (13)
in addition to Eq. (11). The other nonzero components are
Xo; L(w) and Xii L(w). In the absence of a constant magnetlc field,
the only nonvanishing components obey x = (w) = ny(a))
Xz (@).

Finally, the average value of the electronic spin in
the QD reads 5(t) = (s(t)) = (1/2)>", ./ 050 dT ()dy (1)) =
—(i/2)Y, . 000'G 5, (2,1) and the complex spin susceptibili-
ties are defined as

as; (a))

9B, (14)

X (@) =
They represent the linear responses of the electronic spin
components to the applied time-dependent magnetic field and
satisfy the relations similar to Egs. (11)—(13) given above.

B. Analysis of the spin and current responses

We start by analyzing the transport properties of the junction
at zero temperature in response to the external time-dependent
magngtic field B(z). The constant component of the magnetic
field B¢ generates a Zeeman split of the QD level €y, resulting
in the levels €4 |, where €4 | = €y &= gup B/2 in this section.
The time-dependent periodic component of the magnetic field
l}/(t) then creates additional states, i.e., sidebands, at energies
€ £ w and €, £ w (see Fig. 2). These Zeeman levels and
sidebands contribute to the elastic transport properties of the
junction when their energies lie inside the bias-voltage window
of eV = up — wg.

However, energy levels outside the bias-voltage window
may also contribute to the electronic transport due to inelastic
tunnel processes generated by the time-dependent magnetic
field. In these inelastic processes, an electron transmitted from
the left lead to the QD can change its energy by w and
either tunnel back to the left lead or out into the right lead.
If this perturbation is small, as is assumed in this paper where
we consider first-order corrections, the transport properties
are still dominated by the elastic, energy-conserving tunnel
processes that are associated with the Zeeman levels.

The energy levels of the QD determine transport properties
such as the spin-current susceptibilities and the spin suscep-
tibilities, which are shown in Fig. 3. The imaginary and real
parts of the susceptibilities are plotted as functions of the
frequency w in Figs. 3(a) and 3(c). In this case, the position of
the unperturbed level ¢, is symmetric with respect to the Fermi
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FIG. 2. (Color online) Sketch of the electronic energy levels of
the QD in the presence of a time-dependent magnetic field. In a static
magnetic field, the electronic level ¢, (solid black line) splits into the
Zeeman levels €; | (solid red and blue lines). If the magnetic field in
addition to the static component also includes a time-dependent part
with a characteristic frequency w, additional levels appear at energies
€4 =  (dotted red lines) and €, & w (dotted blue lines). Hence, there
are six channels available for transport.

surfaces of the leads and a peak or step in the spin-current and
spin susceptibilities appears at a value of w, for which an
energy level is aligned with one of the lead Fermi surfaces.
In Figs. 3(b) and 3(d), the susceptibilities are instead plotted
as functions of the bias voltage, eV. Here, each peak or step
in the susceptibilities corresponds to a change in the number
of available transport channels. The bias voltage is applied in
such a way that the energy of the Fermi surface of the right
lead is fixed at ug = 0 while the energy of the left lead’s Fermi
surface is varied according to i, = eV.
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FIG. 4. (Color online) (a) Resonant tunneling in the presence of
an SMM and an external, constant magnetic field. The electronic
level of Fig. 1 is now coupled with the spin of an SMM via exchange
interaction with the coupling constant J. The dynamics of the SMM’s
spin S is controlled by the external magnetic field B¢ that also affects
the electronic level. (b) Precessional motion of the SMM’s spin in a
constant magnetic field B¢ applied along the z axis.

III. SPIN-TRANSFER TORQUE AND MOLECULAR
SPIN DYNAMICS

A. Model with a precessing molecular spin

Now we apply the formalism of the previous section to the
case of resonant tunneling through a QD in the presence of a
constant external magnetic field and an SMM [see Fig. 4(a)].
An SMM with a spin S livesina (25 + 1)-dimensional Hilbert
space. We assume that the spin S of the SMM is large and
neglecting the quantum fluctuations, one can treat it as a
classical vector whose end point moves on a sphere of radius
S. In the presence of a constant magnetic field B¢ = B¢e.,
the molecular spin precesses around the field axis according
to S(t) = S| cos(wpt)éx + S1 sin(w,t)ey + S.e., where S| is
the projection of S onto the xy plane, w; = gupgB€ is the
Larmor precession frequency, and S, is the projection of the
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FIG. 3. (Color online) (a) Frequency and (b) bias-voltage dependence of the spin-current susceptibilities. (c) Frequency and (d) bias-voltage
dependence of the spin susceptibilities. In (a) and (c), the chemical potential of the left lead is 1, = 2€p, while in (b) and (d) the frequency
is set to w = 0.16¢. All plots are obtained at zero temperature with B¢ = B“¢,, and the other parameters set to ug = 0, €, = 1.48¢), €, =

0.52¢p, I' = 0.02¢p, and I';, = I'r = 0.01¢.
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spin on the z axis [see Fig. 4(b)]. The spins of the electrons
in the electronic level are coupled to the spin of the SMM via
the exchange interaction J. The contribution of the external
magnetic field and the precessional motion of the SMM’s spin
create an effective time-dependent magnetic field acting on the
electronic level.

