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An accurate analytical equation for the total energy in the framework of the single domain model is used to

study the thermal stability of nanostructured synthetic ferrimagnets. Elliptical cells are considered that have

lateral dimensions of 160 nm (long axis)×80 nm (short axis) and varying values of thickness asymmetry for the

two magnetic layers. The direction of the applied magnetic field, which points to the 45o direction, is in the

opposite direction to the thicker layer magnetization. A significant difference is observed in the applied mag-

netic field dependencies of the equilibrium magnetic configuration and the magnetic energy barrier when using

the simplifying assumption that the self-demagnetizing field is identical in magnitude to the dipole field. At a

small thickness asymmetry of 0.2 nm, for example, the magnetic energy barrier is reduced from 68 kT (T=300

K) to 6 kT at the remanent state and a progressive switching behavior changes into a critical behavior, as the

simplifying assumption is used. The present results clearly demonstrate the need for an accurate analytical

equation for the total energy in predicting the thermal stability of nanostructured synthetic ferrimagnets. 
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1. Introduction

Because device miniaturization currently progresses at a

rapid pace, thermal stability is of particular concern.

Nanostructured cells of synthetic ferrimagnets, which are

composed of two magnetic layers separated by a very thin

nonmagnetic spacer, are being increasingly used in ad-

vanced magnetic devices. Recently, Worledge studied the

thermal stability of nanostructured synthetic ferrimagnets

by using a total energy equation [1]. Either a minimal or

no shape anisotropy effect was observed. This is some-

what unexpected for the nanoscale size range explored for

this study [2, 3]. A simplifying assumption used in the

derivation of the equation for the total energy (E) is

responsible for this unexpected result, whereby the self-

demagnetizing field (Hdem) of one layer is equal in magni-

tude to the dipole (or stray) field (Hdip) from the other

layer if the two magnetic layers have an identical thick-

ness (no thickness asymmetry) and saturation magneti-

zation. Note that at the remanent state where the two

magnetizations are aligned antiparallel, the direction of

Hdem is opposite to that of Hdip. Recently, the authors were

able to propose a more accurate analytical expression for

E by removing the simplifying assumption [4, 5]. The key

to this expression is the use of the effective magnetostatic

fields (both Hdem and Hdip), the details of which will be

discussed in the next section. The accurate equation for E

was previously used to investigate the evolution of the

equilibrium magnetic configuration and the magnetic energy

barrier (EM), which is a direct measure of the thermal

stability, under the applied magnetic field (H) in the

longitudinal direction [5]. It was found from the previous

study [5] that there is a significant difference in the results

as the simplifying assumption is removed. Similar work is

performed in this present study, with the exception that

the direction of H now points to the 45° direction. This

direction of H is relevant to MRAM based on the asteroid-

switching when the applied current is switched on both in

the word and bit lines. A particular emphasis is placed on

the thermal stability of the nanostructured cells.

2. Model and Calculation

The synthetic ferrimagnets are comprised of two ferro-
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magnetic layers sandwiching a nonmagnetic spacer such

as Ru. Figs. 1(a) and (b) show the top and cross-sectional

views, respectively, of the multilayer. In Fig. 1(a), the

definition of the x and y axes is also shown, together with

the direction of H, which is in the 45o direction. Elliptical

cells with lateral dimensions of 160 nm (long axis)×80

nm (short axis) were considered. While the total thickness

of the two magnetic layers (t1+t2) was fixed at 4 nm, the

thickness of each magnetic layer was widely varied in

order to observe the effects of thickness asymmetry. Here,

t1 and t2 denote the thicknesses of the upper and lower

magnetic layers, respectively, and in this study, t1 ≥ t2.

The symbol Δt, defined as t1−t2, was used to indicate the

thickness asymmetry. With t1 ≥ t2, the direction of H is in

the opposite direction to the thicker layer (see Figs. 1(a)

and (b)). The thickness of the spacer (ts) was fixed at 0.6

nm. The saturation magnetization (Ms) of the two mag-

netic layers was 1034 emu/cc, which is relevant to a Co-

Fe-B alloy [6]. The induced anisotropy (Hi), with a

magnitude of 10 Oe, was formed in the x direction so that

it can be additively combined with the shape anisotropy

to give the total anisotropy. The interlayer exchange coup-

ling constant between the two magnetic layers (J) was

−0.17 erg/cm2 (the negative sign indicates the antiferro-

magnetic coupling). Two simplifying assumptions are

used to derive the equation for E; the magnetizations in

both layers are in the single domain state and they lay

only in the film plane. These two assumptions were also

used previously by Worledge [1, 7]. It is worth mention-

ing here that, in a very recent study by the present authors

[8], the two simplifying assumptions of the single and in-

plane domain state can also be relaxed, thus resulting in

more accurate results. However, since the difference is

rather small for the elliptical cell of current interest [8],

the two simplifying assumptions are used just for simpli-

city. The equation for E is expressed as: 

