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Abstract We investigate spin transfer torque switching in

a perpendicular double barrier synthetic antiferromagnetic

free layer MTJ stack using micromagnetic simulations. For

the material used in free layers, we use two different Cobalt-

based Heusler alloys and compare their performance on the

basis of switching speed, thermal stability and Tunnel

magnetoresistance. We show that for Heusler alloys

switching from one state to other is significantly faster but

they suffer from the drawback of low thermal stability.

Keywords Magnetic tunnel junctions � Micromagnetic

simulations � Perpendicular anisotropy � Synthetic
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Introduction

Spin transfer torque (STT)-based magnetoresistive random

access memory (MRAM) is emerging as a promising

memory technology for the next generation due to its

scalability, high operation speed and unlimited endurance

[1–16]. However, the challenge with STT-MRAM is that

the current required for switching is relatively large (107–

108 A/cm2) and hence relatively large transistors are

required to drive them and power consumption is also high,

thus limiting the information storage density in this

technology. Cobalt-based Heusler compounds are reported

to have the advantage of low mismatch of lattice constant,

high spin polarization factor and high tunneling magneto

resistance (TMR) ratio. [17, 18]. In 1903, Heusler reported

that Cu–Mn alloy can be turned into a ferromagnetic

material by the addition of a sp element e.g., Al, In, Sn, Sb

or Bi even though there is no ferromagnetic element in the

alloy. The reason for the ferromagnetism in these alloys is

the double-exchange mechanism between neighboring

magnetic ions. They are characterized by rich electronic

and magnetic properties such as shape memory and half

metallic behavior [19]. They are interesting candidates for

spintronic devices due to their large magnetization, high

magnetic critical temperatures and half metallicity. It has

been shown that for critical current required for switching

in MTJs Jc can be reduced by employing materials with

values of Ms and a lesser than that of CoFeB MTJs in free

layers. In this work, we use Co2MnSi (CMS) and Co2-
FeAl0.4Si0.6 (CFAS) as the material in the free layer for the

MTJ stack used in [20] with perpendicular anisotropy. Both

these Heusler alloys have low Ms and a values and hence

are expected to show faster switching. We show significant

reduction in switching time for the same switching current

densities. We also compare the TMRs of the structures

using most general model proposed by Julliere.

Micromagnetic model

For the Heusler alloy-based MTJs, we expect significant

reduction in the switching current density due to lower

saturation magnetization (Ms) values, smaller Gilbert

damping constant (a) and higher spin polarization factor

(P). We have used micromagnetic simulation tool

OOMMF for detailed analysis of switching dynamics.

& Bahniman Ghosh

bghosh@utexas.edu

1 Microelectronics Research Center, University of Texas at

Austin, 10100, Burnet Road, Bldg. 160, Austin, TX 78758,

USA

2 Department of Electrical Engineering, Indian Institute of

Technology Kanpur, Kanpur 208016, India

123

J Theor Appl Phys (2015) 9:207–212

DOI 10.1007/s40094-015-0181-9

http://crossmark.crossref.org/dialog/?doi=10.1007/s40094-015-0181-9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s40094-015-0181-9&amp;domain=pdf


Material parameters for different alloys used are provided

in Table 1 [21, 22]. We have used a perpendicular DBSAF-

AP MTJ stack as used in earlier works [20] for simulations

and varied parameters accordingly for the different alloys

used. The stack consists of two (antiparallel) fixed layers

on the top. Below the fixed layers are (two for the two fixed

layers) MgO tunnel barrier layers and below the MgO

tunnel barriers are (two) synthetic antiferromagnetic free

layers separated by Ruthenium.

OOMMF uses a time evolver that integrates a Landau–

Lifshitz–Gilbert ODE with a spin momentum term. For

simplicity we have neglected perpendicular spin torque

terms in our calculations.

dm

dt
¼ �c0 � m � Heff þ a � m � dm

dt
þ TSTT ð1Þ

where m is reduced magnetization M/Ms, a is damp-

ing constant, c0 is Gilbert gyromagnetic ratio, Heff ¼
Hext þ Hexchange þ Hdemag þ Hdip þ Hanisotropy; b ¼
j �h
le j J

df � Ms
. Here, Heff is the effective field which includes

contributions due to external applied magnetic field Hext

which is zero in this case, the exchange field Hexchange, the

dipolar field due to fixed layers Hdip, the demagnetization

field Hdemag and the anisotropy induced field Hanisotropy.