The Hamiltonian of the system is now given by H(@) =
HL R+ HT + HD(t) + HS, where the Hamiltonians HL R and
HT are the same as in Sec. II. The Hamiltonian HS = gUB SBC
represents the interaction of the molecular spin S with the
magnetic field B¢ and consequently does not affect the elec-
tronic transport through the junction but instead contributes
to the spin dynamics of the SMM. The Hamiltonian of the
QD in this case is given by Hp(r) = I—?C + H'(1). Here, HS, =
s eodT d, +gn BsB & 1s the Hamiltonian of the electrons in
the QD in the presence of the constant part of the effective
magnetic field, given by B‘ =[B+ —S .1é.. The second

term of the QD Hamiltonian, A ) =gn BsB (), represents
the interaction between the electronic spins of the QD, s,
and the trme dependent part of the effective magnetic field,
given by B () = gﬁ [cos(wrt)e, + srn(a)Lt)ey] The time-
dependent effective magnetic field can be rewritten as Beff(t) =
EwLe’i“’L’ + E:;Le"“’”, where I§wL consists of the complex
amplitudes B, = JS,/2gp, Bu,y =1JS1/2gup, and
B,,; = 0. The time-dependent perturbation can then be ex-
pressed as H'(t) = H,, e "' + I:ILZLei“’L’, where A, is an
operator that can be written, using Eq. (3) and the above
expressions for By, ;, as

. JS.L (0 1
A, =% . 15
L= (0 O) (15)

The time-dependent part of the effective magnetic field cre-
ates inelastic tunnel processes that contribute to the currents.
The in-plane components of the inelastic spin current fulfill

_lILv(wL)

JS .
= Sein =[xk (@0) + ixk (@), (16)
SMUB

I (o) =

where B¢ is replaced by ngf. The z component vanishes to

lowest order in H'(t).>* Therefore, the inelastic spin current

has a polarization that precesses in the xy plane. The inelastic
spin-current components, in turn, exert an STT (Refs. 41-44)
on the molecular spin given by

T(1) = L) + (1), (17)
thus contributing to the dynamics of the molecular spin through
S(1) = gupBS x S(t) + T(1). (18)

Using expressions (6), (8), and (15), the torque og Eq. (17)
can be calculated in terms of the Green’s functions Gj(€) and
Gg(e) as

JS d I'sT"
o= [ 5 GZ L fule + 1) — fi(©)]

Im{(az)MG TT(G)G ¢¢(5+wL)e_lwlt} (19)
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with A = L, R. Here (6;),4, G(’)M(e), and Gg’u(e) are matrix
elements of &, Gg(e) and Gg(e) with respect to the basis of
eigenstates of §,. This STT can be rewritten in terms of the
SMM’s spin vector as

T(t) = %‘§(r) x S(t) + BS() + ¥ S(0). (20)

The first term in this back-action gives a contribution to
the Gilbert damping, characterized by the Gilbert damping
coefficient «. The second term acts as an effective constant
magnetic field and changes the precession frequency of the
spin S with the corresponding coefficient 8. The third term
cancels the z component of the Gilbert damping term, thus
restricting the STT to the xy plane. The coefficient of the third
term y is related to o by y/a = w;S? /SS,. Expressing the
coefficients o and B in terms of the current susceptibilities
Xfx(a)L) and Xfy(wL) results in

JS.
= Gigors 2o (Rl o0) = tmlxi o). e
p= 1459:1%8 Xg: [Im{XXX(wL)} + Re{XX)'(wL)}]' (22)

By inserting the explicit expressions for Gy ,,(¢) and
G,y (€ + wp), one obtains

o= ﬁ d—; ;Fsrk[fs(é + L) — fi(e)]
o
g =
B = wj—r v ;Fgrx[fs(é +wr) = fi(e)]
(5)° + (€ — en)le — €, +wp) o

X

[(5)" + (e —en?][(5) + (e — € + )]
where €y | =€) £ gupBy/2 = €p £ (wr + JS;)/2 are the
energies of the Zeeman levels in this section. In the small
precession frequency regime, w; < kgT, y — 0 and in the
limit of §;/S — 1 the expression for the coefficient « is in
agreement with Ref. 16.

B. Analysis of the spin-transfer torque

In the case of resonant tunneling in the presence of a
molecular spin precessing in a constant external magnetic
field, one also needs to take the exchange of spin-angular
momentum between the molecular spin and the electronic
spins into account in addition to the effects of the external
magnetic field. Due to the precessional motion of the
molecular spin, an electron in the QD absorbing (emitting)
an energy wy, also undergoes a spin flip from spin up (down)
to spin down (up), as indicated by the arrows in Fig. 5.
As a result, the levels at energies €4 | F w; are forbidden
and hence do not contribute to the transport processes.
Consequently, there are only four transport channels, which
are located at energies €4 | & w;. Also in this case, there
are elastic and inelastic tunnel processes. Some of the
possible inelastic tunnel processes are shown in Fig. 6.
These restrictions on the inelastic tunnel processes are also
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FIG. 5. (Color online) Sketch of the electronic energy levels of the
QD in the presence of a molecular spin precessing with the frequency
o, around an external, constant magnetic field. The corresponding
Zeeman levels are €, . The precessional motion of the molecular spin
results in absorption (emission) of energy corresponding to a spin flip
from spin up (down) to spin down (up). Hence, there are only four
channels available for transport.