 

 

 (1)

 

 

      

Here, the subscripts 1 and 2 indicate the magnetic layers 1

and 2, respectively, while the subscripts x and y respec-

tively denote the longitudinal and transverse directions in

the film plane (Fig. 1(a)). V is the volume of the magnetic

layer, θ is the angle of the magnetization with respect to

the +x axis, and A is the (lateral) area. Hdem-x and Hdem-y

are the effective self-demagnetizing fields along the x and

y axes respectively. Similar symbols, Hdip-x and Hdip-y,

were used for the effective stray fields. The first three

terms in Eqn. (1) indicate the Zeeman energies due to H,

Hdem, and Hdip, respectively. The last two terms arise from

the induced anisotropy energy and the interlayer exchange

energy, respectively. Eqn. (1) converges into the energy

equation originally used by Worledge when Hdem,x=Hdip,x

and Hdem,y=Hdip,y [1, 7].

The use of the effective fields in Eqn. (1) is necessary

for the analytical expression, because the magnetostatic

fields are somewhat non-uniform. The effective fields were

obtained by averaging the non-uniform fields over the

entire magnetic volume. Three dimensional (3D) numeri-

cal calculations based on the finite element method (FEM)

were performed using a commercial program package

(multiphysics finite element method COMSOL) in order

to calculate the two magnetostatic fields. The numerical

program is able to accurately cope with curved geometry

(such as the elliptical cells used here) without the need to

be approximated by the cells of a square grid. A suffici-

ently large number of meshes (20,000~30,000) were used

in order to ensure the accuracy of the calculated results.

Since the accurate analytical expression for E is now

available, it is a straightforward task to examine the equi-

librium magnetic configuration and EM (and hence the

thermal stability) as a function of H. With two angular

parameters (θ1 and θ2) in the equation, the energy is re-

presented by a surface. The minima of the energy surfaces

correspond to the magnetic equilibrium (or metastable)

configuration. The H dependence of the magnetic confi-

guration can be obtained by tracing the location of the
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Fig. 1. (a) Top and (b) cross-sectional views of the synthetic

ferrimagnets used in this study. The definition of the axes and

the direction of H, which is in the opposite direction to the

thicker layer (layer 1) magnetization, are also shown in (a).

Elliptical cells have lateral dimensions of 160 nm (long axis)×

80 nm (short axis). Note that for clarity the dimensions are not

to scale.
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minima as H varies. On the other hand, the value of EM

can be obtained by tracing the lowest energy path linking

two energy minima, one of which corresponds to the

initial state and the other to the final state. This is because

EM is the difference between the energies at the initial

state and at the saddle point. Consequently, it would be

preferable for the energy profile to be between the initial

and final states along the lowest energy path, because the

energy profile can be represented by a more convenient

curve (not a surface) and, more importantly, the magni-

tude of EM can be obtained directly from the energy

profile. Therefore, all the results in this study are repre-

sented in terms of the energy profile along the lowest

energy path, not by the energy surface. 

3. Results and Discussion

Fig. 2(a) shows the results for the energy profile at

various values of H for the cell with Δt=0 (no thickness

asymmetry). In Fig. 2(a) (as well as in the figures to be

shown later), the energy profile is plotted as a function

only of θ1. The energy profile as a function of θ2 can be

obtained in a straightforward manner by using Eqn. (1).

Here, we used the notation (θ1, θ2) to describe the mag-

netic configuration, whereby its meaning is somewhat

obvious (the first angle in the parenthesis indicates θ1 in

layer 1 and the second angle denotes θ2 in layer 2).

Assume that, at H=0, the initial magnetic configuration is

(180o, 0o) (the same as that shown in Fig. 1(b)). No

critical behavior is observed as the equilibrium magnetic

configuration varies continuously with the increase of H.

