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Abstract 
 
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 field and the DC current applied to the device. A state diagram presents a 
comprehensive graph 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 diagram are studied for perpendicular devices and the influence of lateral 
size, temperature and field orientation are shown. An analytical model of a purely uniaxial 
system is presented. It is shown that this simple model does not properly reflect 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 the light of 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 Luc Berger [1-3] and John Slonczewski [4]. As a 
consequence 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 field and damping torques to provide the Landau-Lifshitz-
Gilbert-Slonczewski (LLGS) equation which describes magnetization dynamics in the 
presence of an effective field 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 fields [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 magnetization steady state precessions, vortex 
precession and current-induced magnetization switching as recently reviewed in Refs. [7-9]. 
 
Experimentally it was first 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, different 
geometries [11-13]. The understanding of the fundamental physics ruling domain wall 
propagation allows the possibility of applications in the field of magnetic data storage as the 
“Race track memories” proposed by Stuart Parkin [14].  
 
Experimental measurements of current-induced resistance changes were first done in 
magnetic multilayers with spin torque driven excitations in 1998 [15] 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]. Implementation of STT-MRAM requires low critical 
currents to switch the nanomagnet while maintaining sufficient 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 combine effect of applied magnetic field (H) and injected current (I). 
We shall then concentrate on the study of a state diagram (also called 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 field 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 both [59-61] 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 
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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 is a uniaxial model system. Indeed all the contributions (fields, 
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 of 
the larger magnetization reversal efficiency for the perpendicular case compared to the in-
plane one comes from the effect of the demagnetizing field in the two geometries. Figure 1 
and Table I 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 field is in addition to the in-plane anisotropy that suppresses 
reversal. In the perpendicular case the switching current is directly proportional to the height 
of the energy barrier between the parallel and the antiparallel states (UK). For applications UK 
> 50 kBT is required to ensure 10 years stability. By controlling UK and optimizing materials 
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 field and an injected current by studying the state diagrams. In section II, after a 
brief description of the spin valves studied here, we explain how to measure, to plot and 
interpret such a state diagram. Section III 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 on Section 
IV. We focus on the influences of extrinsic and intrinsic parameters as lateral size of the 
sample, temperature, sweeping field rate, time measurement and field orientation. We then 
conclude that to explain our experimental results, the symmetry of the system must be broken. 
Consequently, in section V, we refine our modeling by considering a non-uniaxial symmetry. 
Finally, in section VI, some possible origins of the symmetry breaking as a misalignment of 
the magnetic field or the anisotropy field 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 
papers before [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)]x5/Co(0.2 nm)/[Ni(0.6 nm)/Co(0.1 nm)]x2/Co(0.1 
nm) hard reference layer and a Co(0.1 nm)/[Co(0.1 nm)/Ni(0.6 nm)]x4/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 shape (circle, hexagon…) of size 
varying from 50nm 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 (Idc) and measuring 
voltage with a nano-voltmeter in a four terminal configuration. In that case Idc is used both to 
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measure Rdc and to inject the current needed for spin transfer torque. The resistance dV/dI i.e 
the dV response to a small ac current oscillation dI measures Rac [85] (see for instance Fig. 2 
and 4). This is done using a lock-in technique. The two resistances are related as followed 
 

dI
dRIR

dI
RId

dI
dVR dcac +=== )(

         (1) 

 
As a consequence they are complementary since as soon as the resistance will be 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 smooth Rdc variation but a peak in 
Rac. The current is defined positive when the electrons flow 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 field close to 1 T. Since no fields 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 field 
direction. As presented in previous studies [52] the dipolar stray field Hdip 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 field hysteresis loops for 
different injected currents (or are a series of current loops at different applied magnetic field). 
An example curve is shown in Fig. 2 showing hysteretic switching of the free layer. Indeed, 
for one value of the injected current a field hysteresis loop divides the magnetic field axis into 
three regions of different magnetic configurations. In the middle, it is the bistable region 
where spin-valve can be either in the parallel or antiparallel states. Going to the positive field, 
only the parallel configuration becomes available whereas going to the negative field, only the 
antiparallel configuration becomes available. The two borders between these three regions are 
marked by the switching fields (see Fig. 2(a)). Therefore, a plot of the evolution of these 
switching fields as a function of the injected current gives a state diagram. 
 
To build a state diagram, we make a two-dimensional plot of either Rdiff (H) = Rinc (H) - Rdec 

(H) or Rsum (H) = ½ [Rinc (H) + Rdec (H)] for different current values (see Figs. 2(b) and 2(c)) 
where Rinc (H) and Rdec (H) are the field 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 specific couple of current and field. Its color is given by the value of Rdiff or 
Rsum at these coordinates (see Fig. 3). Each of its lines corresponds to a unique value of the 
injected current and is determined from the field hysteresis loop measured at this current. The 
qualitative difference between Rsum and Rdiff is that Rdiff highlight the hysteretic regions of the 
state diagram, as non-hysteretic 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 with Rdiff this problem disappears because the giant magnetoresistance ratio is not 
affected by the Joule heating. On the contrary, using Rsum, 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 normalize using the following 
formula Rnorm = (R-RP) /(RAP-RP). As a result, the normalized resistances of the parallel and of 
the antiparallel states are respectively 0 and 1 (see Fig. 2(c)). Figure 3 presents the state 
diagram of a nanopillar spin-valve with perpendicular magnetizations similar to the previous 
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ones where Fig. 3(a) is Rdiff and Fig. 3(b) Rsum. These two state diagrams exhibit a similar 
behavior. However, Rdiff highlights the bistable region whereas Rsum highlights the behavior of 
the nanopillar in the high field and current regions. These two treatments are therefore 
complementary. 
 
