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We present a theoretical description of spin-transfer torque in a spin valve with perpendicularly magnetized
polarizer. The polarizer consisting of several ultrathin layers is considered as a single interfacial magnetic scatterer
between two nonmagnetic layers, and is included in the theory based on diffusive transport via appropriate
boundary conditions. The model has been used to study systematically the spin-transfer torque and current-
induced switching in a spin valve with both perpendicular and in-plane polarizers and with in-plane magnetized
free layer. The wave-function matching ab initio calculations have been used to determine transport parameters
of the perpendicular polarizer. Additionally, the effect of disorder on the spin-transfer torque has been examined.
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I. INTRODUCTION

Spin-transfer torque (STT), a phenomenon in which spin
polarized electric current transfers spin momentum between
localized magnetic moments of separated thin films or
inside continuous nonuniform magnetic textures, has been
predicted by Slonczewski1 and Berger2 and then confirmed
experimentally.3,4 The ability to modify or induce magne-
tization dynamics via STT is of particular interest, mainly
because of its potential applicability in magnetic memories
and mobile communication technologies. However, several
issues must be solved before incorporating the spin-torque-
based elements into common electronic devices. The most
challenging problem is reduction of the critical current needed
to induce magnetization dynamics in spin valves. Additionally,
enhancement of the spin-transfer torque is needed to speed-up
the spin dynamics and reduce the switching time. Apart from
a proper choice of materials used to fabricate spin valves,
several spin-valve geometries have been proposed to tackle
this problem.

The possibility of enhanced current-induced switching in
dual spin valves was suggested by L. Berger,5 who proposed
a spin valve consisting of two ferromagnetic polarizers (fixed
layers) and a sensing (free) layer sandwiched between the
polarizers and separated from them by nonmagnetic spacers.6

Another way of dealing with this problem was suggested
in Ref. 7, where a single spin valve with perpendicularly
polarized fixed layer and in-plane magnetized free layer was
proposed. Moreover, it was shown there that a short current
pulse through such a structure can reverse magnetic moment
of the free layer after one-half precessional period, similarly
to precessional switching by transverse magnetic field.8,9

Obviously, the efficiency of this method strongly depends on
the current pulse, which has to be optimized for each system.10

The perpendicular magnetization in thin films can be
achieved with a large interface out-of-plane anisotropy. This
appears, for instance, in thin magnetic films consisting of
several atomic monolayers. Such an anisotropy has been
observed, e.g., in Co/Ni,11 Co/Ru,12,13 or Co/Pt,14,15 and
to some extent also in Co/Cu16,17 multilayers. Microscopi-
cally, the perpendicular anisotropy originates from spin-orbit
coupling and can be enhanced by temperature18 and/or ion

irradiation, which induce changes in the lattice structure.19,20

To achieve perpendicular spin polarization in spin valves, one
usually fabricates the polarizers in the form of a sequence of
ultrathin magnetic films separated by nonmagnetic ones.11,14,15

In contrast to thick metallic films, the spin transport through
a highly nonhomogeneous perpendicular polarizer cannot be
described in terms of a simple diffusive model. However,
in order to incorporate a complex perpendicular polarizer
into the model based on diffusive description, we use the
ab initio wave-function matching method21,22 to calculate
the set of transport parameters of the polarizer (see Secs. II
and III). These parameters are subsequently used to specify
boundary conditions for the relevant equations in the diffusive
transport description. A similar approach has been applied in
the paper by Jia et al.,23 where the spin-transfer torque has
been calculated using the magnetoelectronic circuit theory.24

In contrast, we consider here the fully diffusive transport in
the bulk layers, taking into account the spin accumulation, and
then calculate STT components from the spin current.25,26

If magnetization of the fixed layer is perpendicular to that
of the free layer, no change in the resistance appears when
the magnetic moment of the free layer is reversed. Therefore,
to detect the magnetization switching, it is necessary to add
another in-plane polarized layer with fixed magnetization,
which acts as a reference layer. The spin valve is usually
constructed in such a way that the in-plane magnetized
fixed layer does not influence the current-induced dynamics
of the free layer, and is just used for measurement of the
giant magnetoresistance. However, it has been shown by Lee
et al.14,15 that the spin torque due to the in-plane fixed layer may
enhance the switching probability of the free layer, especially
when the current pulse is short enough (about 100 ps). Thus
the in-plane fixed layer may be considered as the in-plane
polarizer. Therefore, in this paper, we study the simultaneous
influence of both in-plane and perpendicular polarizers on the
current-induced dynamics of the free layer. The corresponding
dual spin valve structure is shown in Fig. 1(a). The magnetic
free layer (FL) is separated from the in-plane polarizer (IP)
and perpendicular polarizer (PP) by nonmagnetic right (NR)
and left (NL) layers, respectively. In the following, the in-
plane polarizer will be referred to as IP polarizer, while the
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FIG. 1. (Color online) (a) Model of the dual spin valve with
perpendicular polarizer and (b) transmission t (t ′) and reflection r

(r ′) coefficients for the perpendicular polarizer.

perpendicular polarizer as PP polarizer. The unit vectors along
the spin moments of the PP, IP, and FL layers are denoted by
ŜP, ŜI, and ŝ, respectively.

This paper is organized as follows. In Sec. II, we intro-
duce the model used for calculations of spin transport and
STT. The first-principles calculations are briefly outlined in
Sec. III. In Sec. IV, we present the results of ab initio
calculations and study the angular dependence of STT acting
on the free layer for several PP structures. The influence
of the number of thin films in the polarizer as well as of
structural disorder is also examined there. Finally, Sec. V
includes discussion of the results and summary.