visible in Fig. 3(b), which identically corresponds to the
case of the presence of a precessing molecular spin with
wr =0.16¢p and JS, = 0.8¢p. Namely, from Eq. (16),

which is equivalent to Re{l;,(wp)} =Im{l;(0.)} =
s [Refxf (@) = Im{xf (@)}l and  Im{l1.(wp)} =
—Re{lpy(w1)} = 5= [m{x/} (@)} + Ref )y (@)}],  and

from the symmetries of the susceptibilities displayed in
Fig. 3(b), it follows that there are no spin currents at
eV =c¢ 1+, FwL.

As was mentioned, the spin currents generate an STT acting
on the molecular spin. A necessary condition for the existence
of an STT, and hence finite values of the coefficients « and 8 in
Egs. (23) and (24), is that IL(t) * IR(t) [see Eq. (17)]. This
condition is met by the spin currents generated, e.g., by the
inelastic tunnel processes shown in Figs. 6(b) and 6(c). These
tunnel processes occur when an electron can tunnel into the
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FIG. 6. (Color online) Sketch of the inelastic spin-tunneling
processes in the QD in the presence of the precessing molecular
spin in the field B = B¢é. for different positions of the energy levels
with respect to the chemical potentials of the leads, u, and pg.
Only transitions between levels with the same color (blue or red) are
allowed. Different colored curved arrows (magenta, brown, or green)
represent different processes.
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QD, undergo a spin flip, and then tunnel off the QD into either
lead. From these tunnel processes it is implied that the Gilbert
damping coefficient « and the coefficient 8 can be controlled
by the applied bias or gate voltage as well as by the external
magnetic field. If a pair of QD energy levels, coupled via
spin-flip processes, lie W1th1n the blas -voltage window, the spin
currents instead fulfill IL(t) =1 R(t) leading to a vanishing
STT [see Fig. 6(d)]. In Figs. 6(e) and 6(f) the position of the
energy levels of the QD are symmetric with respect to the
Fermi levels of the leads, w; and pug. When the QD level
with energy €4 + w; is aligned with f;, this simultaneously
corresponds to the energy level €, — w; being aligned with
wr [see Fig. 6(f)]. As a result, a spin-down electron can now
tunnel from the left lead into the level 4 + w;, while a spin-up
electron in the level €, — w;, can tunnel into the right lead.
These additional processes enhance the STT compared to that
of the case 6(e).

The two spin-torque coefficients o and 8 exhibit a non-
monotonic dependence on the tunneling rates I', as can be
seen in Figs. 7-9. For ' — 0, it is obvious that o, — 0. In
the weak coupling limit I' < wy,, the coefficients o and 8 are
finite if the Fermi surface energy of the lead &, ¢ fulfills either
of the conditions

€, — a)L Mg (25)

or € < g <€ to (26)

in such a way that each condition is satisfied by the Fermi
energy of maximum one lead. These conditions are relaxed for
larger tunnel couplings as a consequence of the broadening of
the QD energy levels, which is also responsible for the initial
enhancement of o and g with increasing I". Notice, however,
that o and B are eventually suppressed for I' >> w;, when the
QD energy levels are significantly broadened and overlap so
that spin-flip processes are equally probable in each direction
and there is no net effect on the molecular spin. Physically, this
suppression of the STT can be understood by noticing that for
I' > w; a current-carrying electron perceives the molecular
spin as almost static due to its slow precession compared to the
electronic tunneling rates and hence the exchange of angular
momenta is reduced. With increasing tunneling rates, the
coefficient 8 becomes negative before it drops to zero, causing

the torque ﬁS’ to oppose the rotational motion of the spin S.
In Fig. 7, the Gilbert damping coefficient « and the
coefficient g are plotted as functions of the applied bias voltage
at zero temperature. We analyze the case of the smallest value
of I' (red lines), assuming that w; > 0. For small eV, all
QD energy levels lie outside the bias-voltage window and
there is no spin transport [see Fig. 6(a)]. Hence o, — 0. At
eV = €, — wy the tunnel processes in Fig. 6(b) come into play,
leading to a finite STT and the coefficient o increases while
the coefficient 8 has a local minimum. In the voltage region
specified by Eq. (25) for ., the coefficient o approaches a
constant value while the coefficient § increases. By increasing
the bias voltage to eV = ¢ the tunnel processes in Fig. 6(c)
occur, leading to a decrease of « and a local maximum of S.
Fore, < eV < €4, the coefficients o, § — 0 [see Fig. 6(d)]. In
the voltage region specified by Eq. (26) for i, o approaches
the same constant value mentioned above while 8 decreases
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FIG. 7. (Color online) (a) Gilbert damping coefficient « and (b) coefficient 8 as functions of the applied bias voltage eV = p; — g,
with pp = 0, for different tunneling rates I" at zero temperature. Other parameters are I';, = 'y =I'/2, €, = 1.48¢¢, €, = 0.52¢;, S = 100,
J =0.01¢p, JS. = 0.8¢p, and wy = 0.16¢€y. In the case of the smallest value of I' (red lines), « approaches a constant value when p; lies
within the energy range specified by Egs. (25) and (26). The coefficient 8 has one local minimum and one local maximum for the same energy

range.

between a local maximum at eV = €; and a local minimum
at eV = €4 + w, which have the same values as previously
mentioned extrema. With further increase of eV, all QD
energy levels lie within the bias-voltage window and the STT
consequently vanishes.