Figure 4 shows the same state diagram as Fig. 3(b) along with three characteristic hysteresis 
loops for three different injected currents values. These field 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 field. The state diagram gathers the 
information given by field and current hysteresis loops. As mentioned previously, a state 
diagram is mainly divided into three regions: one for which the spin-valve is in the parallel 
state, one where it is in the antiparallel state and one where it can be in these two states, the 
bistable region. Because of our experimental conventions, the parallel state region is for the 
positive field and current (the blue region in Fig. 4) whereas the antiparallel state region is for 
the negative field and current region (the red region in Fig. 4). Between these two regions we 
find the bistable region (the green region in Fig. 4). A field hysteresis loop crossing these 
three regions gives a curve such as the one represented for I = 0 mA. The switching fields are 
given by the left and right limits of the bistable region whereas the switching currents are 
given by the up and down limits of the bistable region. Furthermore, two additional regions 
appear if the current and the field are large enough. Going to the positive currents the width of 
the hysteresis loop shrinks because of the spin transfer efficiency difference between the 
parallel to antiparallel and the antiparallel to parallel transitions. Consequently, in the upper 
left corner corresponding to a high positive current and a high negative field, the hysteresis 
loop ends up disappearing. Instead of a hysteretic behavior, the spin-valve transitions 
reversibly between the parallel and the antiparallel state passing through similar magnetic 
states. This region is generally characterized by peaks in Rac [53] as seen in the Rac vs H curve 
at I = 11 mA in Fig. 4. The width of these peaks appears in orange in the state diagram and 
they are shown to be the consequence of magnetization precessions [55]. These peaks should 
not appear in the state diagram obtained from the difference of resistances method because the 
increasing and the decreasing part of the hysteresis curve are reversible and, in principal, 
identical. Actually, their position between the increasing and the decreasing parts of the 
hysteresis are slightly shifted because of the field sweep procedure, so the difference of 
resistance gives a positive value at one side of the peak and a negative one on the other side. 
Consequently, the peaks appear as a couple of blue and red lines (see Fig. 3(a)) more 
complicated to interpret than in the representation with the Rsum treatment.  
 
In the opposite corner corresponding to a high negative current and a high positive field the 
hysteresis loop also shrinks and even, at times, disappears. Here, the AC resistance curves are 
often characterized by a mix of small hysteretic regions, peaks and shoulders like in the curve 
measured at I = -13 mA. The hysteretic part and the peak appear as a pink coloration inside 
the bistable region. 
 
Now that we have described the general shape of the experimental state diagrams of a 
nanopillar spin-valve with PMA, we will compare these results to modeled results. 
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III. Theoretical state diagram for a macrospin in uniaxial anisotropy 
 
Throughout this study, we will consider a macrospin approximation at zero-temperature. We 
focus on a simple uniaxial anisotropy symmetry approach to describe the system. For this 
symmetry, the contributions of the effective magnetic field, the magnetization, the polarizer 
layer and current are along the same axis (see Fig. 5). Considering a spin valve structure with 
a hard layer which magnetization unit vector p acting as a polarizer and a free layer which 
magnetization MS has unit vector m ( SMM=m ). The free layer magnetization is affected 
by various interaction that can be taken into account by defining an effective field (Heff) being 
given by the sum of all fields: the applied field H, the average dipolar field (Hdip) created by 
the hard layer, the anisotropy field (HK) created by the magneto-crystalline anisotropy, and the 
shape anisotropy or demagnetization field Sdem MH −= in the thin film approximation (i.e. the 
free layer thickness is assumed to be smaller than the nanopillar width): 

 
demKdipeff HHHHH ++−=  .    (2) 

 
The LLGS equation is given by 
 

( ) ( )pmmmmmm
eff ××−×+×−=

0
0 γ

θβαγ Ig
dt

d
dt

d H     (3) 

 
where the free layer magnetization dynamics is ruled by three torques: the effective field 

torque ( effm H×−=Γ 0γeff ), the damping torque (
dt

d
damp

mm ×=Γ α ) and the spin transfer 

torque ( ( ) ( )pmm ××=Γ
0γ
θβIg

STT )  where 
VeM S0

0

2μ
γβ = . Where V is the free layer volume, 

e  the elementary charge, ×= π2h  is the Plank’s constant, α  the damping parameter, ( )θg  
the spin transfer efficiency function and with γμγ 00 =  the product of the gyromagnetic ratio 
γ  and the vacuum permeability 0μ . 
 
To determine the stable equilibrium positions of the system, Eq. (3) can be written using an 
apparent effective field *

effH  
 

dt
d

dt
d mmmm *

eff ×+×−= αγ H0      (4) 

 
where 

( ) pmeff
*
eff ×+=

0γ
θβIgHH      (5) 

  
which includes the effective magnetic field and the injected current contributions to the 
magnetization dynamics. If α  is small enough, the damping torque term can be approximated 
to ( )effdamp H××−=Γ mm0αγ . 
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At equilibrium when 0=
dt

dm  the magnetization of the free layer is aligned with the effective 

field *
effH . Therefore, the system of equations giving in spherical coordinates (Fig. 5) the 

equilibrium positions of the magnetization [86] is  
 

                                                           
⎪⎩

⎪
⎨
⎧

=⋅

=⋅

0

0

φeH

eH
*
eff

θ
*
eff           (6)

      
To simplify the analytical study of the stability, we will make the assumption that the motion 
of the magnetization along the φe  direction is negligible at the onset of reversal. This implies 
that the magnetization remains close to the perpendicular direction at the equilibrium. Within 
this approximation, the stability of the equilibrium positions is only determined by the action 
of the torques exerted on the magnetization along the θe direction. 
 