II. TRANSPORT AND SPIN-TRANSFER TORQUE

Charge and spin currents in the bulk of magnetic and non-
magnetic layers will be described in terms of spin dependent
diffusive transport model. Thus the electrochemical potential
μ0(x), spin accumulation μ(x), and spin current j (x) inside
the layers can be determined from the diffusion equations.25,26

Solutions for these quantities in different layers have to be
connected via appropriate boundary conditions, which have to
be obeyed at each interface. Transport properties of majority
(↑) and minority (↓) spin channels in a ferromagnetic layer
are described by the spin dependent resistivity,

ρ↑(↓) = 2 ρ∗ (1 ∓ β) , (1)

where ρ∗ = ρF /(1 − β2), with ρF being the total bulk re-
sistivity and β the corresponding spin asymmetry parameter,
β = (ρ↓ − ρ↑)/(ρ↑ + ρ↓). In nonmagnetic layers, ρ↑ = ρ↓,
and therefore the corresponding β vanishes, β = 0. An
additional bulk parameter is the spin diffusion length lsf ,27

which describes decay of the spin accumulation with the
distance from interface between normal/ferromagnetic (N/F)
metallic layers.

In turn, transport through a N/F interface is described
by the spin dependent interface conductances G↑(↓) for the

spin channel ↑(↓). Moreover, in the case of a noncollinear
magnetic configuration of the spin valve, the transport of the
spin components transverse to the magnetization of the F layer
is generally described by the spin mixing conductance G↑↓ and
spin mixing transmission T↑↓. All these parameters are related
to the spin dependent transmission t↑(↓) and reflection r↑(↓)

amplitudes as follows24 [see Fig. 1(b)]:

G↑(↓) = e2

h

∑

nn′
[δnn′ − r

↑(↓)
nn′ (r↑(↓)

nn′ )∗], (2a)

G↑↓ = e2

h

∑

nn′
[δnn′ − r

↑
nn′(r

↓
nn′)∗], (2b)

T↑↓ = e2

h

∑

nn′
t
↑
nn′ (t

↓
nn′)∗, (2c)

where n and n′ run over all channels in the relevant non-
magnetic lead. From Eq. (2) follows that both spin mixing
quantities, G↑↓ and T↑↓, are complex numbers, in general.
Since the polarizer’s transport parameters strongly depend on
its structure, their proper evaluation requires using ab initio
methods.

The interface spin-dependent conductances (resistances),
spin mixing conductance, and spin mixing transmission enter
the boundary conditions for all N/F interfaces in a spin
valve. These boundary conditions allow to evaluate the
electrochemical potential, spin accumulation and spin current
inside the layers. Importantly, T↑↓ has been shown to decay
fast with the thickness of the magnetic layer.22 Hence, it
is often neglected for standard N/F interfaces between two
bulk regions. However, in case of a thin scatterer, real and/or
imaginary parts of T↑↓ might be comparable to the imaginary
part of G↑↓ and, hence, should be included in the transport
description. This happens in the case of PP polarizer consisting
of a sequence of atomically thin magnetic and nonmagnetic
layers. Such a polarizer will be considered as a magnetic
scatterer between two nonmagnetic thick layers of the same
material, and will be introduced into the diffusive transport
model via appropriate boundary conditions.

Consider first the spin accumulation and spin current in the
layers adjacent to the PP polarizer. According to Fig. 1(b), on
the left (L) side of the PP polarizer there is a nonmagnetic
semi-infinite electrode. The corresponding spin accumulation
and spin current will be denoted as μL and jL, respectively.
In turn, the spin accumulation and the spin current on the
right (R) side of the PP polarizer will be denoted respectively
as μR and jR. The spin accumulation and spin current on
the left and right sides have to be connected via appropriate
boundary conditions. Assume that the net spin moment of
the PP polarizer in the local coordinate system is along the z

axis. Thus the continuity of charge current and longitudinal
(z) component of spin current across the PP polarizer can be
described as28,29

e2 j0 = (G̃↑ + G̃↓)
(
μR

0 − μL
0

) + (G̃↑ − G̃↓)
(
μR

z − μL
z

)
,

(3a)

e2 jz = (G̃↑ − G̃↓)
(
μR

0 − μL
0

) + (G̃↑ + G̃↓)
(
μR

z − μL
z

)
,

(3b)
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where μ
L(R)
0 is the electrochemical potential on the left (right)

side of the polarizer, and the spin dependent conductances, G̃↑
and G̃↓, are renormalized as30

1

G̃↑(↓)
= 1

G↑(↓)
− 1

GSh
. (4)

Here, GSh is the Sharvin conductance per spin, which is
proportional to the number N of transport channels,

GSh = e2

h

∑

nn′
δnn′ = e2

h
N. (5)

Alternatively, one can define the interface resistances, R↑(↓) =
1/G̃↑(↓), parameterized as

R↑(↓) = 2 R∗ (1 ∓ γ ) , (6)

where R∗ = R/(1 − γ 2), with R being the total interface
resistance and γ denoting the corresponding spin asymmetry
parameter.

In turn, the transverse components of spin current on the
right and left sides of the PP polarizer, written in its local
coordinate system, read31

e2jRx = −2g↑↓
r μR

x + 2g
↑↓
i μR

y + 2t ′↑↓
r μL

x − 2t
′↑↓
i μL

y , (7a)

e2jRy = −2g↑↓
r μR

y − 2g
↑↓
i μR

x + 2t ′↑↓
r μL

y + 2t
′↑↓
i μL

x , (7b)

e2jLx = −2g′↑↓
r μL

x + 2g
′↑↓
i μL

y + 2t↑↓
r μR

x − 2t
↑↓
i μR

y , (7c)

e2jLy = −2g′↑↓
r μL

y − 2g
′↑↓
i μL

x + 2t↑↓
r μR

y + 2t
↑↓
i μR

x , (7d)

where G̃↑↓ = g
↑↓
r + i g

↑↓
i is the renormalized spin mixing

conductance and T̃↑↓ = t
↑↓
r + i t

↑↓
i is the renormalized spin

mixing transmission through the scatterer for waves incident
from right. Similarly, G̃′

