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Simulations on the effect of magnetic anisotropy on 

switching of an easy cone magnetized free layer 

 

 

 

 

 

 

 

 

 
Abstract—The easy cone state of magnetization that arises 

as a result of a competition between second and fourth order 

perpendicular magnetic anisotropies has the advantage of a 

non-zero electric-field torque without the application of a bias 

magnetic field and is thus a potential candidate for purely 

voltage driven magnetic storage devices. In this study, the 

onset of the easy cone state of magnetization are simulated in 

a ferromagnet film. Subsequently the switching field and time 

for voltage controlled magnetization switching process are 

studied as a function of the inclination angle of easy cone state 

from the film normal in the range of 0 to 45 degrees. The 

switching field is found to decrease with decreasing 

anisotropy. The  switching time is found to become faster for 

higher inclination angle of the easy cone state due to an 

increase in its torque. 

Keywords— Magnetic anisotropy, cone state, voltage 

controlled magnetization switching, magnetic random-access 

memory. 

 

I. INTRODUCTION 

 

 Magnetic tunnel junction (MTJ) based 

magnetoresistive random access memory (MRAM) have 

emerged as a promising candidate for high performance 

non-volatile storage devices. Magnetization direction in the 

free layer of the MTJs has been controlled by magnetic 

fields [1], spin transfer torques [2, 3] and spin orbit torques 

[4, 5], all of which require a flow of charge current in close 

proximity or inside the device. As a result, when the device 

sizes are scaled down, the need to remove unwanted Joule 

heating caused by the flow of charge currents becomes very 

important in order to maintain the device performance. 

Recently the effect of magneto-electric coupling through 

selective electron-hole doping in interfacial bonding states 

of ferromagnetic metal-oxide interfaces by application of 

voltage was demonstrated [6]. As a result, perpendicular 

magnetic anisotropy (PMA) could be modulated to give 

rise to a variety of effects such as ferromagnetic resonance 

[7] – [10], spin wave generation [11] and magnetization 

switching [12] – [14]. The advantage of such a control of 

magnetization via voltage in metallic ferromagnets is that 

it has the potential to eliminate the charge currents required 

for magnetization switching and in turn help in 

development of ultralow power MRAMs. 

 Typical MTJs have a free layer that has either an in-

plane or out-of-plane magnetic easy axis. However, the 

torque exerted by electric field on magnetization is zero for 

an in-plane and out-of-plane magnetized film [7]. 

Therefore, an external bias magnetic field is typically used 

to tilt the magnetization away from the film plane or the 

normal during magnetization switching via electric fields 

[12] – [14]. One of the potential solution to overcome the 

need for this bias magnetic field is by substituting the free 

layer of the MTJs with a ferromagnetic layer that has an 

easy cone state of magnetization [15, 16]. This easy cone 

state arises out of the competition between the second and 

fourth order PMA [17, 18]. In this study, we investigated 

the transition of a ferromagnetic thin film from an out-of-

plane easy axis into an easy cone state due to PMA. We 

also investigated thermal stability of the same samples as a 

function of the PMA. The magnetization switching 

mechanism is studied. A comparison of the switching fields 

and times as a function of inclination angle from the film 

normal θ of the easy cone state is made. 

 

II. EASY CONE STATE AND THERMAL STABILITY 

 

 Simulations were performed on samples of dimensions 

50 nm × 50 nm × 1 nm using the LLG micromagnetic 

simulator. The saturation magnetization was kept fixed at 

µ0Ms = 1.50 T. The second order PMA is varied from Ku,2 

= 1.0×103 kJm-3 to 1.8×103 kJm-3, while the fourth order 

PMA Ku,4 is changed from 0 to – 4×102 kJm-3. The effective 

magnetic anisotropy of a ferromagnet can be taken to be of 

the form: 

 

 

where, the first term Ku,eff = Ku,d – Ku,2 and Ku,d is the 

demagnetization energy.  

 In the absence of Ku,4, the magnetic easy axis is 

determined by the competition between Ku,d and Ku,2, both 
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of which have a cos2θ dependence. As a result, easy axis is 

possible either in the in-plane or out-of-plane directions, 

depending on the sign of Ku,eff. When Hp, the field 

corresponding to second order PMA, overcomes the field 

corresponding to the demagnetizing energy i.e. Ku,eff < 0, 

the minimum of E is along the normal to the film plane (θ 

= 0 degree) which gives rise to a perpendicular easy axis. 