The stability criterion [86] than can be used is 
 

0
,

≤⎥
⎦

⎤
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛ ⋅

== eqeq
dt

d
d
d

φφθθθ θem  .    (7) 

 
Moreover, the θ dependence of the g(θ) function will not be taken into account during the 
derivation but each equilibrium position will be characterized by a different g(θ) value. For 
instance, g(0) and g(π) will represent the value of the g(θ) function respectively in the parallel 
and antiparallel states whatever is the angular position of these magnetic configurations. 
 
To determine analytically the state diagram in the case of perpendicular anisotropy, the 
evolution of the switching currents as a function of the H starting from a P or AP state need to 
be calculated. The switching occurs when these stable equilibrium positions become unstable 
based on the stability criterion given by Eq. (7). In the following we also consider the hard 
layer magnetization as fixed and the free layer magnetization as uniform (Fig. 5). Each layer 
can be modeled as macrospins with uniaxial symmetry. For the case the magneto-crystalline 
anisotropy axis, the applied magnetic field and the flowing current are along the z direction. 
Consequently the effective field is along z and derives from the expression of the magnetic 
energy of the system given by 
 

( ) ( ) θμθθ cossin, 0
2 VHMKVHE S−= .     (8) 

 
The effective field is given by  

 

 ( ) zeff eEH θ
μ

cos1

0
K

S

HH
dm
d

VM
+=−=      (9) 

 

where 
S

K M
KH

0

2
μ

= and the apparent effective field *
effH  is given by  
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( ) ( ) ( )[ ] ( ) zyx eeeH θφθφθ
γ

θβ coscossinsinsin
0

KHHIg ++−=*
eff  .  (10) 

 
From Eq. 5, the equilibrium positions are the solutions of the following equations: 
 

( )
⎩
⎨
⎧

=
=+

0sin
0sincos

θ
θθ

I
HH K     .      (11) 

 
The valid solutions at any injected current corresponds to the exact P or AP magnetic 
configurations (θ = 0 or π). The stability is determined by the criterion given by                                                
 

( )( )[ ] 0)2cos(cos 0 ≥++ = πθθθθ origh  .    (12) 
 

Here, we used reduced coordinates for the applied magnetic field 
KH

Hh =  and for the 

injected current 
KH

Ii
0αγ
β=  from the above expression we can deduce that the parallel and the 

antiparallel states are respectively stable only if the current ( )HII P
SW≥  or ( )HII AP

SW≤  
 

( ) ( )
( ) ( ) ( ) ( )K

SP
SW

P
SW HH

g
VMe

HI
g
hhi +⎟

⎠
⎞

⎜
⎝
⎛−=⇔+−=

0
2

0
1 0 αμ

            (13) 

 

( ) ( )
( ) ( ) ( ) ( )K

SAP
SW

AP
SW HH

g
VMe

HI
g
hhi −⎟

⎠
⎞

⎜
⎝
⎛−=⇔+−=

π
αμ

π
021   (14) 

 
The theoretical determination of the switching currents given by Eqs. (13) and (14) allows us 
to build the state diagram of a nanopillar spin-valve with PMA. The theoretical expressions of 
the switching currents respectively in the parallel and in the antiparallel states divide the (H, I) 
plane into two regions, one where the equilibrium position is stable and one where it is 
unstable based on the stability criterion given by Eq. (7). The border line between these two 
regions is given by the equation of the switching current evolution as a function of the applied 
magnetic field. The state diagram of Fig. 6(a) is a combination of the information given by 
Eqs. (13) and (14). Since the spin-transfer torque is more efficient in the antiparallel 
configuration than in the parallel one the slopes of the two borders which depend on the g(θ) 
function are different.  So, they cross and divide the (H, I) plane into four regions. In three of 
them the magnetization has access to at least one stable magnetic configuration: P, AP or both. 
In the fourth region, there are no stable and static magnetic states. Therefore, the 

magnetization has to be in a dynamic state where 0≠
dt

dm . 

 
Such theoretical state diagrams have been described in the literature by different methods [24, 
50, 87, 88]. A careful analytical study of the fourth region shows that steady magnetization 
precessions around the perpendicular axis are expected [88]. 
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IV. Experimental results vs the uniaxial model 
 
There are a number of similarities between the theoretical state diagram calculated in this 
uniaxial approach and the experimental state diagrams (see Fig. 6). Both are composed of two 
borders dividing the (H, I) plane into the same four regions. At high positive field and current, 
the spin-valve is in the parallel state whereas at high negative field and current it is in the 
antiparallel state. At high positive field and negative current, it can be either parallel or 
antiparallel, this is the bistable region characterized by hysteresis loops. At high negative field 
and positive current it is neither parallel nor antiparallel. From the theoretical results, the field 
hysteresis loops has to shift toward the negative field when the current increases while its 
width shrinks. When the two borders cross, the hysteresis loops show a series of differential 
resistance peaks in the experimental state diagrams.  
 
These peaks are compatible with the magnetization precessions predicted by the theory. Such 
precessions are commonly recorded in spin-valves with at least one magnetization in-plane 
because they generate an alternative voltage thanks to the angular dependence of the giant 
magnetoresistance. However, in these all perpendicular spin-valves, a uniform precession of 
the magnetization of the free layer around the out-of-plane axis does not affect the angle 
between the magnetizations of the free layer and of the polarizer. As a consequence, no 
alternative voltage can be generated in first approximation. These precessions have to be 
detected indirectly thanks to differential measurements and a lock-in technique. Unfortunately, 
these methods cannot guarantee that every measured peaks are the consequence of 
magnetization precessions. Note that another method using GHz Microwave irradiation has 
been developed to enhance and detect spin-torque driven magnetization precession in 
nanopillars with magnetic perpendicular anisotropy [55]. 
 
