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The spin-torque switching of metallic nanopillar spin valves showing strong perpendicular anisotropy are
studied. The magnetic states of the layers depend on extrinsic parameters such as the magnetic “eld and the dc
current applied to the device. A state diagram presents a comprehensive graph of the role of those parameters
on the spin-valve magnetic response. After explaining how state diagrams can be built and the different possible
representation, experimental state diagrams are studied for perpendicular devices and the in”uence of lateral
size, temperature, and “eld orientation are shown. An analytical model of a purely uniaxial system is presented.
It is shown that this simple model does not properly re”ect the experimental results, whereas if the symmetry is
broken a qualitative agreement is obtained. Finally, the possible origins of the symmetry break are discussed in
light of an analytical model and numerical simulations.
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I. INTRODUCTION

The possibility to manipulate and control the magnetization
of a magnetic nano-object using a spin-polarized current was
predicted by both Berger1…3 and Slonczewski.4 As a con-
sequence of angular moment conservation, a spin-polarized
current may transfer angular momentum to a nanomagnetic
that acts as a torque acting on the magnetization. This
spin-transfer torque will add to the “eld and damping torques
to provide the Landau-Lifshitz-Gilbert-Slonczewski (LLGS)
equation which describes magnetization dynamics in the
presence of an effective “eld and an injected current.5 Not
only does this new torque affect the magnetization dynamics, it
also induces new magnetization states that cannot be stabilized
using external static or dynamic magnetic “elds.6 These new
magnetization states are either static states that are not an
energy minima or steady precessional states. Consequently
several new phenomena could be observed such as mag-
netization steady-state precessions, vortex precession, and
current-induced magnetization switching as recently reviewed
in Refs.7…9.

Experimentally it was “rst demonstrated that spin-polarized
electrons could propagate a domain wall in a wire.10 Since
then, domain propagation assisted by a polarized current
has been studied extensively involving different domain wall
type, different materials, and different geometries.11…13 The
understanding of the fundamental physics ruling domain wall
propagation allows the possibility of applications in the “eld of
magnetic data storage as the •race track memoriesŽ proposed
by Parkin.14

Experimental measurements of current-induced resistance
changes were “rst done in magnetic multilayers with spin
torque driven excitations in 199815 and then in magnetic
oxide junctions in 1999.16 In 2000 magnetization reversal
of a magnetic nano-object under a polarized current using
a nanopillar spin valve was demonstrated.17 This has spurred
extensive research in metallic spin valve and magnetic tunnel
junction (MTJ) nanopillar structures and development of
new applications including spin-transfer torque magnetic
random access memories (STT-MRAMs) and rf devices such
as current-tunable microwave nano-oscillators (STNO).18…21
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Implementation of STT-MRAM requires low critical currents
to switch the nanomagnet while maintaining suf“cient thermal
stability.21 Toward this goal nanopillars with perpendicular
magnetic anisotropy (PMA) have shown to be particularly
interesting since they provide a way to lower the switching
current. Indeed, as shown and described in this paper the
perpendicular geometry has a number of advantages over
in-plane devices. The magnetic response is more strongly
determined by the intrinsic properties of the materials rather
than being dominated by the shape of the device. PMA is
controllable by judicious engineering of material properties.
High anisotropy materials with strong PMA provide stability
against thermal activation down to smaller nanomagnet sizes
than feasible with shape anisotropy alone.22 Moreover, PMA
materials provide a model system to investigate the combined
effect of applied magnetic “eld (H ) and injected current (I ).
We shall then concentrate on the study of a state diagram
(also called a phase diagram, switching diagram, or stability
diagram in the literature) which is a map of the equilibrium
magnetic states available in the (H , I ) parameter space similar
to what was described earlier in Ref.23. The state diagram
gives a complete and readable picture on the impact of
the applied magnetic “eld and of the spin-polarized current
on the magnetization. In the literature both experimental
and theoretical state diagrams in (H , I ) or (H , V) space
were done previously for spin valves with in-plane,18,23…49

perpendicular,50…58 or both59…61 anisotropy, and for MTJs.62…78

The aim of the paper is then to describe in detail how to
measure, model, and interpret such a state diagram with the
goal to understand the effect of the intrinsic (linked to the
materials properties) and the extrinsic parameters (controlled
during the experiments) on the magnetization state.