In this state, when a negative Ku,4 is introduced, a special 

kind of minimum for (1) is possible wherein it lies at a 

value of θ between 0 and 90 degree because Ku,4 has a cos4θ 

dependence. This state is called the easy cone state because 

the easy axis forms a cone of angle θ around the film 

normal as shown in the inset of Fig. 1. 

 

  

 

 

 

 

 

 

 

 

 
 
Fig. 1.  Schematic to illustrate the magnetic anisotropy energy (MAE) as 

a function of the angle of the magnetization from the film normal θ for a 

thin film with an easy cone state. Inset shows the coordinates used in the 
study along with a definition of θ. 

 

 We estimated the equilibrium state of magnetization as 

a function of PMA and the evolution of the easy axis from 

a perpendicular to an easy cone state is shown by the 

dependence of θ with PMA in Fig. 2. The value of θ can be 

analytically estimated by minimizing (1) to be of the form: 

 

  

 

Upon fitting the values of θ obtained from the simulations 

as a function of PMA to (2), we can obtain a good accuracy 

with theory as shown by the lines in Fig. 2. It can be seen 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2.  Evolution of θ as a function of the second Ku,2 and fourth Ku,4 

order perpendicular magnetic anisotropy energy (symbols) for a thin film 

with a fixed saturation magnetization µ0Ms= 1.5 T. Lines are fits to (2) in 
the main text. 

from (2) that the out-of-plane easy axis state (θ = 0 degree) 

transitions into an easy cone state when Ku,4 ≥ Ku,eff/2. 
 

 Subsequently the thermal stability factor Δ which gives 

a measure of the energy barrier separating the easy cone 

state from the in-plane hard axis can be estimated as 

follows [14]: 

 

 

 

where A is the volume of the device, kB is the Boltzmann’s 

constant and T is the temperature of operation which is 

taken as 300 K.  

 During calculation of Δ for the easy cone state, we 

initialized our simulation with the magnetization in the film 

plane and allow the magnetization vector to relax to the 

nearest lowest energy state. The difference in the energies 

between the initial and final states gives us: E(90 deg) – 

E(θ). Substituting this value in (3), we obtain the value of 

Δ as shown in Fig. 3. It can be seen from (1) that a negative 

Ku,4, can also result in a decrease in E which in turn reduces 

the thermal stability factor that is a key parameter of 

memory devices. Typically, for the condition of non-

volatility in memory devices, Δ = 60 is required for a 

retention period of about 10 years. Therefore, during the 

discussion of magnetization switching conditions for easy 

cone magnetized samples in the subsequent section, we 

ensured that the samples have Δ ≥ 60. 

 

 

 

 

 

 

 

 

 

 

 

 
Fig 3. Evolution of thermal stability Δ as a function of the second Ku,2 

and fourth Ku,4 order perpendicular magnetic anisotropy energy for a thin 

film with a fixed saturation magnetization µ0Ms= 1.5 T. 

 

III. MAGNETIZATION SWITCHING 

 

 Whenever the effective magnetic field Heff in a 

ferromagnet changes, the magnetization M precesses 

around the new Heff and aligns parallel to it to reach the new 

energy minima. This process is well defined by a sum of 

precessional and damping torques given by the Landau-

Lifshutz-Gilbert (LLG) equation below:  
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Fig 4. Switching fields Hs0 as a function of 4th order perpendicular 

anisotropy energy Ku,4 for different values of second order perpendicular 
anisotropy fields Ku,2. 

 

where the term on the left represents the time t derivative 

of M, γ is the gyromagnetic ratio taken as 0.0176 GHz.mT-

1 and α is the damping constant of the ferromagnet which is 

taken as 0.05. 

 

 In the presence of an electric field at the interface of 

the ferromagnet, PMA can be modified by the change of 

electron occupancies in its interfacial 3d orbitals [6]. Such 

an effect is typically quantified by the voltage controlled 

magnetic anisotropy (VCMA) coefficient ζ which 

represents the change in magnetic anisotropy energy per 

unit electric field at the interface of the ferromagnet. The 

application of a voltage results in a change of E. As a result, 

Heff, which can be estimated from the derivative of E(V) 

with respect to the magnetization vector m, changes and the 

magnetization precesses to the new minimum. If ζ of the 

ferromagnet is sufficient enough, so that during this 

precession M crosses the equatorial film plane, the 

magnetization can be switched from the upper (lower) cone 

to the other side by turning off the voltage. Typical reported 

values of ζ for second order PMA range from about 0.01 

pJV-1m-1 for CoFeB/MgO junctions [19] upto about 0.25 

pJV-1m-1 for FePt/MgO junctions [20]. Based on this, 

corresponding voltage induced change in the second order 

PMA field of up to 150 mT can be expected in such 

materials.  