The borders determined by the switching fields or currents evolve linearly over a large range 
of current and field however around the zero current switching fields a strong deviation from 
this linearity occurs. Experimentally it seems that the magnetization reversal becomes 
virtually independent of the injected current around these two fields and the current has to 
reach a critical value before the linear evolution appears. We can then defined a threshold 
current usually named critical current in the following at which spin transfer torque affect the 
magnetization switching [6, 86]. This observation seems in contradiction with the theoretical 
predictions since spin-transfer effect is expected to always modify the damping by increasing 
or decreasing the impact of the damping torque. The experimental state diagrams in this 
perpendicular geometry are actually much closer to the state diagrams in the planar geometry 
than expected (for instance [44-47]).  
 
The initial proposed model is based on a macrospin model with three main hypotheses: there 
is no thermal activation, the hard and free layers can be modeled by a macrospin and the 
system is uniaxial. The influence of the hypotheses was tested by looking at the effect of 
various parameters on the state diagram: temperature (Fig. 7), sweeping rate (Fig. 8), time 
measurement (Fig. 9), size (Fig. 10) or field orientation (Fig. 11). 
 
In Fig. 7, both temperature (20 K and 300 K) exhibit regions around the zero current 
switching fields where the current influence on the reversal is weak. However, the absolute 
values of the critical currents seem to increase when the temperature decreases. The current 
influence is even weaker at low temperature, consequently, the origin of the critical currents is 
not thermal activation. This conclusion is confirmed by numerical calculations of the state 
diagram of a nanopillar spin-valve with perpendicular magnetization by Zhu and Visscher 
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[56]. In their modeling, they consider the same macrospin model but including temperature 
which is finite. In this case, they found a theoretical state diagram similar to the one presented 
in figure 7 with a linear evolution of the switching currents. Note that the reason why the 
slope of the switching current vs field seems to be changing with temperature remains unclear. 
This behavior deviates from the macrospin model.  
 
In Fig. 8, we also could test on a different sample the influence of the sweeping rate. Note that 
this also probes the effect of thermal activation [89, 90]. Again a weak effect of thermal 
activation on the shape of the state diagram is observed. 
 
A further approach to study the state diagram in the zero-temperature case is to reduce the 
measurement time. As it is not possible to directly record the phase diagram on the timescale 
of the magnetization dynamics, a different approach is needed. By determining the switching 
probability for short current pulses, it is possible to directly study the system on timescales 
from 100 ps upwards [54]. It is also possible to carry out measurements not only in the 
thermally excited regime, but also on a short-time regime, in which the switching process is 
only limited by the angular momentum transfer into the system [91]. For both the thermally as 
well as the ballistic regime the validity of the macrospin model has been studied and 
validated, by measuring the switching probabilities switching currents and their field 
dependence are directly accessible. 
 
It is possible to eliminate the influence of thermal excitations by measuring the switching 
probabilities on sub-ns timescales and by extrapolating the LLG solution to infinite time, we 
can thus directly obtain the zero-temperature switching currents as a function of the applied 
magnetic field [54]. 
 
Figure 9 shows the zero-temperature critical switching currents as a function of the  
applied magnetic field on top of the state diagram measured at room temperature. The 
boundary defined by the crosses is the limit the state diagram would expand to if it was 
measured at infinite speed and zero temperature, conversely the room temperature state 
diagram lies inside and at some distance to the zero-temperature lines. As expected the value 
of the switching current for short pulses is bigger than in the quasi-static case nevertheless a 
linear behavior between field and current is observed. 
 
To test the impact of the macrospin approach on the experimental state diagram, Fig. 10 
compares the state diagrams obtained for two hexagonal nanopillar spin-valves with different 
sizes. Note that to compare two state diagrams measured on samples with different sizes, the 
state diagram are plotted with the current density (J = I/S where S is the area of the nanopillar) 
instead of the current intensity. Smaller samples are closer to the macrospin approach because 
it is easier for the exchange interaction to dominate over the demagnetizing field. However, 
there is no clear evidence of behavior difference between Figs. 10(a) and 10(b). Here, the blue 
and red slopes can changed from pillar to another due to a slight change of the parameters 
values (MS, α…) as well as the dipolar field. 
 
As a result, it is not obvious that introducing a micromagnetic approach into the modeling of 
the spin-valve will reproduce a much better experimental state diagram. This conclusion is 
confirmed by the micromagnetic simulation presented in Ref. 50 where it is found a 
theoretical state diagram close to the analytical state diagram presented. 
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Nevertheless it is clear that non-uniform magnetization reversal plays an important role in the 
magnetization reversal processes. Indeed it was shown that the formation of domains and 
domain walls could be observed [11-13, 92, 93] and that it was influencing the slow 
magnetization switching dynamics. It influences fast dynamics as well as [54, 55, 91, 92]. 
 
The last important hypothesis of our modeling is that all the contributions of the system are 
along the same axis. This is the uniaxial approximation. To test the impact of the symmetry 
on the experimental state diagrams, Fig. 11 compares two experimental state diagrams 
measured on the same elliptical nanopillar spin-valve where the magnetic field is applied in 
two different directions. In Fig. 11(a), it is applied at 40 deg from the perpendicular direction 
whereas in Fig 11(b) it is applied close to the perpendicular axis. When the magnetic field is 
applied away from the perpendicular direction, the effective field has a non-perpendicular 
component which breaks the uniaxial symmetry. In this case it seems that the field direction is 
affecting the state diagram. 
 
This conclusion is confirmed by a study of the distortion of the Stoner-Wohlfarth astroid by a 
spin polarized current of these nanopillar spin-valves [86]. Indeed, it shows that above a 
critical angle of application of the magnetic field, the injected current has no impact on the 
magnetization reversal. Therefore, one can state that the experimental state diagrams deviate 
from our modeling if the uniaxial symmetry is broken. In the section V, we will try to refine 
our initial modeling by considering a non-uniaxial effective field exerted on the free layer due 
to the application of a magnetic field away from the perpendicular direction.  
 