The Eq. (1) has three torque terms on the right hand side.

First term is the torque on free layer due to sum total of all

magnetic fields, the second term is the damping torque

which acts as a friction force impeding the motion and is

proportional to the velocity of the motion while the third

term is the torque produced due to spin polarized current

and is given by TSTT ¼ cj jbe m� mp � m
� �

in which e is

the effective spin polarization efficiency factor and is given

by e ¼ P^2

ð^2þ1Þþð^2�1Þðm:mpÞ. Here, P is the spin polarization, J

is the current charge density and mp is the unit polarization

direction of spin polarized current and df is the thickness of

the free layer. As we can see that TSTT is inversely pro-

portional to saturation magnetization (Ms) and directly

proportional to spin polarization factor (P). So lesser

switching time is expected from Heusler alloy-based MTJs

for the same switching current applied. Also for a macro-

spin model at zero temperature the critical current density

which is required to reverse the magnetization in a MTJ

can be expressed as :

Jc ¼
2e� a�Ms � df � ðHext þ Hanisotropy þ 2pMsÞ

�hP
ð2Þ

From Eq. (2) it can be easily noticed that to reduce the

critical current density a material which has lower value of

Ms, and a and higher P values should be preferred.

Reducing thickness of free layer can also reduce the Jc but

after a certain thickness the thermal stability of STTRAM

bit gets compromised. For a stable bit, an energy barrier of

about 60 kBT (kB is Boltzmann’s constant and T is tem-

perature in Kelvins) is required for 10 years retention. In

this work, we have concentrated on the current densities

and confirmed our assumptions using simulations. We have

also calculated and compared the stability constants for the

same free layer thickness for all three materials and showed

its dependence on free layer volume.

Switching dynamics

Switching magnetization in the MTJ structure under study

proceeds as follows. We inject perpendicularly polarized

current in the top free layer (TFL). Initially the magneti-

zation of the TFL is in the same direction (?z) as the spin

polarization of the electrons injected. Up-spin electrons

conduct thorough the metallic Ru layer and are injected in

the bottom free layer (BFL). Initial magnetization of the

BFL is in -z direction due to RKKY coupling. The up-spin

electrons injected exert torque on the BFL, also there are

reflected up-spin electrons from the bottom pinned layer

(BPL) which has its magnetization pinned in the -z direc-

tion. If the current density is large enough the torque on the

BFL is enough to flip the magnetization of the BFL in the

?z direction and enters in a metastable state where both the

free layers have magnetization in the same direction ?z in

this case. If we stop the current at this stage then magne-

tization of TFL switches in -z direction by itself to reach

in another stable state (AP). The time taken to switch from

P to metastable state is tr and the time taken to switch from

metastable state to AP is tf. However, the switching from

metastable state to stable AP states is too slow (tf[[ tr) as

compared to switching from P to metastable state so to

assist switching from metastable state to AP state we

reverse the direction of the current after the metastable

state is reached. If the bi-directional MTJ stack is exposed

to negative polarity current while switching from meta-

stable state to stable state for a period longer than the

switching time, then the BFL eventually switches again to

-z direction leading to another metastable state. This leads

to an unintentional switching event and a write failure. To

avoid this, a timing margin is necessary. A design to sig-

nificantly reduce this failure has been proposed. [20] For

switching from AP to P current is injected from the

Table 1 Material parameters for different alloys used in micromag-

netic simulation

Material Ms (A/m) A P K1 (J/m3) A (J/m)

Cobalt 1000 9 103 0.014 0.4 5 9 103 3 9 10-11

CMS 800 9 103 0.008 0.56 3 9 103 2 9 10-11

CFAS 1000 9 103 0.01 0.6 9 9 103 2.3 9 10-11
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opposite direction and hence the electrons injected this

time have spin in -z direction and they exert torque on the

BFL to flip its magnetization in -z direction leading to

another metastable state in which both the free layers have

their magnetization in -z direction and then again we

reverse the direction of current at metastable state to switch

back to P state.