↑↓ = g
′↑↓
r + i g

′↑↓
i and T̃ ′

↑↓ = t
′↑↓
r +

i t
′↑↓
i are the renormalized spin mixing conductance and

transmission through the scatterer for waves incident from
left [see Fig. 1(b)]. In the case of a symmetric structure, as in
Sec. IV A, one finds G̃↑↓ = G̃′

↑↓ and T̃↑↓ = T̃ ′
↑↓. The renor-

malized spin mixing conductance and transmission are related
to G↑↓ and T↑↓ as follows:31,32

1

G̃↑↓
= 1

G↑↓ + T 2
↑↓/(2GSh − G↑↓)

− 1

2GSh
, (8a)

1

T̃↑↓
= (2GSh − G↑↓)2/T↑↓ − T↑↓

4G2
Sh

. (8b)

For a polarizer with negligibly small mixing transmission
located between a nonmagnetic electrode and a spacer, one
can reduce the latter equations assuming that jLx,jLy → 0,
μL

x ,μL
y → 0, and hence

e2jRx = −2g↑↓
r μR

x + 2g
↑↓
i μR

y , (9a)

e2jRy = −2g↑↓
r μR

y − 2g
↑↓
i μR

x . (9b)

The latter equations present a minimal model for a polarizer
described by coherent transport theory. From Eq. (8), one
obtains then a simple relation

1

G̃↑↓
= 1

G↑↓
− 1

2GSh
. (10)

To conclude this part, Eq. (3) together with Eq. (7) or (9)
provide the boundary conditions for transport through the PP
polarizer. Together with the boundary conditions for all the
other N/F interfaces in the spin valve under consideration,
one can calculate the spin accumulation and spin current in
the whole structure. The boundary conditions at the other
N/F interfaces in the spin valve can be treated in a standard
way (see Refs. 25 and 26) using the limit of vanishing
mixing transmission [Eq. (9)] and material parameters given
in Appendix.

Having found the transport parameters for the PP polarizer,
one can calculate the spin accumulation, spin current, and
consequently also the STT components acting on the free layer.
These components are usually expressed in the form33

τ ‖ = I ŝ × [ŝ × (aP ŜP + aI ŜI)], (11a)

τ⊥ = I ŝ × (bP ŜP + bI ŜI), (11b)

where τ ‖ (τ⊥) is the in-plane (out-of-plane) torque component
due to both PP and IP polarizers. Parameters aP, aI, bP,
and bI can be determined from the transverse spin current
components26 and generally depend on magnetic configuration
of the whole spin valve.

III. FIRST-PRINCIPLES CALCULATIONS

Material-specific spin channel and spin mixing conduc-
tances, which characterize the PP polarizer, Eq. (2), were
calculated using the local spin density approximation of the
density functional theory in a two-step procedure. In the first
step, the self-consistent potentials for a polarizer sandwiched
between ideal Cu leads were determined using the surface
Green’s function formulation of the tight-binding linear
muffin-tin orbital method34,35 (TB-LMTO) in atomic-sphere
approximation (ASA). All the atoms were assumed to occupy
the sites of fcc(111) lattice, with [111] being the orientation of
current. Apart from this, translational invariance in the lateral
directions was assumed. A minimal spd basis set was used
for all calculations. The determined atomic-sphere potentials
were subsequently used to calculate scattering coefficients (rnn′

and tnn′) by means of the wave-function matching method as
described in Ref. 21.

Disorder in the form of a substitutional binary alloy at
the interface was modeled using lateral supercells containing
100 and more atoms. In this case, the coherent potential
approximation35 (CPA), yielding separate atomic-sphere po-
tentials for intermixed species, was used in the first step of the
procedure. The atomic-sphere potentials were then distributed
randomly within the supercell in required concentrations. Fi-
nally, the summation over two-dimensional Brillouin zone (2D
BZ) was performed using sampling densities corresponding to
103–104 k|| points in the 2D BZ of 1 × 1 interface unit cell.

IV. RESULTS

Now we will present numerical results for a spin valve with
perpendicular and in-plane polarizers, shown in Fig. 1(a). More
specifically, the structure under consideration has the form:
Cu–PP/Cu(6)/Py(5)/Cu(12)/Py(20)–Cu, where Py denotes
permalloy and the numbers in brackets are layers’ thicknesses
in nanometers. The outermost Cu layers are semi-infinite
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electrodes, the Py(20) layer is the IP polarizer, while the Py(5)
stands for the free layer.

To systematically study the effect of perpendicularly polar-
ized current on the current-induced dynamics of the free layer,
we shall study two different types of the PP polarizer. The
first one, denoted as PP1, is made from magnetic films—each
consisting of two monolayers (MLs) of cobalt—separated by 2
MLs of copper: PP1 = Co(2 ML)/[Cu(2 ML)/Co(2 ML)]L−1,
where L � 1 is the number of Co-films in the polarizer.
From the practical point of view, this polarizer is not widely
used since the perpendicular anisotropy induced at the Co/Cu
interface is rather small. However, it will serve as a simple
example, which is convenient for ab initio calculations and
also easier for explanation of the main features of the current-
induced dynamics. We will see that the STT induced by this
polarizer has some similarities to that in a more realistic case,
and therefore will help us to understand the basic features of
current-induced switching. The second polarizer has the form
as follows: PP2 = Pt(6 ML)/[Co(2 ML)/Pt(3 ML)]L/Co(3
ML)/Cu(2 ML)/Co(3 ML). When L = 4, structure of the
PP2 polarizer is similar to that studied experimentally by
Lee et al.14,15 The Co/Cu/Co sequence at the top of the
PP2 structure is known as the polarization enhancing layer.
It has been shown that the magnetization of the top Co layer
is also perpendicular to the layers’ planes.36 We shall consider
two variants of the PP2 polarizer, corresponding to different
limits of the structural disorder. The first variant is a clean
polarizer (denoted as CPP2), which formally is the multilayer
of the above mentioned structure with ordered interfaces.
The second one, disordered PP2 polarizer (denoted as DPP2),
corresponds to a strongly disordered multilayer. Because of
the disorder, the internal Co/Pt sequence has a structure of
an alloy.