 

V. Non-uniaxial theoretical state diagram 
 
In this non-uniaxial approach, we will use the same modeling as the section III except for the 
orientation of the applied magnetic field. Here, the field can be applied in the y-z plane at an 
angle Ψ with the perpendicular direction with ] ]π,0∈Ψ  (see Fig. 12). 
 
We will then use the Eq. (6) to obtain the equilibrium positions and the Eq. (7) to study their 
stability. In order to perform the calculation analytically, we assume that the magnetization is 
close to the parallel or to the antiparallel configurations at the equilibrium. Even if these 
conditions are very restrictive, the following analysis shows that they nicely reproduce the 
behavior of our nanopillar. A more rigorous method of calculation developed by Bazaliy et al. 
can be found [26]. The general aspects of the theoretical state diagram obtained by these two 
methods are similar. 
 
To calculate the evolution of the switching currents as a function of the applied magnetic field 
we need first to calculate the expression of the effective field in the framework of this non-
uniaxial modeling. According to the description of the system, its magnetic energy is given by 
 

( ) H⋅−= mVMKVHE S0
2sin, μθθ      (15) 

 
where V is the volume of the free layer. The effective field related to this magnetic energy is 
given in the basis ( xe , ye , ze ) by 
 

( ) ( ) zyeff eeH θcoscossin KHHH +Ψ+Ψ= .   (16)  
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The dipolar coupling and the demagnetizing field are not taken into account. In the basis 
( xe , ye , ze ) we still have yx ee )cos(sin)sin(sin ϕθϕθ −=× pm  As a result, the apparent 
effective field is given by 
 

( ) ( ) ( )[ ] ( ) ( ) zyyx
*
eff eeeeH θφθφθ

γ
θβ coscossincossinsinsin

0
KHHHIg +Ψ+Ψ+−= .    (17) 

 
Therefore, from Eq. (6) the equilibrium positions are the solutions of the following system 
 

( )
( )⎩

⎨
⎧

Ψ=
Ψ=+Ψ

φγθθβ
φθθθ

cossinsin
sincossinsincoscos

0 HgI
HHH K   .  (18) 

 
The stability of these equilibrium positions is determined by the criterion given by Eq. (7). 
Here, we have 
 

( ) ( ) φφθαγθ
γ

θβθαγ cossinsincossinsincoscos 0
0

0 Ψ+Ψ+⎥
⎦

⎤
⎢
⎣

⎡
++Ψ−=⋅ HHIgHH

dt
d

Kθem . 

(19) 
 
With the assumption that the movement of the magnetization along the φe direction is 
negligible from the reversal point of view the stability criterion in this non-uniaxial modeling 
becomes 
 

( )( ) ( )[ ] 02cossinsinsincoscos ; ≥+Ψ++Ψ == eqeq
high φφθθθφθθθ .  (20) 

 
The θ dependence of the ( )θg  function will not be taken into account during the derivation. 
To solve analytically these equations we will consider by analogy with the previous modeling 
that the magnetization can be into two opposite magnetization configurations: one close to the 

parallel state where 0≈θ  and 
2
πφ ≈ and one close to the antiparallel state where πθ ≈  and 

2
πφ −≈ . As a result, the movement of the magnetization along the φe  direction is indeed 

negligible from the reversal point of view. 
 

If we consider the case of a parallel to antiparallel switching ( 0≈θ  and 
2
πφ ≈ ) and in first 

order approximation the set of Eq. (18) gives the following coordinates for the equilibrium 
position 
 

1cos
sin

+Ψ
Ψ=

h
h

eqθ      (21) 

( )
1cos

_
2 +Ψ

=
h

ig
eq

θαπφ  .    (22) 
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Here, contrary to the purely uniaxial case, the position of the magnetization of the free layer at 
the equilibrium evolves as a function of the applied magnetic field. Moreover, it is not 
contained in the y-z plane because of the action of the spin transfer torque. 
 
In first order approximation and injecting the eqθ  value of the equilibrium position of Eq. (21) 
the stability criterion given by the Eq. (20) becomes for the parallel magnetic configuration 
 

( )( )[ ] ( ) 010cos202 ≥++Ψ++ ighigh  .   (23) 
 
Therefore, in this non-uniaxial modeling, the region of the (H, I) plane where the parallel 
magnetic configuration is stable is given by the following expression of the switching current 
as a function of the applied magnetic field 
 

( )1cos)0(
1cos22

+Ψ
+Ψ+−≥

hg
hhi  .    (24) 

 
 
In the non-uniaxial case ( 0≠Ψ ), the evolution of the switching current is represented on Fig. 

13 (called here stability diagram). A vertical asymptote at 
Ψ

−=
cos

1h  divides the curve into 

two branches. If 
Ψ

−<
cos

1h the switching current decreases with the applied magnetic field 

until it reaches a minimum value at 
Ψ

Ψ+−=
cos

sin1h . If 
Ψ

−>
cos

1h the switching current 

increases with the applied magnetic field until it reaches a maximum value 
Ψ

Ψ−−=
cos

sin1h . 