Figure 8 shows the spin-torque coefficients o and B as
functions of the position of the electronic level 5. An STT
acting on the molecular spin occurs if the electronic level €
is positioned in such a way that the inequalities (25) and (26)
may be satisfied by some values of eV, €5, and wy. Again,
we analyze the case of the smallest value of I" (red curve).
For the particular choice of parameters in Fig. 8, there are four
regions in which the inequalities (25) and (26) are satisfied.
Within these regions, o approaches a constant value while g
has a local maximum as well as a local minimum. These local
extrema occur when one of the Fermi surfaces is aligned with
one of the energy levels of the QD. For other values of ¢, both
o and B vanish.

The coefficients « and B are plotted as functions of the
precession frequency w; in Fig. 9. Here, ¢y = eV /2 and
therefore the positions of the energy levels of the QD are
symmetric with respect to the Fermi levels of the leads, w [
and pg. Once more, we focus first on the case of the smallest
value of I' (indicated by the red curve). The energies of all

four levels of the QD depend on wy, i.e., B°. For wp >0,
when the magnitude of the external magnetic field is large
enough, the tunnel processes in Fig. 6(f) take place due to the
above-mentioned symmetries. These tunnel processes lead to
a finite STT, a maximum for the Gilbert damping coefficient
o, and a negative minimum value for the g coefficient. As w;,
increases, the inequalities of Egs. (25) and (26) are satisfied
and the tunnel processes shown in Fig. 6(e) may occur.
Hence, there is a contribution to the STT, but as is shown
in Eq. (23), the Gilbert damping decreases with increasing
precession frequency. At larger values of w;, resulting in
€4 = ur, the Gilbert damping coefficient drops to zero, while
the coefficient 8 has a maximum value. For even larger value
of wy, the conditions (25) and (26) are no longer fulfilled
and both coefficients vanish. It is energetically unfavorable
to flip the spin of an electron against the direction of the
effective constant magnetic field BS;. As a consequence, as
wy, increases, more energy is needed to flip the electronic
spin to the direction opposite that of the field. This causes
a to decrease with increasing ;. Additionally, the larger
the ratio w;/I", the less probable it is that spin-angular
momentum will be exchanged between the molecular spin
and the itinerant electrons. For w; = 0, the molecular spin is

static, i.e., S = 0. In this case T(t) =0. According to Eq. (23),

>[@)
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FIG. 8. (Color online) (a) Gilbert damping coefficient o and (b) coefficient 8 as functions of the position of the electronic level €, for
different tunneling rates I" at zero temperature. The applied bias voltage is eV = u; — g, with ug = 0. Other parametersare '}, = ' = I'/2,
€y — €9 =0.24eV, S =100, J = 0.005¢V, JS, = 0.4eV and w;, = 0.08¢V . In the case of the smallest value of I" (red lines), there are four
regions in which the Gilbert damping and the change of the precession frequency occur. In each of these regions €, satisfies the inequalities
(25) and (26), and « approaches a constant value, while g has one local maximum and one local minimum.
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FIG. 9. (Color online) (a) Gilbert damping coefficient & and (b) coefficient B as functions of the precession frequency w, = gup B¢ of the
spin S of the SMM, with B¢ = B¢é,, for different tunneling rates " at zero temperature. The applied bias voltage is eV = u; — g = 2¢,
with g = 0. The other parameters are the same as in Fig. 7. In the case of the smallest I" (red lines), the coefficient o is positive for
€y < eV < & + o, oy, > 0 and negative for €, < eV <€, —w;, wy < 0. The coefficient B has two local maxima and two local minima
corresponding to the resonance of p; with energy of the levels in the QD.

the coefficient o drops to zero for values w; = %(e4 —€),
i.e., for values |wy | equal to the Zeeman splitting energy. At
w; = —(e4 —€) = —0.4¢p, the level €, — wy, is aligned with
the Zeeman level €,, while the level €4 + w, is aligned with
the Zeeman level €. Therefore there are only two channels
available for electronic transport. At this point, the Gilbert
damping vanishes while the coefficient 8 reaches an extremum
value for large values of I'. With further decrease of w,,
the relative position of the spin-up levels €4 and €, — w; is
reversed, as well as the relative position of the spin-down
levels €, and €4 + w . In this case, the transfer of spin-angular
momenta occurs in such a way that the coefficient « takes
negative values and hence the molecular spin S becomes
unstable. For w;, < Oand I' < |w, | (red lines), at the value of
oy, for which u; =€, — wy, the coefficient o has a negative
minimum value while the coefficient g has a negative local
minimum. The coefficient « then increases with a further
decrease of w; as long as €| < py < €) — wr. At the value
of wy for which p; = €, o drops to zero while 8 has a small
local maximum. According to Eq. (23), the Gilbert damping
also does not occur for w; = €4 — €|, which is realized if 5‘ is

perpendicular to Be.