In the small H range (H < ~300 Oe), the magnetic confi-

guration is similar to the initial antiparallel alignment.

However, as H increases further, the deviation from the

antiparallel alignment occurs and the configuration then

transforms into a scissoring state with the antiparallel axis

in the 45o direction. Saturation finally occurs at a large

value of H (~2500 Oe). The value of EM (as shown in the

inset in Fig. 2(a)), remains nearly constant at 69 kT (T is

assumed to be 300 K in this study) in the low H range up

to 300 Oe and then increases with the increase of H. At

H=1010 Oe, the value of EM reaches a maximum, follow-

ed by a monotonic decrease with the further increase of

H. Finally, the value of EM reaches zero at H=2040 Oe,

where saturation of the two magnetizations occurs in the

H direction. 

Similarly to Fig. 2(a), the results for the energy profile

obtained under the simplifying assumption, namely, Hdem,x

=Hdip,x and Hdem,y=Hdip,y, are shown in Fig. 2(b). A com-

parison of the two sets of results shown in Figs. 2(a) and

(b) appears to indicate a somewhat similar behavior. How-

ever, a closer comparison indicates a substantial difference

between the two sets of results. A particular difference is

observed in EM (the results of which are shown in the

inset of Fig. 2(a) which shows a clearer comparison with

the results obtained) without using the simplifying as-

sumption. At H=0 (remanent state), the value of EM is

very small, at only 5 kT, which can be compared with the

value of 69 kT obtained without using the simplifying

Fig. 2. (a) Results for the angular dependence of the lowest

energy path between initial and final states at various values of

H for the cell with Δt=0 (no thickness asymmetry). (b) A sim-

ilar set of results for the cell with Δt=0, obtained under the

simplifying assumption that Hdem,x=Hdip,x and Hdem,y=Hdip,y.

The inset in (a) shows the results for EM (in kT with T=300 K)

as a function of H obtained without the simplifying assump-

tion (solid line) and with the simplifying assumption (dotted

line). The initial magnetic configuration is (180o, 0o) and the

numbers at the curves indicate the magnitude of H in Oe. The

arrows indicate the equilibrium magnetic configuration at

respective H values.
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assumption. This small value of EM under the simplifying

assumption can actually be expected, because, at Δt=0,

Hdem is completely cancelled out by Hdip in both the x and

y directions, resulting in zero shape anisotropy. In this

case, the intrinsic induced anisotropy (Hi=10 Oe in this

study) only contributes to EM. In reality, however, a com-

plete cancellation does not occur between Hdem and Hdip,

although the spacer layer is very thin (0.6 nm). Specifi-

cally, at Δt=0, the following values for the magnetostatic

fields are obtained from the present FEM calculations;

Hdem,x=208 Oe, Hdip,x=139 Oe, Hdem,y=552 Oe, and Hdip,y

=355 Oe. These results for the magnetostatic fields lead

to a large shape anisotropy of 128 Oe, which is signifi-

cantly higher than the value of 10 Oe for Hi. The small

value of EM (5 kT) is maintained up to 150 Oe, above

which it increases significantly with the increase of H,

reaching a peak value (269 kT) at H=1188 Oe, followed

by a decrease with the further increase of H. The degree

of the increment and the decrement after the peak and

also the peak value itself are higher than those obtained

without the assumption. The value of EM reaches zero at

H=2310 Oe, where saturation of the two magnetizations

occurs in the H direction. 

It is important to note that, from the inset of Fig. 2(a),

at H > 990 Oe the magnitude of EM is larger indicating

stronger shape anisotropy with the use of the simplifying

assumption, which is in striking contrast with the behavior

observed in the low H range. This can be explained as

follows. In the low H range where the magnetizations are

antiparallel (or close to this alignment), the shape aniso-

tropy is zero (or very small) due to the complete (or partial)

cancellation of Hdem by Hdip, as has been previously

mentioned. Note that, in this case, the direction of Hdem is

opposite to that of Hdip. However, in the high H range

where the magnetizations are in a scissoring state or even

saturation, Hdem and Hdip couple constructively causing

large shape anisotropy, because the direction of Hdem is

the same (or parallel at saturation) as that of Hdip. The

higher saturation field observed under the simplifying

assumption (2405 Oe vs. 2138 Oe) can also be similarly

explained. It is important to point out the large discre-

pancy between the two sets of results for EM as shown in

the inset of Fig. 2(a), the discrepancy being particularly

significant in the low H range which is more relevant to

real applications. The value of EM at the remanent state,

for example, is predicted to be only 5 kT under the sim-

plifying assumption, indicating that the cell is thermally

unstable. This prediction is actually incorrect; the value of

EM (69 kT) after removing the simplifying assumption is

high enough for high density MRAM applications [4].