The expressions of this local minimum and of this local maximum of the switching current are 
respectively given by 
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Ψ

Ψ+Ψ= 2

2

min cos
sinsin

)0(
2

g
i P     (25) 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Ψ

Ψ−Ψ= 2

2

max cos
sinsin

)0(
2

g
iP .    (26) 

 
When the injected current ranges between these two values, the stability diagram of the 
parallel magnetic configuration shows that the parallel state becomes unstable for a constant 

applied magnetic field 
Ψ

−=
cos

1h  (see Fig. 13(a)). Therefore, in this region the spin-transfer 

torque does not affect the stability of the parallel state. It has to reach the Pimin  or Pimax value 
depending on its sign to have an impact on the parallel to antiparallel reversal. These values 
correspond to the critical currents highlighted in the experimental state diagrams. Outside 
these critical currents, the evolution of the switching currents tends to be linear and close to 
the evolution predicted by the uniaxial model. 
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Similarly for the antiparallel to parallel switching ( πθ ≈  and 
2
πφ −≈ ), in the non-uniaxial 

case ( 0≠Ψ ): 
 

( )1cos)(
1cos22

−Ψ
+Ψ−−≤

hg
hhi

π
     (27) 

and  

   ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Ψ

Ψ+Ψ−= 2

2

min cos
sinsin

)(
2
πg

i AP     (28) 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Ψ

Ψ−Ψ−= 2

2

max cos
sinsin

)(
2
πg

i AP     (29) 

 
The evolution of the switching current as a function of h is then represented on Fig. 13(b) and 
is very similar to the parallel to antiparallel switching. One could then deduced the expression 
of the switching current as shown in Table I for both the pure out of plane and in-plane 
anisotropy. The calculation could be done either by performing a stability analysis [26, 44] or 
by using a power dissipation approach as in [6]. 
 
 
The theoretical determination of the switching currents given by Eqs. (24) and (27) allows us 
to draw a theoretical state diagram of a nanopillar spin-valve with perpendicular 
magnetizations in this non-uniaxial approach. Figure 14(a) presents the theoretical state 
diagram obtained in this non-uniaxial approach. Contrary to the uniaxial modeling where the 
evolution of the switching current is always linear (see Fig. 6(a)), in this modeling the quasi-
linear evolution of the switching current is broken between critical current values (see Fig. 
14(b)). Between these critical currents, the reversal of the magnetization does not depend on 
the injected current. Indeed, the switching field remains constant at its value when there is no 
injected current. This non-uniaxial modeling gives a closer description of the experimental 
observations (see Fig. 6(b)). 
 
Therefore, it seems that the breaking of the uniaxial symmetry of the spin-valve with 
perpendicular magnetizations is the key parameter to understand the shape of the state 
diagrams in this system. In the next section, we shall search for the experimental reason that 
can justify such a break in the uniaxial symmetry.  
 
 

VI. Origin of the symmetry breaking 
 
The origin of the non-uniaxiality can either be extrinsic as a misaligned magnetic field or 
intrinsic as a deviation of the free layer easy axis. Those two hypothesizes have been tested by 
computing the LLGS equation (Eq. (2)). 
 
The following simulations have been realized with our own software solving LLGS equation 
(Eq. (3)) with the Cash-Karp method [94]. The scalar function ( )θg  in the spin transfer torque 
takes the form given by Slonczewski [4]. The state diagrams are computed in the macrospin 
approximation at zero-temperature. The calculations are done taking into account the average 
dipolar fields resulting from a spin-valve structure with two magnetic layers having a 
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rectangular shape 50 nm by 100nm. The free layer characteristics were chosen close to the 
experimental values, hence the damping constant 25.0=α , the anisotropy 
constant 35103 mJK ×= , the saturation magnetization mkAM S

5105.6 ×= , the thickness 
of 1.8 nm and the polarization equals 0.28. The hard layer magnetization is supposed fixed 
along the z axis (see Fig. 5). 
 
The theoretical state diagram calculated in the uniaxial case is shown in Fig. 15. This 
simulated state diagram resembles to the theoretical one (see Fig. 6(a)) calculated with the 
analytical model in the uniaxial approach.  
 
Figures 16 exhibits two simulated state diagrams where the magnetic field is tilted with an 
angle Ψ from the perpendicular direction (see Fig. 12). A critical current i.e the deviation to 
the linearity of the switching current appears clearly for a tilted angle of 5=Ψ (see Fig. 
16(a)). The values of the critical currents extend increases when the tilted angle Ψ increases 
(see Fig. 16(b) for 20=Ψ ).   
 
The influence of the misaligned easy anisotropy axis defined by aniΨ  the angle between the 
easy axis anisotropy and the perpendicular direction is shown on the Fig. 17. For 0Ψ ani ≠ , 
the state diagram exhibits a part where the reversal of the magnetization does not depend on 
the current. The presence of a critical current is similar to the previous simulations with a 
tilted magnetic field (Fig. 16). However, the influence of the anisotropy angle is much 
stronger than the applied magnetic field. So a slight misalignment of the anisotropy axis has a 
greater influence than the magnetic field on the magnetization reversal. We verified that in 
our experiments the field was not misaligned by an angle larger than one degree. We can 
therefore conclude that applied field misalignment is not playing a major role in the shape of 
the experimental  state diagram. 
  
Finally we considered the effect of a second ordered anisotropy constant value K2. We 
assumed a sample with a weak in plane anisotropy component pK corresponding to the in-
plane shape anisotropy. The presence of pK induced a weak breaking on the uniaxial 
symmetry. The Fig. 18 compares two computed states diagrams without (Fig 18(a)) and with 
the taking into account 2K  (Fig 18(b)). The value of 35

2 101 mJK ×=  is chosen to be 1/3 of 
K . We notice an increase of the critical current due to 2K . For Figs. 18(a) and 18(b), the 
anisotropy constants sum ( 1K + 2K ) is kept constant.  
 