Apart from the transport parameters of PP1 and PP2

polarizers, obtained by the ab initio numerical method, to
calculate the STT acting on the free layer, we assume the
bulk and interfacial parameters for the Cu and Py layers as
given in Appendix. In the following, we shall calculate the
transport properties of both polarizers and determine the STT
in both limits and for different values of L.

A. Polarizer PP1

Because of the nearly perfectly matched lattice constants
of Cu and Co, the polarizer PP1 is less challenging than PP2

from the point of view of first principles calculations. In the
following, we assume that the structure is perfectly epitaxial
with the common lattice constant aCu/Co = 3.614 Å equal to
the experimental lattice constant of Cu.

The calculated transport parameters of the PP1 polarizer
are given in Table I for different values of the number L of
Co layers. From this table follows that the overall resistance
as well as polarization of the PP1 polarizer increase with L.
On the other hand, real and imaginary parts of the mixing
conductance do not change strongly for L � 2, while the
mixing transmission oscillates and decreases. However, T̃↑↓
is comparable to G̃↑↓, especially for small values of L. This,
in turn, indicates that the transverse spin current may survive
also in the left electrode of the spin valve. Therefore, to model

TABLE I. Renormalized transport parameters for the PP1 polar-
izer. R∗ is in the units of μ�cm, γ is dimensionless, while g↑↓

r , g
↑↓
i ,

t↑↓
r , and t

↑↓
i in the units of 1/f�m2.

L R∗ γ g↑↓
r g

↑↓
i t↑↓

r t
↑↓
i

1 0.355 0.404 0.940 −0.084 −0.305 0.338
2 0.533 0.561 0.944 0.089 0.254 0.134
3 0.667 0.595 0.937 0.081 −0.229 0.124
4 0.716 0.625 0.940 0.084 −0.008 −0.045
5 0.766 0.620 0.920 0.095 −0.075 −0.030
6 0.786 0.620 0.929 0.094 0.064 −0.045

spin-dependent transport through the PP1 polarizer, we shall
use the boundary conditions (7) together with (8).

1. Spin-transfer torque

Having obtained transport parameters of the PP1 polarizer,
one can calculate the spin accumulation and spin current in the
whole spin valve and for its arbitrary magnetic configuration.
Let us now analyze the spin-transfer torque as a function of
the angle θP between ŝ and ŜP, and as a function of θI between
ŝ and ŜI. We remind that ŝ, ŜI, and ŜP are the unit vectors
along the spin moments of the free layer, IP and PP polarizers,
respectively. To study the angular dependence of STT acting
at the left interface of the free layer, we rotate ŝ in the xy

plane, i.e., θ = π/2 and φ ∈ (0,2π ) [see Fig. 1(a)]. The angle
θP is then equivalent to φ, while the angle between ŝ and ŜI is
constant. Thus the torque acting at the right interface of free
layer is then almost constant. In turn, the angular dependence
of STT due to the IP polarizer (acting at the right interface
of free layer) will be checked by rotating ŝ in the yz plane,
which corresponds to θ changing from 0 to π when φ = π/2
and from π to 0 for φ = −π/2. The angle θI is defined as
the angle between ŝ and ŜI in the counterclockwise direction
when looking from the PP polarizer towards the free layer.
The angle between ŜP and ŝ is then constant, and hence the
torque acting on the free layer from the left side varies very
slightly.

The angular dependence of the STT components is shown
in Fig. 2. Figure 2(a) shows the in-plane, τ ‖, and Fig. 2(c)
the out-of-plane, τ⊥, STT components resulting from the PP1

polarizer, plotted for L = 1, 3, and 5 as a function of θP. In turn,
the torque due to IP polarizer is shown in Figs. 2(b) and 2(d)
as a function of θI. One can see that the in-plane torques
resulting from the IP and PP polarizers are comparable. This
is an important observation since the magnitude of STT due
to the IP polarizer is usually underestimated in theoretical
considerations. On the other hand, the out-of-plane torque
component due to the IP polarizer is smaller than that due to PP
one. Furthermore, the amplitude of the in-plane STT increases
with the number of Co layers in the polarizer, while the
out-of-plane component decreases with increasing L. Finally,
an important feature of the in-plane component resulting
from the PP polarizer is its wavelike angular dependence,
which is especially significant for L = 1. This means that
the τ ‖ component due to the PP polarizer disappears not only
when ŝ is aligned with ŜP, but also in a certain noncollinear
configuration,37 where the in-plane STT component changes
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FIG. 2. (Color online) Calculated angular dependence of STT
acting on the free layer in the units of h̄I/|e|. (a) and (c) The
in-plane and out-of-plane STT components due to the PP1 polarizer,
respectively, calculated as a function of θP for L = 1,3, and 5.
(b) and (d) The STT components analogical to those in (a) and (b),
respectively, but due to the IP polarizer.

sign. In contrast to the standard STT angular dependence,
the wavelike behavior may result in self-sustained current-
induced magnetization precessions in the free layer without
any external magnetic field.38–40 This kind of angular STT
dependence was found previously in spin valves with fixed and
free layers made of different materials,38–40 dual spin valves
with noncollinear fixed IP polarizers,41 as well as in spin valves
with PP polarizer containing Ruthenium spacers.23 In the latter
case, the spin accumulation in the layers was disregarded in
calculations. Here, we show that the spin diffusion in metallic
spin valves can also lead to wavelike STT angular dependence,
even for the polarizer built from Co and Cu films.