We will focus on spin-valve structures with PMA for
which their magnetic layers have an easy anisotropy axis
pointing in the out-of-plane direction. Spin valves with both
the polarizer and the free layer having PMA are a uniaxial
model system. Indeed all the contributions (“elds, anisotropy
axis, and current) in this system are expected to be aligned
along the same perpendicular axis. Perpendicular geometry
also provides a way to decrease the switching current required
to observe current-induced magnetization reversal.50,79…82 The
reason for the larger magnetization reversal ef“ciency for the
perpendicular case compared to the in-plane one comes from
the effect of the demagnetizing “eld in the two geometries.
Figure1 and TableI point out the differences between these
two cases. In the analytical expression of the switching current
required to reverse the magnetization in the in-plane case, a
constant term due to the demagnetization “eld is in addition
to the in-plane anisotropy that suppresses reversal. In the per-
pendicular case the switching current is directly proportional
to the height of the energy barrier between the parallel and
the antiparallel states (UK ). For applicationsUK > 50 kBT is
required to ensure 10 years stability. By controllingUK and
optimizing the material properties such as spin polarization
and magnetic damping, the critical switching current can
be reduced by more than one order of magnitude, while
maintaining thermal stability.51,83 Note that in perpendicular
anisotropy structures with composite free layers it should be
possible to further decrease the critical switching current while
maintaining stability.84

In this paper we focus on nanopillar spin valves with PMA,
under the application of a magnetic “eld and an injected
current by studying the state diagrams. In Sec.II , after a brief
description of the spin valves studied here, we explain how to
measure, plot, and interpret such a state diagram. SectionIII
focuses on the analytical modeling based on a macrospin
approach with uniaxial anisotropy symmetry to determine the
theoretical state diagram of our samples. The comparison with
the experimental results is presented in Sec.IV. We focus
on the in”uences of extrinsic and intrinsic parameters as
lateral size of the sample, temperature, sweeping “eld rate,
time measurement, and “eld orientation. We then conclude
that to explain our experimental results the symmetry of the
system must be broken. Consequently, in Sec.V we re“ne our
modeling by considering a nonuniaxial symmetry. Finally, in
Sec.VI , some possible origins of the symmetry breaking as a
misalignment of the magnetic “eld or the anisotropy “eld as
well as the presence of a higher order anisotropy constant are
tested using numerical simulations.

II. EXPERIMENTAL STATE DIAGRAMS

The nanopillar spin-valve structures discussed in this
paper have been reported in several earlier papers.50…55

They are made of Co/ Pt and Co/ Ni multilayers with PMA
that were grown both by co-evaporation and dc magnetron
sputtering. The magnetic structure consists of a Pt(3 nm)/
[Co(0.25 nm)/ Pt(0.52 nm)]5/ Co(0.2 nm)/ [Ni(0.6 nm)/
Co(0.1 nm)]2/ Co(0.1 nm) hard reference layer and a Co(0.1
nm)/ [Co(0.1 nm)/ Ni(0.6 nm)]4/ Pt(3 nm) free layer separated
by a 4 nm Cu spacer layer. The multilayers were then
patterned using electron beam lithography and ion etching
into nanopillars of different shapes (circle, hexagon, etc.) and
sizes varying from 50 nm to 5µm. Two types of resistance are
measured, dc resistance (Rdc = V /I ) and ac resistance (Rac =
dV /dI ). Rdc is measured by injecting a dc current (I dc) and
measuring voltage with a nanovoltmeter in a four terminal
con“guration. In that caseI dc is used both to measureRdc
and to inject the current needed for spin-transfer torque. The
resistancedV /dI , that is, thedV response to a small ac current
oscillationdI , measuresRac

85 (see for instance Figs.2 and 4).
This is done using a lock-in technique. The two resistances are
related as follows:

Rac =
dV
dI

=
d(RI )

dI
= Rdc + I

dR
dI

. (1)

As a consequence they are complementary since as soon
as the resistance is affected by the current reversibly, as
in the case of Joule heating or spin-transfer torque effects,
the two resistances will differ. For instance, in the case of
the onset of magnetization precession the resistance changes
reversibly with current giving rise to a smoothRdc variation
but a peak inRac. The current is de“ned positive when the
electrons ”ow from the reference layer to the free layer
tending to align the two layers in the parallel state (P). The
reference layer magnetization switches for an applied “eld
close to 1 T. Since no “elds greater than 0.5 T are applied
during the measurements, the reference layer is expected to be
stable. For all the experiments shown here the reference layer
magnetization is pinned along the positive “eld direction. As
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FIG. 1. (Color online) Sketch of (a) in-plane and (b) out-of-plane spin valve con“guration: the polarizer in blue has its magnetization “xed,
whereas the free layer in green can align parallel or antiparallel to it.

presented in previous studies,52 the dipolar stray “eldHdip
arising from the reference layer is acting on the free layer and
affects the magnetization dynamic.

