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The influence of a transverse spin–polarized current on long ferromagnetic nanostripes is studied
numerically. The magnetization behavior is analyzed for all range of the applied currents, up to the
saturation. It is shown that the saturation current is a nonmonotonic function of the stripe width. A
number of stable periodic magnetization structures are observed below the saturation. Type of the
periodical structure depends on the stripe width. Besides the one–dimensional domain structure,
typical for narrow wires, and the two–dimensional vortex–antivortex lattice, typical for wide
C 2013
films, a number of intermediate structures are observed, e.g., cross–tie and diamond state. V
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4831748]

A magnetic nanostripe is a convenient system for studying the dynamics of magnetization structures driven by a
spin–polarized current. Typically the current is passed along
the stripe, which causes a movement of the domain wall.
This phenomenon is widely studied both theoretically and
experimentally, see, e.g., reviews 1–4. Nevertheless the
influence of a perpendicular current on the stripe magnetization dynamics is also of high interest for spintronic applications. Recently, it was predicted theoretically5 and later
confirmed experimentally6–9 that the perpendicular current
can excite the domain wall motion with much higher velocity comparing to the in–plane current. This is a promising
feature for development of high–speed memory devices. In
this paper, we show what one should expect in such a system
with the current increasing.
Recently, we have studied the action of the strong perpendicular spin–polarized current on a nanomagnet for two
limit cases, namely a planar two–dimensional film10,11 and a
narrow one–dimensional wire.12 In both cases, a stable periodical structure induced by the spin–current is found in the
pre–saturated regime: a square vortex–antivortex lattice is
formed in a film and a one–dimensional domain structure is
formed in a wire. The aim of this paper is to make a link
between these limit cases. For this purpose, we consider thin
and long stripe shaped samples of different widths. By varying the stripe width, we study the current induced magnetization behavior in wide range, starting from quasi–one
dimensional narrow strips (w ⱗ h) and up to quasi two–dimensional wide strips (w  h), where w and h denote,
respectively, the stripe width and thickness. The following
analysis is made under the assumption that the stripe is sufficiently long, so that L  w and L  h with L being the
stripe length. We also assume that the stripe is thin enough
to ensure uniformity of the magnetization along the thickness. Details of the problem geometry are shown in Fig. 1.
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Our study is based on the Landau–Lifshitz–Slonczewski
phenomenological equation,13–15
_ ¼ m  dE=dm  jem  ½m  ^z ;
m

(1)

where m ¼ M=Ms ¼ ðmx ; my ; mz Þ is the normalized magnetization, Ms is the saturation magnetization. The overdot indicates a derivative with respect to the rescaled time in units
ð4pcMs Þ1 , c is a gyromagnetic ratio, and E ¼ E=ð4pMs2 Þ is
the normalized magnetic energy. We consider here a soft ferromagnet, therefore only exchange and magnetostatic
contributions to the total energy are taken into account.
The normalized spin–current density j ¼ J=J0 , where
J0 ¼ 4pMs2 jejh=h, with e being the electron charge, h is the
Planck constant. The physical meaning of the quantity J0 was
clarified in the Ref. 16, where it was shown that for currents
J  J0 a “rigid” saturation appears: the saturated state
remains stable in a transverse magnetic field regardless of the
field amplitude and direction. The spin–transfer torque
effi
ciency function e has the form e ¼ PK2 = ðK2 þ 1Þ
þðK2  1Þðm  ^z Þ, where P is the degree of spin polarization

FIG. 1. The three–layer stripe–shaped spin valve. The spin polarized current
flows perpendicularly to the studied stripe opposite to ^
z –direction, thereby
the conduction electrons flow in the opposite side, as shown by the red
(large) arrow. The black (small) arrow indicates the direction of the polarizer
magnetization.
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FIG. 2. The phase diagram of the magnetisation behavior of ferromagnetic stripes of different widths w under the action of a transverse spin current J. Length
L ¼ 1 lm and thickness h ¼ 10 nm of the stripes are fixed. Black bold dots indicate the transition from one state to another, and each state is numerated, as
shown in the inset. The thin horizontal dashed–dotted line indicates the saturation current Jsfilm for an infinite film of thickness h. Black dotted and solid lines
0
indicate analytically obtained currents J~c and J~s , respectively, see Eqs. (5) and (7). The current J~c is shown by the dashed line. The insets (a), (b), and (c) show
possible uniform states. Examples of possible periodic structures are shown below, the area of view is restricted to the 100 nm long central part of a stripe.
Numbers of the insets correspond to the numbers in the legend: (d) is the periodical domain wall structure (w ¼ 9 nm, J ¼ 12  1012 A=m2 ), (e) is the antivortex diamond state (w ¼ 22 nm, J ¼ 7:5  1012 A=m2 ), (f) is the cross–tie domain wall (w ¼ 28 nm, J ¼ 7:5  1012 A=m2 ), (g) is the vortex diamond state
(w ¼ 40 nm, J ¼ 11:25  1012 A=m2 ), (h) is the quasicrystal structure (w ¼ 52 nm, J ¼ 14  1012 A=m2 ). To determine positions of the vortices and antivortices, we used the method23 of intersection of isolines mx ¼ 0 (orange line) and my ¼ 0 (blue line). Circles and diamonds show positions of vortices and antivortices, respectively. Numbers on the insets correspond to the numbers of the regions on the diagram.