2. Current-pulse-induced magnetization reversal

Let us consider now the current-pulse-induced magneti-
zation switching, which appears as a result of simultaneous
action of the PP and IP polarizers. The current-induced
dynamics was simulated in the macrospin approximation by
integrating numerically the Landau-Lifshitz-Gilbert26 (LLG)
equation including the STT components given by Eq. (11).
Magnetic uniaxial anisotropy along the z axis and the
demagnetizing field42 have been taken into account. The
external magnetic field and the magnetostatic interactions
between the ferromagnetic layers were disregarded in all the
simulations presented below (the former was included only
to set random initial configuration, see below). The effects of
temperature have been included in the LLG equation by means
of a gaussian stochastic thermal field, Hth = (Hth x,Hth y,Hth z),
with 〈Hth ζ (t)〉 = 0, and 〈Hth ζ (t)Hth ξ (t ′)〉 = 2D δζξ δ(t − t ′),
where ζ,ξ = x,y,z, and D is proportional to temperature, T .
For details see, e.g., Ref. 6. In the simulation presented in
this paper, the temperature was as large as T = 300 K. Other
parameters used in the simulations can be found in Appendix.

The simulations were performed as follows. Initially, ŝ was
set either parallel (P) or antiparallel (AP) to ŜI. Then, the LLG
equation was numerically integrated for teq = 5 ns at I = 0
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FIG. 3. (Color online) Current-pulse-induced switching proba-
bility of the free layer’s moment from the P to AP alignment in the
spin valve with PP1 polarizer, calculated for various pulse lengths and
different values of L.

and with external magnetic field and thermal fluctuations taken
into account. Such an equilibration process randomizes the
initial conditions for the current induced dynamics, since the
position of ŝ is randomly tilted from the equilibrium point (P or
AP) at the onset of the current pulse. The current pulse applied
at the end of equilibration process consists of three parts as
in the experiment by Lee et al.14 The first part of the pulse,
tr = 65 ps, is the one during which the current increases from
zero up to I = Im. Then follows a period of constant current,
which depends on the pulse length. In the last part of the pulse,
tf = 105 ps, the current drops linearly in time down to I = 0.
The pulse length tp is measured at the half of the pulse height,
i.e., where I = Im/2. After the current pulse falls down to zero,
the spin dynamics is simulated for the next 20 ns. If the spin
of the free layer switches before the end of simulation time,
it enters the statistics as a successful switching. During the
integration of LLG, the STT was evaluated at each integration
step as described above.

Figure 3 presents the switching probability Psw from the P
to AP configuration of ŝ as a function of the current amplitude,
calculated for various pulse lengths and different values of L.
From this figure follows that for ultra-short current pulses,
tp = 50 and 100 ps, no current-induced switching appears in
the studied range of Im for L = 1. This means that the STT
due to IP polarizer itself is not sufficient to reverse the free
layer’s magnetization for the current pulses from Fig. 3. In
turn, when L is larger, the in-plane STT component due to
the PP polarizer increases and tends to push ŝ from its initial
configuration, which results in an increase of Psw, especially
for I < 0. The increase of STT due the PP polarizer can even
lead to 100% switching probability for 100-ps pulse length.
Moreover, a reduction of the critical current required for the
current-induced switching is observed at a larger number of
Co layers in the PP polarizer. It is clear that the PP polarizer
plays an active role in the magnetization reversal in the case of
short pulses. In contrast, for longer pulse durations, tp = 1 and
10 ns, the main contribution to the current-induced switching
seems to come from the IP polarizer. This can be concluded
from the fact that there is almost no variation of Psw with L

when I < 0.
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BALÁŽ, ZWIERZYCKI, AND BARNAŚ PHYSICAL REVIEW B 88, 094422 (2013)

0.0

0.2

0.4

0.6

0.8

1.0

0 1 2 3 4

P s
w

tp = 50 ps

L=1
L=3
L=5

0.0

0.2

0.4

0.6

0.8

1.0

0 1 2 3 4

P s
w

Im / 1012 [Am-2]

tp = 1 ns

0.0

0.2

0.4

0.6

0.8

1.0

0 1 2 3 4

tp = 100 ps

0.0

0.2

0.4

0.6

0.8

1.0

0 1 2 3 4
Im / 1012 [Am-2]

tp = 10 ns

FIG. 4. (Color online) Current-pulse-induced switching probabil-
ity of the free layer’s magnetic moment from the AP to P alignment in
the spin valve with PP1 polarizer, calculated for various pulse lengths
and different values of L.

The torque enhancement due to the PP polarizer leads to
a small reduction of the negative critical current at tp = 1 ns,
and a small dip in Psw at tp = 10 ns when L = 5. In addition,
for tp � 100 ps one can notice a nonzero switching probability
also for I > 0 and higher values of L. However, since Psw 

0.5 at I > 0, it cannot be considered as a reliable switching.

Figure 4, in turn, depicts the switching probability from AP
to P configuration. Now, one observes a nonzero switching
probability just for positive current densities. The action of the
PP polarizer can be noticed for all considered pulse lengths.
One can see that the STT due to the PP polarizer has now rather
detrimental effect on Psw. It reduces the switching probability
down to 50% and destroys the reliability of the current-induced
magnetization reversal.