The experimental state diagrams are built by taking a series
of “eld hysteresis loops for different injected currents (or a
series of current loops at different applied magnetic “eld). An
example curve is shown in Fig.2 showing hysteretic switching
of the free layer. Indeed, for one value of the injected current a
“eld hysteresis loop divides the magnetic “eld axis into three
regions of different magnetic con“gurations. In the middle is
the bistable region where the spin valve can be either in the
parallel or antiparallel state. For a large positive “eld, only
the parallel con“guration becomes available, whereas going to
the negative “eld, only the antiparallel con“guration becomes
available. The two borders between these three regions are
marked by the switching “elds [see Fig.2(a)]. Therefore, a
plot of the evolution of these switching “elds as a function of
the injected current gives a state diagram.

To build a state diagram we make a two-dimensional plot of
eitherRdiff (H ) = Rinc (H ) Š Rdec(H ) or Rsum(H ) = 1

2 [Rinc
(H ) + Rdec (H )] for different current values [see Figs.2(b)
and2(c)], whereRinc (H ) andRdec(H ) are the “eld increasing
and decreasing branch of the hysteresis loop, respectively [see
Fig. 2(a)]. With these two methods, the state diagram is then
obtained by building a two-dimensional colored map in the (H ,
I ) parameter space where each point corresponds to a speci“c
pair of current and “eld values. Its color is given by the value
of Rdiff or Rsum at these coordinates (see Fig.3). Each of its
horizontal lines corresponds to a unique value of the injected
current and is determined from the “eld hysteresis loop
measured at this current. The qualitative difference between

Rsum andRdiff is thatRdiff highlights the hysteretic regions of
the state diagram, as nonhysteretic regions will be zero.

In order to compare the lines obtained for different injected
currents, the parabolic evolution of the nanopillar resistance
due to the Joule heating has to be taken into account. Using
the treatment withRdiff this problem disappears because the
giant magnetoresistance ratio is not affected by the Joule
heating. On the contrary, usingRsum, this effect induces a
vertical contrast that can complicate the reading of the state
diagram. To remove this contribution, the resistance values of
the concerned hysteresis curves need to be normalized using
the following formula:Rnorm = (R Š RP) /(RAP Š RP). As
a result, the normalized resistances of the parallel and of the
antiparallel states are, respectively, 0 and 1 [see Fig.2(c)].
Figure3 presents the state diagram of a nanopillar spin valve
with perpendicular magnetizations similar to the previous ones
where Fig.3(a) is Rdiff and Fig.3(b) is Rsum. These two-state
diagrams exhibit a similar behavior. However,Rdiff highlights
the bistable region, whereasRsum highlights the behavior of
the nanopillar in the high “eld and current regions. These two
treatments are therefore complementary.

Figure4 shows the same state diagram as Fig.3(b) along
with three characteristic hysteresis loops for three different
injected currents values. These “eld hysteresis loops are
horizontal cross sections of the state diagram at the ordinate
given by the value of the injected current. Similarly, a current
hysteresis loop is a vertical cross section of the state diagram
at the abscissa given by the value of the applied magnetic
“eld. The state diagram gathers the information given by “eld
and current hysteresis loops. As mentioned previously, a state
diagram is mainly divided into three regions: one for which

TABLE I. Comparison between the effective magnetic “eld (H P� AP
eff , H AP� P

eff ), the energy barrier between the two stable
magnetic states (UK ), and the switching current (I SW) of spin valves with in-plane (i.e., anisotropy “eld in-planeHK Šip)
and out-of-plane anisotropy (i.e., anisotropy “eld perpendicularHK Šoop). The sketch in Fig.1 shows (a) the in-plane and
(b) the out-of-plane cases.

In-plane Out-of-plane

H P� AP
eff H + Hdip + HK Šip + 1

2MS H = Hdip + (HK Šoop Š MS)
H AP� P

eff Š(H + Hdip) + HK Šip + 1
2MS Š(H + Hdip) + (HK Šoop Š MS)

UK µ 0(MSV HK Šip)/ 2 µ 0[MSV(HK Šoop Š MS)]/ 2
|I SW| ( 2e

h̄ ) 2�
g(� )p (UK + 1

2µ 0M 2
SV) ( 2e

h̄ ) 2�
g(� )p (UK )
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