These results clearly demonstrate the importance of using

the correct model.

The results of the H dependencies of the equilibrium

magnetic configuration and EM in the cell that has a small

thickness asymmetry of Δt=0.2 nm, as shown in Fig. 3(a),

are qualitatively similar to those shown in Fig. 2(a) for

the symmetric cell. Specifically, the change in the mag-

netic configuration is continuous and progressive with the

increase of H. A slight difference is that the change in the

Fig. 3. Results for the angular dependence of the lowest

energy path between initial and final states at various values of

H for the cell with Δt=0.2 nm. The results are shown similarly

to those shown in Figs. 2(a) and (b), with the exception of the

different colored arrows; the black arrow indicates the mag-

netization direction of layer 1 (thicker layer), while the gray

arrow denotes the magnetization direction of layer 2 (thinner

layer). The results for EM (in kT with T=300 K) as a function

of H obtained by using the simplifying assumption are also

shown in the inset of Fig. 3(a), but they are not clearly shown

in the figure, because the magnitude is very small (6 kT) and

it decreases to zero at a small field of 100 Oe.
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magnetic configuration in this asymmetric cell occurs more

rapidly as H increases in the low field range, although this

is not clear from the results shown in Fig. 3(a) due to the

large step of H and also the large scale of the y axis. This

tendency increases with an increase of Δt, due to an

increase of the Zeeman energy with the increase of Δt.

Another difference that should be noted is the variation of

EM with H, as can be seen more clearly in Fig. 5, where

the results for EM are shown as a function of H for all the

values of Δt investigated in this study. Although a more

detailed discussion is to be made in a later section, the

value of EM initially decreases, reaching a minimum at

H=360 Oe. This behavior is in contrast to that observed in

the cell with Δt=0, where EM remains nearly constant up

to 300 Oe. In the intermediate and high H range, the H

dependence of EM is similar to that observed in the

symmetric cell. 

Again, a significant difference is observed in the H

dependences of the equilibrium magnetic configuration

and EM when the results are calculated under the simplify-

ing assumption, as can be seen from the results shown in

Fig. 3(b). The most prominent difference is that magneti-

zation switching occurs in a critical manner through the

direct write mode at an H value as small as 100 Oe. Small

shape anisotropy due to the cancellation of Hdem by Hdip is

responsible for this critical switching behavior. Above

this field, the magnetizations change into a scissoring

state with the antiparallel axis in the 45o direction. As can

be expected from the large difference in the magnetic

configuration, an equally large difference is also observed

in the variation of EM with H, as can be seen in the inset

of Fig. 3(a). The value of EM is again very small (6 kT) at

the remanent state (H=0) and it quickly reduces to zero at

H=100 Oe where the switching occurs in the direct write

mode. 

The results for the energy profile for the cell with a

relatively large Δt of 0.6 nm are shown in Figs. 4(a) and

(b), similarly to those shown in Figs. 3(a) and (b) for a

cell with Δt=0.2 nm. In both cases (with and without the

simplifying assumption), the switching occurs in the

direct write mode and this is due to large Zeeman effects

at this large Δt. A similar behavior is observed for the

cells with Δt ≥ 0.8 nm. After the direct write switching,

the change in the magnetic configuration is continuous

and progressive, similarly to the behavior seen at smaller

Δt values; namely, the spin scissoring state occurs, follow-

ed by the saturation in the H direction.

The results for EM are summarized in Fig. 5 as a

Fig. 4. Results for the angular dependence of the lowest

energy path between initial and final states at various values of

H for the cell with Δt=0.6 nm. The results are shown similarly

to those shown in Figs. 3(a) and 3(b). 