The strong difference between the switching from P to AP
and the one from AP to P configurations can be elucidated
by considering stability of the fixed points of ŝ under the
simultaneous influence of PP1 and IP polarizers. First, in the
structure under consideration, see Fig. 1(a), the spin torque
due to the IP polarizer destabilizes the P configuration when
I < 0 and stabilizes then the opposite one. In contrast, the AP
configuration is destabilized for negative current, when the P
configuration is stable. This means that the magnetization of
the free layer would reverse in the absence of PP polarizer from
P to AP (from AP to P) at a negative (positive) current pulse
exceeding the critical magnitude and pulse length. On the other
hand, the current induced dynamics due to the PP polarizer has
two fixed points when ŝ is perpendicular to the layer’s plane,
i.e., ŝ = ±êx . Since the angular dependence of STT due to the
PP polarizer is wavelike, it stabilizes both these static points
when I > 0. In turn, both points are destabilized for negative
current density. Altogether, when the initial configuration is
AP, the IP polarizer destabilizes it at a positive current density.
However, the PP polarizer stabilizes then the out-of-plane fixed
points, attracting ŝ to the out-of-plane precessions. This effect
reduces the switching probability from the AP to P states. On
the contrary, assume that ŝ is initially in the P configuration.
The negative current density destabilizes not only the initial
configuration but also the two out-of-plane fixed points. The
only stable configuration becomes then the AP one. Hence, the

STT due to the PP polarizer initiates the dynamics of ŝ and the
IP polarizer drives it towards the opposite configuration. As
a result, the PP polarizer enhances the switching probability
from P to AP configurations, but prevents the switching from
AP to P states. The switching enhancement from the P to
AP configurations is clearly visible at ultrashort pulse lengths
(picoseconds scale). At longer pulses, the PP polarizer may
also slightly reduce Psw. Note, the wavy angular dependence
of STT due to the PP polarizer can be utilized also for switching
from the AP to P configuration, when the vector ŜP has
opposite direction.

B. Polarizer PP2

Consider now a more realistic polarizer structure, i.e., the
polarizer PP2. We notice first the large (8%) mismatch between
the lattice constants of Pt and Cu (Co). Therefore, in contrast to
the polarizer PP1, it is no longer reasonable to assume a single
lattice constant throughout the structure. It turns out, however,
that using lateral supercells of different size, 10 × 10 for Pt and
11 × 11 for Cu/Co, a very good lattice match can be achieved.
In the following, we assume, like previously, aCu/Co =
3.614 Å for Cu/Co and aPt = (11/10) aCu/Co = 3.975 Å for
Pt, with the latter being within 1% of the experimental
value.

Since the self-consistent calculations involving lateral
supercells of the above mentioned sizes would be very time
consuming, a simpler procedure was adopted. The calculations
were performed twice for ideally lattice-matched structures
(i.e., using 1 × 1 cell) with lattice constant equal to either
aCu/Co or aPt. The atomic-sphere potentials corresponding to
the lattice constant proper for a given element were used later
to set up supercells of required size. The interlayer distance
was chosen so as to ensure the local space filling as required
by ASA.

The precise microscopic structure of the Co/Pt interface is
difficult to extract from experimental data, and likely depends
on the deposition technique and postdeposition treatment like
annealing or ion irradiation. There is, however, experimental
evidence of substantial intermixing,43–45 which leads to forma-
tion of CoPt alloy at the interface. The interdiffusion is limited
to atomic layers in the immediate vicinity of the interface,
unless the samples are heavily irradiated.

In order to asses the effect of intermixing on the trans-
port properties of PP2 polarizer, we consider two structural
models—one with clean interfaces (CPP2), and another one
with disordered interfaces (DPP2). In the second case, we
assume that one monolayer on each side of the interface has
the form of a random Co50Pt50 (or Co50Cu50 in case of Cu/Co
interface) substitutional alloy.

The calculations confirmed that the mixing transmission
coefficients are negligible in comparison to the channel and
mixing conductances. Hence there is almost no transverse
spin current in the left electrode and one can use the reduced
model given by Eq. (9) together with Eq. (10) to describe spin
transport.

1. Clean perpendicular polarizer (CPP2)

First, we shall focus on the CPP2 polarizer. The results on
the transport parameters are shown in Table II for L = 1, 3,
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TABLE II. Renormalized transport parameters for CPP2 polar-
izer. R∗ in in units of μ�cm, γ is dimensionless, while g↑↓

r and g
↑↓
i

are in the units of 1/f�m2.

L R∗ γ g↑↓
r g

↑↓
i

1 2.695 0.296 1.006 −0.025
3 3.912 0.388 1.019 −0.033
5 4.991 0.454 1.021 −0.031

and 5. Clearly, the polarization γ of the PP polarizer increases
with the number of the Co/Pt sequences, while the mixing
conductance remains almost the same since it depends mainly
on the outermost atomic layers. The corresponding angular
dependence of STT is shown in Fig. 5. Figure 5(a) shows
the in-plane, τ ‖, while Fig. 5(c) the out-of-plane, τ⊥, torque
components. In both figures, the STT components due to the
PP polarizer are plotted as a function of θP for L = 1, 3, and
5. An important feature of τ ‖ due to the CPP2 polarizer is its
wavelike angular dependence, which is particularly significant
for L = 1. Consider the part corresponding to θP < π (similar
holds also for θP > π ). One can notice a significant difference
between the amplitudes of the positive and negative local
extrema in the angular dependence, which is far more larger
than in the case of the polarizer PP1. Furthermore, with
increasing number of Co/Pt sequences, the amplitude of
the local maximum of STT increases, while the amplitude
of the local minimum decreases. This behavior moderates
the waviness of the angular dependence of STT. Note that
the waviness almost disappears for L = 5. Similar wavelike
angular dependence can be observed for the out-of-plane STT
component. Its amplitude, however, is now smaller by 1–2
orders of magnitude. The angular dependence of STT induced
by the IP polarizer appears to be virtually uninfluenced by PP
polarizer, and therefore it coincides with the one shown in the
second column of Fig. 2.
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FIG. 5. (Color online) Angular dependence of STT exerted on
the free layer in the units of h̄I/|e|. (a) and (c) The in-plane and
out-of-plane STT components due to the CPP2 polarizer, respectively,
calculated for L = 1,3, and 5 as a function of θP. (b) and (d) The STT
components analogical to (a) and (b), respectively, but for the PP
polarizer with disorder, DPP2, for L = 3,4, and 6.
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FIG. 6. (Color online) Current-pulse-induced switching proba-
bility from the P to AP states of the free layer in spin-valve structure
with CPP2 polarizer, calculated for various pulse lengths and different
values of L.