IV. CONCLUSIONS

In this paper we have first theoretically studied time-
dependent charge and spin transport through a small junction
consisting of a single-level quantum dot coupled to two non-
interacting metallic leads in the presence of a time-dependent
magnetic field. We used the Keldysh nonequilibrium Green’s
functions method to derive the charge and spin currents in
linear order with respect to the time-dependent component
of the magnetic field with a characteristic frequency w.

We then focused on the case of a single electronic level
coupled via exchange interaction to an effective magnetic field
created by the precessional motion of an SMM'’s spin in a
constant magnetic field. The inelastic tunneling processes that
contribute to the spin currents produce an STT that acts on
the molecular spin. The STT consists of a Gilbert damping
component, characterized by the coefficient «, as well as a
component, characterized by the coefficient 8, that acts as an
additional effective constant magnetic field and changes the
precession frequency w; of the molecular spin. Both @ and
B depend on w; and show a nonmonotonic dependence on
the tunneling rates I'. In the weak coupling limit I' < w;,
a can be switched on and off as a function of bias and
gate voltages. The coefficient 8 correspondingly has a local
extremum. For I' — 0, both @ and B vanish. Taking into
account that spin transport can be controlled by the bias
and gate voltages, as well as by external magnetic fields, our
results might be useful in spintronic applications using SMMs.
Besides a spin-polarized STM, it may be possible to detect
and manipulate the spin state of an SMM in a ferromagnetic
resonance experiment’®>” and thus extract information about
the effects of the current-induced STT on the SMM. Our study
could be complemented with a quantum description of an
SMM in a single-molecule magnet junction and its coherent
properties, as these render the SMM suitable for quantum
information storage.

ACKNOWLEDGMENTS

We gratefully acknowledge discussions with Mihajlo
Vanevi¢ and Christian Wickles. This work was supported by
Deutsche Forschungsgemeinschaft through SFB 767. We are
thankful for partial financial support by an ERC Advanced
Grant, project UltraPhase of Alfred Leitenstorfer.

!G. Christou, D. Gatteschi, D. Hendrickson, and R. Sessoli, MRS
Bull. 25, 66 (2000).

2W. Wernsdorfer and R. Sessoli, Science 284, 133 (1999).

3]. R. Friedman, M. P. Sarachik, J. Tejada, and R. Ziolo, Phys.
Rev. Lett. 76, 3830 (1996); L. Thomas, F. Lionti, R. Ballou,

D. Gatteschi, R. Sessoli, and B. Barbara, Nature (London)
383, 145 (1996); C. Sangregorio, T. Ohm, C. Paulsen, R.
Sessoli, and D. Gatteschi, Phys. Rev. Lett. 78, 4645 (1997);
W. Wernsdorfer, M. Murugesu, and G. Christou, ibid. 96, 057208
(2006).

045426-8


http://dx.doi.org/10.1557/mrs2000.226
http://dx.doi.org/10.1557/mrs2000.226
http://dx.doi.org/10.1126/science.284.5411.133
http://dx.doi.org/10.1103/PhysRevLett.76.3830
http://dx.doi.org/10.1103/PhysRevLett.76.3830
http://dx.doi.org/10.1038/383145a0
http://dx.doi.org/10.1038/383145a0
http://dx.doi.org/10.1103/PhysRevLett.78.4645
http://dx.doi.org/10.1103/PhysRevLett.96.057208
http://dx.doi.org/10.1103/PhysRevLett.96.057208

SPIN TRANSPORT AND TUNABLE GILBERT DAMPING IN . ..

4A. Ardavan, O. Rival, J. J. L. Morton, S. J. Blundell, A. M.
Tyryshkin, G. A. Timco, and R. E. P. Winpenny, Phys. Rev. Lett.
98, 057201 (2007); S. Carretta, P. Santini, G. Amoretti, T. Guidi,
J. R. D. Copley, Y. Qiu, R. Caciuffo, G. A. Timco, and R. E. P.
Winpenny, ibid. 98, 167401 (2007); S. Bertaina, S. Gambarelli, T.
Mitra, B. Tsukerblat, A. Muller, and B. Barbara, Nature (London)
453, 203 (2008).

A. Garg, Europhys. Lett. 22, 205 (1993); W. Wernsdorfer, N. E.
Chakov, and G. Christou, Phys. Rev. Lett. 95, 037203 (2005).

R. Sessoli, D. Gatteschi, A. Caneschi, and M. A. Novak, Nature
(London) 365, 141 (1993).

"D. Gatteschi, R. Sessoli, and J. Villain, Molecular Nanomagnets
(Oxford University Press, New York, 2006).

8C. Timm and M. Di Ventra, Phys. Rev. B 86, 104427 (2012).