Fig. 5. Results for EM (in kT with T=300 K) as a function of

H for the cells with Δt=0, 0.2 nm, 0.4 nm, 0.6 nm, and 0.8

nm.
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function of H for all the values of Δt investigated in this

study in order to illustrate a clearer comparison of the

results depending on Δt. At the remanent state (H=0), the

value of EM increases appreciably from 68 kT to 77 kT as

Δt increases from 0 to 0.8 nm, indicating that the can-

cellation of the two magnetostatic fields decreases with

the increase of Δt. For the cells with nonzero Δt, EM

decreases initially with the increase of H, in contrast to

the behavior seen at Δt=0, where EM remains nearly

constant. Furthermore, in this low H range, the decrease

of EM is steeper at larger Δt values due to stronger Zee-

man effects. Consequently, the value of EM with respect

to Δt is completely reversed (EM is lowest at Δt=0.8 nm,

while it is highest at Δt=0) at H values as small as 55 Oe.

At Δt=0.2 and 0.4 nm, a minimum occurs at intermediate

H values. On the other hand, no minimum is observed at

large thickness asymmetries of Δt ≥ 0.6 nm because the

value of EM becomes zero before reaching the minimum.

The critical switching in the direct write mode occurs at

EM=0, as was mentioned previously. The values of EM at

intermediate H values and also near the peak differ sub-

stantially depending on Δt, yet these different values

converge into a single value as H approaches ~1500 Oe.

This convergence indicates that all the anisotropies (and

hence the shape anisotropy) are identical, since they are

independent of Δt in this high field range. The behavior is

due to the constructive coupling of the two magnetostatic

fields, Hdem and Hdip, as the magnetic configuration ap-

proaches saturation. Identical shape anisotropy indicates

the identical sum of Hdem and Hdip in both the x and y

directions, although the respective values of Hdem and Hdip

differ. This indicates that a smaller self-demagnetizing

field in the thinner layer for example, is exactly compen-

sated by a larger dipole field from the alternate thicker

layer, when the magnetizations in the two magnetic layers

are parallel (namely, saturation occurs). It must be re-

membered that the total thickness of the two magnetic

layers is fixed at 4 nm in this study.

4. Conclusions

Thermal stability of nanostructured synthetic ferrimag-

nets has been examined in this study as a function of H

by using an accurate analytical expression for E. A simple

single domain model is used in the derivation of the

energy equation, yet the energies due to magnetostatic

interactions are accurately taken into account. 3D FEM is

employed to calculate the effective values of Hdem and

Hdip by averaging the non-uniform fields over the entire

magnetic layer and these effective fields are used as

inputs in an analytical equation for E. Elliptical cells are

considered that have lateral dimensions of 160 nm (long

axis) × 80 nm (short axis) and varying values of Δt. The

direction of H, which points to the 45o direction, is in the

opposite direction to the thicker layer magnetization. At

the remanent state, the value of EM, which is a direct

measure of the thermal stability, increases with the in-

crease of Δt, but its order is reversed within a very small

field range (<55 Oe) because the decrease of the mag-

netic energy barrier is steeper at larger Δt due to stronger

Zeeman effects. At small thickness asymmetries of Δt=

0.2 and 0.4 nm, a minimum occurs at H=350~450 Oe,

while no minimum is observed at large thickness asym-

metries of Δt ≥ 0.6 nm because the value of EM becomes

zero, where the magnetization switching occurs in the

direct write mode, before reaching the minimum. The

values of EM at intermediate H values and also near the

peak differ substantially depending on Δt, but these

different values converge into a single value as H ap-

proaches ~1500 Oe, indicating that the shape anisotropies

are identical since they are independent of Δt. The

behavior is due to the constructive coupling of the two

magnetostatic fields, Hdem and Hdip, as the magnetic con-

figuration approaches saturation. Specifically, the sum of

Hdem and Hdip in both the x and y directions is nearly the

same for all the Δt values, although the respective values

of Hdem and Hdip differ. This indicates that a smaller self-

demagnetizing field in the thinner layer for example, is

exactly compensated by a larger dipole field from the

alternate thicker layer. A significant difference was found

in the results calculated by using the simplifying assump-

tion, whereby the self-demagnetizing field is identical in

magnitude to the dipole field. At a small thickness asym-

metry of 0.2 nm for example, the value of EM is reduced

from 68 kT (T=300 K) to 6 kT at the remanent state and

a progressive switching behavior changes into a critical

direct writing switching mode, as the simplifying assump-

tion is used. The present results clearly emphasize the

importance of using an accurate analytical equation for E

in predicting the thermal stability of nanostructured syn-

thetic ferrimagnets. 
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