Let us now consider the current-induced magnetization
switching induced by the spin-transfer torque due to the CPP2

and IP polarizers. The simulations were carried out in the same
way as in the previous case. Figure 6 shows the switching
probability from the P to AP configurations of ŝ as a function
of the current amplitude, calculated for various pulse lengths
and for different values of L. Since the angular dependence of
CPP2 has some similarities to that for PP1 polarizer, behavior
of Psw can be explained in a similar way as in the previous
case. From Fig. 6, follows that for all pulse lengths, a reliable
switching with Psw = 1 can be observed at negative current
density for L = 1, when the STT term from the PP polarizer is
small in comparison to that due to the IP polarizer. Moreover,
the critical current density leading to Psw > 0 decreases
with increasing pulse length. For positive current densities,
one observes just 50% switching probability. The situation,
however, becomes different when the influence of the PP
polarizer becomes more pronounced, i.e., for L = 3 and 5.
The switching probability in the cases of ultra-short current
pulses, i.e., tp = 50 and 100 ps, substantially differs from that
for longer current pulses tp = 1 and 10 ns. In the first case, the
PP polarizer facilitates switching when Im < 0. The critical
current density above which Psw increases towards a relatively
wide plateau, where Psw = 100%, becomes reduced with
increasing number of the Co/Pt layers. Above this plateau,
Psw decreases again down to 0 and one can expect oscillations
of Psw with Im, as clearly visible for tp = 100 ps and L = 5.
For positive current density, one finds fast oscillations of Psw

with decreasing amplitude. The current density for onset of
these oscillations also depends on L. It is clear that in the
case of short pulses, the PP polarizer has an active positive
role in the magnetization reversal of the free layer. In contrast,
for longer pulse duration, tp = 1 and 10 ns, the PP polarizer
has rather detrimental effect on the current-induced switching
from the P to AP configuration.

The overall effect of the PP polarizer, at larger L, is to
reduce Psw and introduce fast oscillations for either positive or
negative current densities. The reason for this behavior follows
from the reduction of negative part of the wavelike angular

094422-7
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FIG. 7. (Color online) Current-pulse-induced switching probabil-
ity from the AP to P states of the free layer in the spin-valve structure
with CPP2 polarizer, calculated for various pulse lengths and different
values of L.

dependence of the STT for L = 3 and 5. This might cause
stabilization of one of the out-of-plane configuration of ŝ.

Figure 7 presents the switching probability from AP to P
configuration for a spin valve with the CPP2 polarizer. For
L = 1, one can observe a nonzero Psw just for Im > 0, which,
however, oscillates at short pulses and reduces to 50% at
longer pulses. This behavior is in agreement with our previous
explanation of the switching from AP to P configuration, when
the angular dependence of STT induced by the PP polarizer
is of the wavelike shape. On the other hand, one can observe
that the PP polarizer with L = 3 and 5 leads to a reduction of
the critical current for nonzero Psw. At short pulses one can
see a reasonable plateaus with 100% switching probability for
Im < 0.

The difference between Psw calculated for PP1 and CPP2

polarizers results from different ratio of the positive and
negative amplitudes of STT at θP < π (similar holds also
for θP > π ). Although, the STT due to the CPP2 polarizer
has still the wavelike angular dependence, the big difference
between the amplitudes of the positive and negative extrema
leads to stabilization of one of the out-of-plane static states.
This finally results in fast out-of-plane oscillations of ŝ. As a
result, the switching probability becomes strongly dependent
on the applied current density and the current pulse length.

2. Effect of disorder

Now we will focus on the effects due to disorder in the
PP2 polarizer (referred to as the DPP2 polarizer). Transport
parameters of this polarizer are given in Table III. In contrast

TABLE III. Renormalized transport parameters for the DPP2

polarizer. The physical units of the quantities are the same as in
Table II.

L R∗ γ g↑↓
r g

↑↓
i

3 4.986 0.106 1.080 −0.125
4 5.788 0.089 1.068 −0.120
6 7.523 0.037 1.056 −0.123
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FIG. 8. (Color online) Current-pulse-induced switching proba-
bility from the P to AP state of the free layer in the spin-valve
structure with DPP2 polarizer, calculated for various pulse lengths
and indicated values of L.

to the CPP2 polarizer, one can now note a significant reduction
of the polarization parameter γ with increasing number of
disordered Co/Pt sequences. In turn, the overall resistance
of the DPP2 polarizer increases rapidly with L. On the other
hand, the mixing conductances are comparable to those of the
corresponding clean polarizer.

The angular dependence of the STT components for L = 3,
4, and 6 is shown in the second column of Fig. 5. The presence
of disorder results in an almost symmetric wavelike angular
dependence of the in-plane STT component. This component
only slightly depends on the number of disordered Co/Pt
sequences. Similar behavior can be observed in the angular
dependence of the out-of-plane torque component, which is
again about two orders of magnitude smaller than |τ ‖|.

The current-pulse-induced switching probability is shown
in Fig. 8. For short pulse lengths, tp = 50 and 100 ps, the
switching probability remains zero almost in the whole range
of the studied current densities (not shown). Psw becomes
nonzero only at longer pulse lengths—in our case for tp = 1
and 10 ns. Moreover, the probability of switching from the
P to AP configuration saturates at 100% at higher current
densities with no clear oscillations in Psw. On the other hand,
Psw for switching from the AP to P states becomes nonzero for
positive currents with clear oscillates with the current density.
This indicates that the main mechanism of the current-induced
switching involves the STT due to the IP polarizer. This follows
from the fact that in the initial configuration ŝ is perpendicular
to ŜP (θP = π/2), where the spin-transfer torque induced by
the DPP2 polarizer is almost zero. On the other hand, in
agreement with the previous explanation, the wavelike angular
dependence destabilizes the out-of-plane configuration of ŝ at
negative current densities, and hence the high Psw for switching
from P to AP states is achieved at higher pulse length.