An energetic analysis of the system is required to explain this behavior. The expression of the 
magnetic energy of the system is given by 
 

( ) ( ) ( ) ( ) ( ) θμθμθθθθ cossin
2
1cossinsin, 0

2
0

24
2

2
1 VHMVMVKVKVKHE SSp −−++=  (30) 

 
where θ  is the angle between the perpendicular axis and the magnetization of the free layer. 
The first 3 terms in Eq. (30) are related to the first-order, second-order and in plane anisotropy 
contribution respectively, the fourth and the fifth terms are respectively the demagnetizing 
and the Zeeman energy. Using Eq. (30), we can calculate the energy landscape of the system 
as a function θ  (Fig. 19). The investigation of the equilibrium positions, at the extremum of 
energy, gives us the static or dynamic configuration of the system respectively [6]. In Fig. 19, 
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we observe for the curve with 35
2 101 mJK ×= (green curve), for an applied field of 200mT 

close to the KH value, the presence of one potential well at 0=θ  (the parallel state) and two 
other stable state close to π=θ  . As a result, other stable states are now available. Since those 
two new states are not aligned with the anisotropy axis, it leads to a symmetry breaking.  
 
We have then demonstrated that several factors lead to a symmetry breaking that can explain 
the experimental state diagram. Since it is unlikely that for all experiments the applied field is 
strongly misaligned we then suspect that the magnetocrystalline anisotropy plays an important 
role. Indeed a misalignment of the anisotropy axis with the current flow is probable. To verify 
this point, an experimental study on an epitaxial crystalline [Co/Ni] system with a well-
definedanisotropy axis [95] is underway. Moreover because of the presence of grains in the 
sputtered sample one can expect a distribution of anisotropy axis for each nanopillar. Finally 
since a pure hexagonal Co shows at RT a second-order anisotropy constant value 2K  

(1.44×105 J/m3) close to first-order one 1K  (4.53×105 J/m3) [96], Co-based alloys as [Co/Ni] 
and [Co/Pt] layers are expected to exhibit a similar behavior. It is then likely that the materials 
used have strong second-order anisotropy constant that enhance the symmetry breaking which 
is responsible for the measured experimental state diagram. Note that theses materials with a 
strong 2K  are also of great interest in magnetic recording media since higher thermal stability 
can be achieved [97, 98] for a given reversal field. In the future it is then of great interest to 
continue the characterization and the study of the origin of perpendicular magnetic anisotropy 
in thin film and multilayers [99-101]. 
 
 
VII. Conclusion 

 
 
In this paper, we have studied the magnetic state of nanopillar spin-valves with strong 
perpendicular anisotropy. We showed that the magnetic states of the layers depend on the 
applied magnetic field and the DC current injected to the device and that consequently 
maping the magnetic states of the system on a comprehensive state diagram is very 
convenient. The method to build and to interpret the experimental state diagram is explained. 
The influence of several parameters such as lateral size of the sample, temperature, sweeping 
field rate, time measurement and field orientation on experimental state diagrams is presented. 
Analytically the state diagram in a purely uniaxial system is modeled and it is demonstrated 
that this simple model does not properly reflect the experimental results. It is shown that if the 
uniaxial symmetry is broken a region for which the current has no effect on the switching can 
be evidenced as observed experimentally. We finally discussed the possible origins of the 
symmetry break using an analytical model and numerical simulations. A misalignment of the 
applied field, anisotropy axis or the presence of strong 2nd order anisotropy constant could 
explain the experimental results. Future experimental studies are needed to determine the 
microscopic origin(s) of the symmetry breaking. The complete study conducted here is crucial 
to describe the magnetization reversal driven by spin transfer torque in model systems. 
Moreover the discrepancy between uniaxial theory and real device as well as the influence of 
extrinsic and intrinsic parameters on state diagrams are essential to design proper material for 
STT-MRAM applications. To ensure a good reproducibility of the switching current and the 
angular distribution of the anisotropy axis from one grain to the other, studies on epitaxial 
multilayer system  with well-controlled PMA are in progress [95]. 
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Captions (Table and Figures) 
 
 
TABLE I. Comparison between the effective magnetic field ( APP

effH → , PAP
effH → ), the energy 

barrier between the two stable magnetic states (UK) and the switching current (ISW) of spin-
valves with in-plane (i.e anisotropy field in-plane ipKH − ) and out-of-plane anisotropy (i.e 
anisotropy field perpendicular oopKH − ). The sketch in figure 1 shows (a) the in plane and (b) 
the out of plane cases. 
 
 
 
FIG. 1. (Color online) Sketch of (a) in plane and (b) out of plane: the polarizer in blue has its 
magnetization fixed whereas the free layer in green can align parallel of antiparallel to it. 
 
 
FIG. 2. (Color online) (a) Ac- resistance variation as a function of the net applied magnetic 
field (Hnet) under zero current for an elliptical nanopillar spin-valve of 50 nm by 300 nm with 
a hard layer made of [Co/Pt]/[Co/Ni] and a free layer made of [Co/Ni] with a platinum layer 
on top. The net applied field is define as the applied field minus the average dipolar field 
coming from the hard layer (Hnet= H-Hdip). The red and blue curves correspond to the field 
increasing and decreasing branches of the hysteresis loop. (b) Corresponding difference of the 
normalized resistances between the field increasing and decreasing branches of the hysteresis 
loop. (c) Corresponding half sum of the normalized resistances between the field increasing 
and decreasing branches of the hysteresis loop. The normalized resistances (R-RP) /(RAP-RP) 
are plotted to remove the Joule heating contribution for the Rsum curve.  These curves 
highlight three regions of different available magnetic configurations: the parallel (P) or the 
antiparallel (AP) states only or the bistable region. 
 
 
FIG 3. (Color online) State diagrams of an elliptical nanopillar spin-valve of 50 nm by 300 
nm with a hard layer made of [Co/Pt]/[Co/Ni] and a free layer made of [Co/Ni] with a 
platinum layer on top obtained (a) from the difference of AC resistances treatment and (b) 
from the half sum of the AC resistances treatment. The applied magnetic field step is of 1 mT 
and the injected current step is of 0.1 mA. Data acquired at a sample ambient temperature 
unless otherwise specified. The colored scale bar corresponds to the value of the normalized 
resistance for both AC resistances treatment. Note that the same scale bars are used in the 
following.  
 