 The electric field effect can be modelled as a change in 

Heff due to the presence of a z-axial field pulse Hz which is 

equivalent to the change in PMA in presence of an 

interfacial voltage. Before applying Hz, we apply a small 

bias field of 1 mT along x-axis to ensure that azimuthal 

angle ϕ = 0 degree and let the sample relax to its 

equilibrium state which is determined by its effective 

anisotropy energy. Subsequently, a z-axial magnetic field 

pulse with a fixed duration of 10 ns and rise and fall times 

of 0.1 ns is applied at t = 0 ns and the resultant 

magnetization trajectory is observed. Switching condition 

of the samples are studied by varying the field pulse  

 
Table 1. Second and fourth order anisotropy constants and the 
corresponding inclination angles for samples S-1 to S-5. 

 

amplitudes. Switching time tswit is taken as the time when 

the z-component of magnetization mz crosses the equator 

defined by mz = 0. 

 

 Hs0, which is defined as the minimum amplitude of Hz 

required for switching the magnetization vector, was 

estimated as a function of PMA. As shown in Fig. 4, it is 

observed that the Hs0 decreases with a decrease in Ku,2 and 

Ku,4. This can be understood in terms of a reduced potential 

barrier between the easy and hard axes. Also, as can be seen 

in Fig. 4, it is possible for samples with different 

combinations of Ku,2 and Ku,4 to have equal values of Hs0. 

Therefore, for discussing the magnetization switching 

times, we selected samples S-1 to S-5 that have an equal 

value of Hs0 = 104 mT. The values of Ku,2 and Ku,4 for these 

samples, as given in Table 1, are such that they have equal 

Δ and corresponding θ = 4, 19, 29, 34 and 41 degrees 

respectively. This enables us to make a comparison of the 

magnetization switching dynamics as a function of θ. 

 

 Figure 5 shows estimated tswit as a function of Hz for S-

1 to S-5. Switching times decreased with increasing 

amplitude of the field pulse and inclination angle. In order 

to explain such a switching behavior, we plot the time 

dependence of the magnetization components of S-3 and S-

5 in Fig. 6. Interestingly, even though all the samples have 

the same Hs0 = 104 mT, for any fixed field amplitude, the 

 

 

 

 

 

 

 

 

 

 

 
 

 
Fig. 5. Switching time tswit as a function of the amplitude of the field 

pulse Hz which shows a longer switching time for sample with θ = 4 

degree (S-1), θ = 19 degree (S-2), θ = 29 degree (S-3), θ = 34 degree (S-
4) and θ = 41 degree (S-5). 

Sample Name Ku,2 (kJm-3) Ku,4 (kJm-3) θ (degree) 

S-1 10.22 -0.80 4 

S-2 10.35 -0.99 19 

S-3 10.50 -1.20 29 

S-4 10.65 -1.51 34 

S-5 10.80 -1.90 41 
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switching process depends on the inclination angles of the 

easy cone state. While the switching time at Hs0 is lowest 

for S-5 that has θ = 41 degree, it increases as θ decreases. 

This points towards an increase in torque on magnetization 

when θ is increased. Such an increase is confirmed from a 

faster magnetization precession for S-5 compared to S-3, as 

shown in the time evolution of mx and my in Fig. 6. The 

torque on m is applied in the film plane because Heff is 

perpendicular to the film. For a fixed damping factor, an 

increase in the torque will consequently increase the Gilbert 

damping torque that is orthogonal to the torque. This in turn 

gives rise to a lower switching time as the inclination angles 

are increased.  

IV. CONCLUSION 

 The dependence of the magnetic state on perpendicular 

magnetic anisotropy was investigated. It showed that a 

competition between the second and fourth order PMA can 

give rise to an easy cone state of magnetization due to 

differences in angular dependences of the magnetic 

anisotropy energies. Thermal stability was found to 

decrease with decreasing effective anisotropy due to a 

decrease in the energy barrier separating the easy cone state 

 

 

 

 

 

 

 

 

 

from the in-plane direction. Upon comparison of samples 

with equal values of minimum switching fields but 

different θ, varying from 4 to 41 degrees, switching time 

was found to be lowest for the sample with an easy cone 

angle of 41 degrees. This could be understood in terms of 

an increase in the torque with an increase of the inclination 

of the easy cone state with respect to the film normal. 
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