For the opposite switching, from AP to P configuration,
one observes a nonzero switching probability due to the IP
polarizer for L = 4 and L = 6 at Im > 0. However, in this
case, the out-of-plane position of ŝ is stabilized as well. This
leads to oscillations in Psw at positive current densities.
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V. SUMMARY AND DISCUSSION

To conclude, we studied the spin-transfer torque and
current-induced magnetization switching in dual spin valves
with perpendicular and in-plane polarizers and in-plane free
layer. To calculate the spin-transfer torque exerted on the free
layer, we employed the spin-dependent diffusive transport
model. The nonhomogeneous perpendicular polarizer was
incorporated into the diffusive spin valve as a single inter-
face with spin-dependent transport properties obtained from
ab initio wave function matching method. One of the key
observations presented in this paper is the wavelike angular
dependence of STT due to the perpendicular polarizer, exerted
on the Permalloy free layer.

Our analysis of this particular spin-valve geometry was
motivated by experiments by Lee et al.14,15 They reported
a strong enhancement of the switching probability due to
ultrashort rectangular current pulses, tp ∼ 100 ps, for both
P to AP and AP to P transitions. For some of the pulse
lengths and magnitudes, they reported even 100% switching
probability at room temperature. On the other hand, at longer
current pulses, tp � 1 ns, they obtained Psw similar to that
in a standard spin valve (without perpendicular polarizer).
Results of our numerical analysis partially agree with the
experimental observation. More specifically, we observed
some enhancement of the precessional switching at short
applied current pulses due to the PP polarizer. The suggested
mechanism of this switching enhancement, however, stems
from simultaneous destabilization of the three static configu-
rations by the cooperation of wavy and standard spin-transfer
torques. The question arises whether the wavelike angular
dependence was present in the samples studied in Refs. 14
and 15. The wavelike angular dependence is rarely observed
and it is sensitive to the band structure of used materials as
well as to the spin diffusion length in the nonmagnetic spacer.
The presence of wavy torque induced by the PP polarizer
is manifested by a reliable switching for current in one
orientation and reduced switching probability Psw (displaying
oscillations with the current density) for the opposite current
orientation. On the other hand, when the angular dependence
is close to the standard (nonwavy) one, it leads to out-of-plane
magnetization precessions and may have a detrimental effects
on the switching probability for both current orientations and
for both switching directions. In the latter case, the parameters
of current pulse must be properly chosen to obtain reliable and
fast switching.

Transport parameters of the PP polarizers were calculated
using the wave-function matching ab initio method with
the spin-orbit coupling neglected. Strong spin-orbit coupling,
however, may significantly reduce the spin diffusion length in
the Pt layers and, therefore, the polarization degree of the PP
polarizer. However, the properties of experimentally realized
Co/Pt structures vary in a wide range. Hence it is not clear
how thin Pt films influence the current polarization. Moreover,
the mixing conductance components should be not influenced
since these depend mainly on the top atomic layers in the
polarizer. Therefore it seems that the interfacial disorder in the
polarizer, which is shown to significantly reduce polarization
factor of the PP polarizer, might have far more important
effects than the spin-orbit coupling in the Pt films. In this paper,

TABLE IV. Bulk material parameters used for the layers.

material ρ∗ (μ�cm) β λsf (nm)

Py 16 0.77 5.5
Cu 0.5 0 350

we have shown that even in the case of polarization factor close
to zero, the wavelike angular dependence of STT can survive
owing to the mixing conductance. The overall spin torque,
however, is reduced and leads to a reliable switching just in
case of longer current pulses and higher current densities.

We have also demonstrated that a perpendicular polarizer
leading to a wavelike angular dependence of STT, in co-
operation with standard in-plane polarizer, can significantly
enhance switching of the free layer’s magnetization from one
configuration to the opposite one. This switching mechanism
markedly differs from the standard precessional switching
which strongly depends on the pulse length and/or applied
current density. Obviously, the efficiency of this switching
mechanism depends on the ratio of the positive and negative
parts of the wavelike angular dependence. A drawback of
this method is that it undermines switching in the opposite
direction. However, the reliable switching direction can be
changed by changing orientation of the perpendicular po-
larizer magnetization. Moreover, it has been shown that the
perpendicular polarizer is particularly efficient at short sub-
nano-second current pulses. A relatively large range of applied
current densities leading to the current-induced switching with
100% probability at 50-ns current pulse has been demonstrated
for PP1 as well as CPP2 polarizers. Therefore, the presented
switching scheme might be interesting for the optimization of
current-induced switching in metallic spin valves.
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APPENDIX: BULK AND INTERFACE PARAMETERS

In the above presented calculations, we used bulk and in-
terface material parameters for the Cu and Py layers26,46 given
in Tables IV and V and obtained from GMR measurements.
Note that the mixing transmission has been disregarded for a
single N/F interface.

TABLE V. Interface material parameters used for the interfaces.
R∗ is given in the units of f�m2 and the mixing conductance is given
in 1/f�m2.

interface R∗ γ Re G̃↑↓ Im G̃↑↓

Cu/Py 0.5 0.7 0.390 0.012
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The other parameters used in the simulations of the
magnetization dynamics for Py free layer were as fol-
lows; saturated magnetization Ms = 6.9 × 105 Am−1, uni-
axial anisotropy Hani = 8.0 × 103Am−1, demagnetizing field

Hdem = (0.87,0.10,0.03)Ms calculated for an elliptical cross
section with major axis being 180 nm and minor axis
as large as 70 nm, and the Gilbert damping parameter
was α = 0.05.
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33P. Baláž and J. Barnaś, Phys. Rev. B 83, 104422 (2011).
34O. K. Andersen, O. Jepsen, and D. Glötzel, in Highlights of
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