and the parameter K describes the resistance mismatch
between the spacer and the ferromagnet stripe.15,17 The
damping was omitted in Eq. (1), because, as it was shown earlier,11,12 the transverse spin–polarized current plays the role
of an effective damping, which is usually greater than the natural one. It should also be noted that the Eq. (1) is written for
the case when the Polarizer is magnetized along the z–axis,
see Fig. 1.
Here, we report on the results of a numerical study based
on the micromagnetic simulations.18,19 The length of all
studied stripes is the same L ¼ 1 lm. To ensure the magnetization uniformity along the z–axis, we consider only sufficiently thin stripes with a thicknesses not exceeding several
characteristic magnetic length, namely h ¼ 5, 10, and 15 nm.
Since the thickness is small, the current density is assumed

to be spatially uniform, however in a general case, one
should take into account that strong gradients of the magnetization result in the current inhomogeneities.20 The width is
varied in a wide range 0:5  w  100 nm. As an initial state
for each simulation, we choose a uniform in–plane magnetization along the stripe (along the x–axis), which is very
close to the ground state of a long stripe. To consider all possible current values, we adiabatically increase the current
density until the stripe reaches the saturated state, when all
magnetic moments are aligned along the z–axis.21
All possible types of the magnetization behavior
induced by spin–currents in different stripes can be summarized in form of the phase diagram presented in Fig. 2. First
of all, one should distinguish two critical currents, namely
the saturation current Js(w) which is a minimal current that
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takes the stripe to the saturated state, see the inset (a) in
Fig. 2; and the current Jc(w) which is the highest current at
which the uniform in–plane state remains stable.22 For currents J < Jc, a stripe is magnetized uniformly within the
stripe plane x0y (perpendicularly to the current direction)
and the magnetization direction has an angle / ¼ /ðJÞ with
the stripe direction (x–axis), see inset (b) in Fig. 2. The
details of the dependence /ðJÞ will be discussed later. The
appearance of the described inclined uniform in–plane state
under the action of the current was recently predicted for the
one–dimensional wires.12
For a certain thickness, the saturation current Js(w) is a
nonmonotonic function of the stripe width. The dependence
Js(w) tends to zero in the limit case of very narrow stripes,
w ! 0. With the width increasing, Js(w) rapidly reaches its
maximum value and then, with the width further increasing,
it demonstrates decaying oscillations which asymptotically
approach the limit value Jsfilm as w ! 1, where Jsfilm is the
saturation current for an infinite film of the given thickness,
see Fig. 2. The dependence Jsfilm ðhÞ was recently described
both numerically and analytically, see Fig. 2 of Ref. 11.
The behavior of the current Jc for narrow stripes is similar to the described behavior of the saturation current Js
except that Jc < Js . However, after passing the maximum
the function Jc(w) monotonically decays to zero.
There is an intermediate magnetization structure which
appears for the range of the applied currents Jc < J < Js and
drastically depends on the stripe width w. In this regard, one
can distinguish two specific values of the width, namely
w1 h and w2 2h. For widths w < w1 , a stripe keeps the
uniform magnetization for any value of the applied current.
The transition from the uniform in–plane state to the saturation occurs by the appearance of an out–of–plane component
mz, see inset (c) in Fig. 2. This process is continuous for very
narrow stripes (w=h < nc 0:457) and discontinuous for
wider stripes w=h > nc , see the analytical discussion below.
The main feature of the range w1 < w < w2 is that Jc ¼ Js,
this means that the saturation is a discontinuous process
which occurs as a sharp jump from the uniform inclined state
with mz ¼ 0 to the saturated state with mz ¼ 1. For the case
w > w2, the saturation occurs as a multilevel process in which
different intermediate periodic structures are possible. It is
important to note that for small neighborhoods of the widths
w1 and w2 (or in other words, for the cases Js ’ Jc ) the stable
periodic structures appear in the intermediate regime
Jc < J < Js . For w w1 , we find a one–dimensional domain
structure, see Fig. 2(d), which coincides with the previously
described domain structure arising in thin nanowires in the
pre–saturated regime.12 For w w2 , we find another periodic structure, which we call the antivortex diamond state,
see Fig. 2(e). This structure consists of a chain of antivortices
aligned along the stripe central line, and two chains of edge
solitons are aligned along the stripe edges. An edge soliton is
half a vortex, or boojum.24
Let us now consider the behavior of the relatively
wide stripes, w > w2. We start from the discussion of the
pre–saturated regimes, where J / Js . In this case, one
observes two completely different stable states: namely, the
state of longitudinal domain walls (area 6 in Fig. 2) and the
state of transverse domain walls (area 7 in Fig. 2). The first
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state appears just below bulges of the dependence Js(w) and
represents a set of parallel Bloch walls aligned along the
stripe; and the number of the domain walls increases with
increasing width. The second state appears just below valleys
of the dependence Js(w), it represents a periodic Bloch domain walls structure aligned perpendicularly to the stripe
(along the y–axis). With the current decreasing, the other
periodic magnetization structures appear whose type is determined by the width: the cross–tie appears for the most narrow stripes (w ⲏ w2 ), see Fig. 2(f); the vortex diamond state
appears for somewhat wider stripes, see Fig. 2(g); and the
quasicrystal state appears for even wider samples, see Fig.
2(h). The cross–tie state is well described in the literature.25
The vortex diamond state coincides with the described antivortex one up to interchanging of positions of vortices and
antivortices, this state was already observed in
rectangular26–28 and elliptical29 nanoparticles and also in
mesoscopic islands of complicated form.26 The quasicrystal
state is very similar to the vortex–antivortex lattice recently
predicted for wide films.10,11 The periodic magnetization
structures do not survive in wide stripes with further current
decreasing, a dynamic regime of chaotic vortex–antivortex
motion appears instead, see region 11 in Fig. 2.
It should be noted that occasionally defects can appear
in the periodic structures. The defects are of vacancy or interstitial type with respect to vortices or antivortices.
The following analytical approach enables us to estimate
the upper limit of the current Jc and also the saturation current Js for the case of narrow stripes. For this purpose, let us
consider a uniformly magnetized stripe under the action of
the spin current. In this case, the energy of the system consists only of the magnetostatic contribution and it can be
expressed in the form,25
E ¼ E ms ¼