°D. D. Awschalom, M. E. Flatte, and N. Samarth, Spintronics
(Scientific American, New York, 2002), pp. 67-73.

D, D. Awschalom, D. Loss, and N. Samarth, Semiconductor
Spintronics and Quantum Computation (Springer, Berlin, 2002).

L. Bogani and W. Wernsdorfer, Nature Mater. 7, 189 (2008).

12G.-H. Kim and T.-S. Kim, Phys. Rev. Lett. 92, 137203 (2004).

3 M. N. Leuenberger and E. R. Mucciolo, Phys. Rev. Lett. 97, 126601
(2006).

14C. Romeike, M. R. Wegewijs, W. Hofstetter, and H. Schoeller, Phys.
Rev. Lett. 96, 196601 (2006); 97, 206601 (2006).

158. Teber, C. Holmqvist, and M. Fogelstrom, Phys. Rev. B 81, 174503
(2010); C. Holmgqyvist, S. Teber, and M. Fogelstrom, ibid. 83, 104521
(2011); C. Holmgqvist, W. Belzig, and M. Fogelstrom, ibid. 86,
054519 (2012).

N, Bode, L. Arrachea, G. S. Lozano, T. S. Nunner, and F. von
Oppen, Phys. Rev. B 85, 115440 (2012).

17].-X. Zhu, Z. Nussinov, A. Shnirman, and A. V. Balatsky, Phys. Rev.
Lett. 92, 107001 (2004); Z. Nussinov, A. Shnirman, D. P. Arovas,
A. V. Balatsky, and J.-X. Zhu, Phys. Rev. B 71, 214520 (2005);
J. Michelsen, V. S. Shumeiko, and G. Wendin, ibid. 77, 184506
(2008).

18K. Mosshammer, G. Kiesslich, and T. Brandes, Phys. Rev. B 86,
165447 (2012).

19C. Timm, Phys. Rev. B 76, 014421 (2007).

20C. Timm and F. Elste, Phys. Rev. B 73, 235304 (2006).

2IF. Elste and C. Timm, Phys. Rev. B 73, 235305 (2006).

22H. B. Heersche, Z. de Groot, J. A. Folk, H. S. J. van der Zant,
C. Romeike, M. R. Wegewijs, L. Zobbi, D. Barreca, E. Tondello,
and A. Cornia, Phys. Rev. Lett. 96, 206801 (2006).

2M.-H. Jo, J. E. Grose, K. Baheti, M. M. Deshmukh, J. J. Sokol,
E. M. Rumberger, D. N. Hendrickson, J. R. Long, H. Park, and D.
C. Ralph, Nano Lett. 6, 2014 (2006).

%M. N. Leuenberger and D. Loss, Nature (London) 410, 789
(2001).

23S, Voss, M. Fonin, U. Riidiger, M. Burgert, and U. Groth, Appl.
Phys. Lett. 90, 133104 (2007).

26B. Y. Choi, S. J. Kahng, S. Kim, H. Kim, H. W. Kim, Y. J. Song,
J.Ihm, and Y. Kuk, Phys. Rev. Lett. 96, 156106 (2006); E. Lortscher,
J. W. Ciszek, J. Tour, and H. Riel, Small 2, 973 (2006); C. Benesch,
M. F. Rode, M. Cizek, R. Hirtle, O. Rubio-Pons, M. Thoss, and
A. L. Sobolewski, J. Phys. Chem. C 113, 10315 (2009).

YA, S. Zyazin, J. W. G. van den Berg, E. A. Osorio, H. S. J.
van der Zant, N. P. Konstantinidis, M. Leijnse, M. R. Wegewijs,
F. May, W. Hofstetter, C. Danieli, and A. Cornia, Nano Lett. 10,
3307 (2010).

PHYSICAL REVIEW B 87, 045426 (2013)

28N. Roch, R. Vincent, F. Elste, W. Harneit, W. Wernsdorfer, C. Timm,
and F. Balestro, Phys. Rev. B 83, 081407(R) (2011).

2S. Kahle, Z. Deng, N. Malinowski, C. Tonnoir, A. Forment-Aliaga,
N. Thontasen, G. Rinke, D. Le, V. Turkowski, T. S. Rahman, S.
Rauschenbach, M. Ternes, and K. Kern, Nano Lett. 12, 518 (2012).

30C. Hirjibehedin, C.-Y. Lin, A. Otte, M. Ternes, C. P. Lutz, B. A.
Jones, and A. J. Heinrich, Science 317, 1199 (2007).

3IL. Zhou, J. Wiebe, S. Lounis, E. Vedmedenko, F. Meier, S. Bliigel,
P. H. Dederichs, and R. Wiesendanger, Nat. Phys. 6, 187 (2010).

32M. A. Reed, C. Zhou, C. J. Muller, T. P. Burgin, and J. M. Tour,
Science 278, 252 (1997); R. Smit, Y. Noat, C. Untiedt, N. Lang,
M. van Hemert, and J. van Ruitenbeek, Nature (London) 419, 906
(2002); C. A. Martin, J. M. van Ruitenbeek, and H. S. J. van de
Zandt, Nanotechnology 21, 265201 (2010).