 
FIG. 4. (Color online) State diagram of an elliptical nanopillar spin-valve of 50 nm by 300 nm 
with a hard layer made of [Co/Pt]/[Co/Ni] and a free layer made of [Co/Ni] obtained from the 
half sum method along with three characteristic hysteresis loops at I = −13 mA, I = 0 mA and 
I = 11 mA. 
 
 
FIG. 5. (Color online) Orientation of the magnetization unit vectors m and p, applied field H 
and injected current I relative to x,y,z axis in the case of a purely uniaxial symmetry. 
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FIG. 6. (Color online) (a) Theoretical state diagram of a nanopillar spin-valve with 
perpendicular magnetizations in the case of a uniaxial, macrospin and 0 K approach in 

reduced coordinates (
KH

Hh = and
KH

Ii
0αγ
β= ). (b) Experimental state diagram of a hexagonal 

nanopillar spin-valve of 100 nm by 200 nm with a hard layer made of [Co/Pt]/[Co/Ni] and a 
free layer made of [Co/Ni]. The blue and red circles are for the measured switching fields and 
the orange triangle indicate the presence of a peak in the differential resistance measurements. 
The blue and red lines present what could correspond to the expected evolution of the 
switching current as a function of the applied magnetic field of our simple modeling. The 
values of the parameters used here can be found in Ref. 50. 
 
 
FIG. 7. (Color online) Experimental state diagrams of an hexagonal nanopillar spin-valve of 
100 nm by 200 nm with a hard layer made of [Co/Pt]/[Co/Ni] and a free layer made of 
[Co/Ni] measured at (a) T = 290 K and at (b) T = 20 K. The blue and red lines present what 
could correspond to the expected linear evolution of the switching current as a function of the 
applied magnetic field. 
 
 
FIG. 8. (Color online) Experimental state diagram of an elliptical nanopillar spin-valve of 50 
nm by 300 nm with a hard layer made of [Co/Pt]/[Co/Ni] and a free layer made of [Co/Ni] for 
various sweeping rate of 100mT (background and black line), 10mT/s (red line) and 1T/s 
(blue line). 
 
 
FIG. 9. (Color online) Experimental state diagram of a rectangular 100 nm by 100 nm spin 
valve with a hard layer made of [Co/Pt]/[Co/Ni] and a free layer made of [Co/Ni]. Blue and 
red correspond to the parallel or antiparallel states. The symbols (cross) indicate the zero 
temperature switching current extrapolated from short-time measurements [91]. As this 
extrapolation eliminates the thermal excitations, the switching current significantly is larger 
than during the quasistatic measurement. 
 
 
FIG. 10. (Color online) Experimental state diagrams of an hexagonal nanopillar spin-valve 
with a hard layer made of [Co/Pt]/[Co/Ni] and a free layer made of [Co/Ni] of (a) 100 nm by 
200 nm and of (b) 50 nm by 100 nm. The blue and red lines present what could correspond to 
the expected evolution of the switching current as a function of the applied magnetic field of 
our simple modeling. 
 
 
FIG. 11. (Color online) Experimental state diagrams of an elliptical nanopillar spin-valve of 
50 nm by 300 nm with a hard layer made of [Co/Pt]/[Co/Ni] and a free layer made of [Co/Ni]. 
The magnetic field is applied at an angle Ψ   toward the perpendicular axis. (a) Ψ  = 40° and 
(b) Ψ  = 0°. The blue and the red lines present what could correspond to the expected 
evolution of the switching current as a function of the applied magnetic field of our simple 
modeling. 
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FIG. 12. (Color online) Orientation of the magnetization unit vectors m and p, applied field H 
and injected current I relative to x,y,z axis in the case of a non-uniaxial symmetry. 
 
 
FIG. 13. (Color online) Stability diagrams in the applied magnetic field and injected current 
plane in reduced coordinates. The colored areas correspond to the unstable regions and the 
lines to the theoretical evolution of the switching currents with the applied magnetic field. (a) 
Case of the parallel state. (b) Case of the antiparallel state. 
 
 
FIG. 14. (Color online) (a) Theoretical state diagram of a nanopillar spin-valve with 
perpendicular magnetizations in the case of a non-uniaxial (Ψ = 20°), macrospin and 0 K 
approach. (b) Theoretical evolution of the critical currents as a function of the angle of 
application of the magnetic field. 
 
 
FIG. 15. (Color online) Theoretical state diagram for uniaxial system calculated using 

numerical simulations. The new reduced coordinates 
KH

Hh =  (bottom) and 
KH

Ii
0αγ
β=  

(right) have been added using the new parameters (see text). 
 
 
FIG. 16. (Color online) Theoretical state diagrams in the case of a tilted applied field of (a) 

5Ψ = and (b) 20=Ψ . 
 
 
FIG. 17. (Color online) Theoretical state diagrams in the case of a tilted anisotropy field of (a) 

5.0Ψ ani =  and (b) 5Ψ ani = . 
 
 
FIG. 18. (Color online) Theoretical state diagrams in the case with an added in plane 

34101 mJK p ×=  and 2nd order 2K anisotropy constant. (a) 35
1 104 mJKK ×==  and  (b) 

35
2

35
1 101,103 mJKmJK ×=×= . The value of the total anisotropy constant K   is chosen to 

be the same in both cases.  
 
 
FIG. 19. (Color online) Energy landscape of the free layer as a function of the angleθ  , for an 
applied field of 200mT and without injected current. The parameters used here are 

34101 mJK p ×= , 35
1 103 mJK ×= . The red curve is plotted for 02 =K , the green one for 

.101 35
2 mJK ×=  
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