V
Nx m2x þ Ny m2y þ Nz m2z ;
2

(2)

where V is the sample volume and Nx, Ny, Nz are demagnetizing factors which are determined by the stripe sizes, for
1 and one can
details see Ref. 30. For a long stripe Nx
neglect it, however, we save the factor Nx to make our consideration more general.
Looking for the stationary uniform solutions, we substitute the expression (2) into the Eq. (1), which results in the
following set of equations:
ðNz  Ny Þmy mz  jeðmz Þmx mz ¼ 0;

(3a)

ðNx  Nz Þmx mz  jeðmz Þmy mz ¼ 0;


ðNy  Nx Þmx my  jeðmz Þ m2z  1 ¼ 0:

(3b)
(3c)

It is easy to see that the set (3) has an in–plane solution
mz ¼ 0, which turns the first two equations (3a) and (3b) to
identity and the last equation (3c) enables one to obtain the
orientation of the in–plane state,
sinð2/Þ ¼ J=J~c ;

(4)

where / ¼ arctanðmy =mx Þ is an angle which the magnetization has with the x–axis, and
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J~c ¼ J0 ð1 þ K2 ÞðNy  Nx Þ=ð2PÞ;

(5)

is the highest current at which the uniform in–plane state
exists. The critical current J~c depends on the stripe sizes
through the demagnetizing factors Ny and Nx. The corresponding dependence J~c ðwÞ is shown in Fig. 2 by a thin dotted line. As one can see, Jc ¼ J~c for narrow stripes
nc h ⱗ w  h, while for other values of the width Jc < J~c .
This means that for a wide range of w the instability of the
uniform in–plane state occurs for currents lower than the
value J~c , which can be only considered as an upper limit of
the uniform in–plane state existence. However, the stability
analysis is beyond the scope of the paper and will be performed in a further work.
The set of equations (3) has also a solution with an
out–of–plane component mz 6¼ 0:


1
J
2
2

1

K
;
1  K2 J~s
my qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
¼ ðNz  Nx Þ=ðNy  Nz Þ;
tan / ¼
mx
mz ¼

(6a)
(6b)

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðNy  Nz ÞðNz  Nx Þ
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