BA. F. Otte, M. Ternes, K. von Bergmann, S. Loth, H. Brune, C. P.
Lutz, C. F. Hirjibehedin, and A. J. Heinrich, Nat. Phys. 4, 847
(2008).

3]. Parks, A. Champagne, T. Costi, W. Shum, A. Pasupathy, E.
Neuscamman, S. Flores-Torres, P. Cornaglia, A. Aligia, C. Balseiro,
G.-L. Chan, H. Abruniia, and D. Ralph, Science 328, 1370 (2010).

35F. Delgado, J. J. Palacios, and J. Ferndndez-Rossier, Phys. Rev. Lett.
104, 026601 (2010).

3%8. Loth, K. von Bergmann, M. Ternes, A. F. Otte, C. P. Lutz, and
A. J. Heinrich, Nat. Phys. 6, 340 (2010).

37L. Landau and E. M. Lifshitz, Phys. Z. Sowjetunion 8, 153 (1935).

BT. L. Gilbert, Phys. Rev. 100, 1243 (1955); T. Gilbert, IEEE Trans.
Magn. 40, 3443 (2004).

39]. Fransson, Phys. Rev. B 77, 205316 (2008).

40C. Lépez-Monis, C. Emary, G. Kiesslich, G. Platero, and
T. Brandes, Phys. Rev. B 85, 045301 (2012).

47, C. Slonczewski, J. Magn. Magn. Mater. 159, L1 (1996).

“2L. Berger, Phys. Rev. B 54, 9353 (1996).

43Y. Tserkovnyak, A. Brataas, G. E. W. Bauer, and B. 1. Halperin,
Rev. Mod. Phys. 77, 1375 (2005).

#D. C. Ralph and M. D. Stiles, J. Magn. Magn. Mater. 320, 1190
(2008).

4], C. Slonczewski, Phys. Rev. B 71, 024411 (2005); J. Xiao, G. E.
W. Bauer, and A. Brataas, ibid. 77, 224419 (2008).

4] C. Sankey, Y-T. Cui, J. Z. Sun, J. C. Slonczweski, R. A. Buhrman,
and D. C. Ralph, Nat. Phys. 4, 67 (2008).

4TA. L. Chudnovskiy, J. Swiebodzinski, and A. Kamenev, Phys. Rev.
Lett. 101, 066601 (2008).

4S. Krause, G. Berbil-Bautista, G. Herzog, M. Bode, and
R. Wiesendanger, Science 317, 1537 (2007); S. Krause, G. Herzog,
A. Schlenhoff, A. Sonntag, and R. Wiesendanger, Phys. Rev. Lett.
107, 186601 (2011).

“N. S. Wingreen, A.-P. Jauho, and Y. Meir, Phys. Rev. B 48, 8487
(1993).

A -P. Jauho, N. S. Wingreen, and Y. Meir, Phys. Rev. B 50, 5528
(1994).

3! A.-P. Jauho and H. Haug, Quantum Kinetics in Transport and Optics
of Semiconductors (Springer, Berlin, 1998).

2H. Bruus and K. Flensberg, Many-Body Quantum Theory in
Condensed Matter Physics (Oxford University Press, Oxford, UK,
2004).

3L.D. Landau and E. M. Lifshitz, Statistical Physics, Part 1, Course
of Theoretical Physics Vol. 5 (Pergamon Press, Oxford, 1980).

>*However, z-polarized dc spin currents appear in second-order
approximations.>

045426-9


http://dx.doi.org/10.1103/PhysRevLett.98.057201
http://dx.doi.org/10.1103/PhysRevLett.98.057201
http://dx.doi.org/10.1103/PhysRevLett.98.167401
http://dx.doi.org/10.1038/nature06962
http://dx.doi.org/10.1038/nature06962
http://dx.doi.org/10.1209/0295-5075/22/3/008
http://dx.doi.org/10.1103/PhysRevLett.95.037203
http://dx.doi.org/10.1038/365141a0
http://dx.doi.org/10.1038/365141a0
http://dx.doi.org/10.1103/PhysRevB.86.104427
http://dx.doi.org/10.1038/nmat2133
http://dx.doi.org/10.1103/PhysRevLett.92.137203
http://dx.doi.org/10.1103/PhysRevLett.97.126601
http://dx.doi.org/10.1103/PhysRevLett.97.126601
http://dx.doi.org/10.1103/PhysRevLett.96.196601
http://dx.doi.org/10.1103/PhysRevLett.96.196601
http://dx.doi.org/10.1103/PhysRevLett.97.206601
http://dx.doi.org/10.1103/PhysRevB.81.174503
http://dx.doi.org/10.1103/PhysRevB.81.174503
http://dx.doi.org/10.1103/PhysRevB.83.104521
http://dx.doi.org/10.1103/PhysRevB.83.104521
http://dx.doi.org/10.1103/PhysRevB.86.054519
http://dx.doi.org/10.1103/PhysRevB.86.054519
http://dx.doi.org/10.1103/PhysRevB.85.115440
http://dx.doi.org/10.1103/PhysRevLett.92.107001
http://dx.doi.org/10.1103/PhysRevLett.92.107001
http://dx.doi.org/10.1103/PhysRevB.71.214520
http://dx.doi.org/10.1103/PhysRevB.77.184506
http://dx.doi.org/10.1103/PhysRevB.77.184506
http://dx.doi.org/10.1103/PhysRevB.86.165447
http://dx.doi.org/10.1103/PhysRevB.86.165447
http://dx.doi.org/10.1103/PhysRevB.76.014421
http://dx.doi.org/10.1103/PhysRevB.73.235304
http://dx.doi.org/10.1103/PhysRevB.73.235305
http://dx.doi.org/10.1103/PhysRevLett.96.206801
http://dx.doi.org/10.1021/nl061212i
http://dx.doi.org/10.1038/35071024
http://dx.doi.org/10.1038/35071024
http://dx.doi.org/10.1063/1.2716867
http://dx.doi.org/10.1063/1.2716867
http://dx.doi.org/10.1103/PhysRevLett.96.156106
http://dx.doi.org/10.1002/smll.200600101
http://dx.doi.org/10.1021/jp901453b
http://dx.doi.org/10.1021/nl1009603
http://dx.doi.org/10.1021/nl1009603
http://dx.doi.org/10.1103/PhysRevB.83.081407
http://dx.doi.org/10.1021/nl204141z
http://dx.doi.org/10.1126/science.1146110
http://dx.doi.org/10.1038/nphys1514
http://dx.doi.org/10.1126/science.278.5336.252
http://dx.doi.org/10.1038/nature01103
http://dx.doi.org/10.1038/nature01103
http://dx.doi.org/10.1088/0957-4484/21/26/265201
http://dx.doi.org/10.1038/nphys1072
http://dx.doi.org/10.1038/nphys1072
http://dx.doi.org/10.1126/science.1186874
http://dx.doi.org/10.1103/PhysRevLett.104.026601
http://dx.doi.org/10.1103/PhysRevLett.104.026601
http://dx.doi.org/10.1038/nphys1616
http://dx.doi.org/10.1109/TMAG.2004.836740
http://dx.doi.org/10.1109/TMAG.2004.836740
http://dx.doi.org/10.1103/PhysRevB.77.205316
http://dx.doi.org/10.1103/PhysRevB.85.045301
http://dx.doi.org/10.1016/0304-8853(96)00062-5
http://dx.doi.org/10.1103/PhysRevB.54.9353
http://dx.doi.org/10.1103/RevModPhys.77.1375
http://dx.doi.org/10.1016/j.jmmm.2007.12.019
http://dx.doi.org/10.1016/j.jmmm.2007.12.019
http://dx.doi.org/10.1103/PhysRevB.71.024411
http://dx.doi.org/10.1103/PhysRevB.77.224419
http://dx.doi.org/10.1038/nphys783
http://dx.doi.org/10.1103/PhysRevLett.101.066601
http://dx.doi.org/10.1103/PhysRevLett.101.066601
http://dx.doi.org/10.1126/science.1145336
http://dx.doi.org/10.1103/PhysRevLett.107.186601
http://dx.doi.org/10.1103/PhysRevLett.107.186601
http://dx.doi.org/10.1103/PhysRevB.48.8487
http://dx.doi.org/10.1103/PhysRevB.48.8487
http://dx.doi.org/10.1103/PhysRevB.50.5528
http://dx.doi.org/10.1103/PhysRevB.50.5528

FILIPOVIC, HOLMQVIST, HAUPT, AND BELZIG PHYSICAL REVIEW B 87, 045426 (2013)

3B. Wang, J. Wang, and H. Guo, Phys. Rev. B 67, 092408 (2003). M. Harder, Z. X. Cao, Y. S. Gui, X. L. Fan, and C.-M. Hu, Phys.
M. V. Costache, M. Sladkov, S. M. Watts, C. H. van der Wal, and Rev. B 84, 054423 (2011).
B.J. van Wees, Phys. Rev. Lett. 97, 216603 (2006). ¥K. Ando, S. Takahashi, J. Ieda, H. Kurebayashi, T. Trypiniotis,
S7C. Bell, S. Milikisyants, M. Huber, and J. Aarts, Phys. Rev. Lett. C. H. W. Barnes, S. Maekawa, and E. Saitoh, Nature Mater. 10, 655
100, 047002 (2008). (2011).

045426-10


http://dx.doi.org/10.1103/PhysRevB.67.092408
http://dx.doi.org/10.1103/PhysRevLett.97.216603
http://dx.doi.org/10.1103/PhysRevLett.100.047002
http://dx.doi.org/10.1103/PhysRevLett.100.047002
http://dx.doi.org/10.1103/PhysRevB.84.054423
http://dx.doi.org/10.1103/PhysRevB.84.054423
http://dx.doi.org/10.1038/nmat3052
http://dx.doi.org/10.1038/nmat3052

	Text1: First publ. in: Physical Review B ; 87 (2013), 4. - 045426
	Text2: Konstanzer Online-Publikations-System (KOPS)
URL: http://nbn-resolving.de/urn:nbn:de:bsz:352-224795