Micromagnetic simulation results and discussion

For comparing the switching dynamics two cobalt-based

Heusler alloys are selected which have values of Ms and a
less than that of cobalt and high spin polarization factor

P. Co2MnSi (CMS) and Co2Fe0.4Al0.6 (CFAS) are chosen

as the ferromagnetic material to design coupled free layers.

We simulate the given device by applying current pulses of

amplitudes ranging from 1 9 107 to 5 9 107 A/cm2 in

steps of 1 9 107 A/cm2 to study the effect of STT and

compare the dynamics of different materials. The dimen-

sions of the free layers in device used are

40 9 20 9 2 nm3. The cell size chosen for simulation is

1 9 1 9 0.1 nm3. Figure 1 shows the magnetization

switching from P to AP state for the Cobalt-based MTJ for

current density of 2 9 108 A/cm2. At the beginning device

is in P state and since both the free layers have magneti-

zations in opposite direction the overall reduced magneti-

zation m is equal to zero and when a spin polarized current

is applied the device reaches the metastable state and at this

stage m becomes equal to 1. Then the polarity is reversed to

reach stable AP configuration and m again reduces to zero.

However, as discussed earlier if the current is not stopped

after the AP state the device goes into another metastable

state as shown in the Fig. 1 and the overall reduced mag-

netization becomes equal to -1. Figure 2 compares the

switching dynamics of the three materials used to design

free layers at the same current density of 2 9 108 A/cm2.

As expected the material with lowest value of Ms and a
(CMS) shows the fastest switching and the material with

highest value of Ms and a shows slowest switching. To

show the comparison more precisely, we have studied the

switching of all the three devices by varying the current

density and plotting the switching time versus current

density for all of them.

As can be observed from Fig. 3 for the same current

density applied switching time for CMS is lowest while it

is highest for Cobalt. We expected similar results from

theoretical analysis since the spin transfer torque is inver-

sely proportional to Ms
2 and directly proportional to P and

we can see from the Table 1 that the CMS has the lowest

value of Ms.
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Fig. 1 Magnetization versus time plot to understand the switching

dynamics
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Fig. 2 Plot to compare the switching dynamics of different materials

used for J = 2 9 108 A/cm2

Fig. 3 Switching time versus current density plot to compare the

switching speed in Cobalt, CMS and CFAS
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Stability analysis was done for the three materials used

by comparing the energy difference (DE) between two

states P and AP. As mentioned earlier for 10-year data

retention an energy difference of about 60 kBT is required

(Fig. 4) [23]. Thermal stability of STTRAM bit often sets

trade-off between maximum storage density and data

retention requirement. We have shown in Fig. 5 that

DE decreases on decreasing the density of free layer by

decreasing its thickness. To show the dependence of DE on

the volume of the free layer we have compared DE for the

thickness values of 1 and 2 nm and found that for 1 nm

DE\ kBT for T = 300 K while DE for 2 nm thick free

layer is almost 100 times kBT and hence satisfies the

requirement for data retention. In Figs. 5 the plots show

variation of total energy with time while the switching

takes place. The two minima, first one at t = 0 s and the

second one after the maxima, correspond to stable P and

AP states, respectively. We have also compared the

DE values for Cobalt, CMS and CFAS free layers having

thickness 2 nm and observed that DE is maximum for

CFAS and minimum for CMS free layer. The following

observation can be explained using Eq. (3).

DE ¼ l � Ms � V � Hk

2
ð3Þ

where Hk is the effective magnetic anisotropy field, l is the

permeability of free space, V is the volume of the free

layer. Effective anisotropy field is directly proportional to

uniaxial anisotropic constant K1. So the energy difference

DE depends on the product of saturation magnetization Ms

and K1. We can observe from the parameters given in

Table 1 that the product has the maximum value for CFAS

and minimum value for CMS, so CFAS should have the

maximum DE for fixed volume of free layer and it is

confirmed from the simulation results obtained. Though the

switching is fastest in CMS-based MTJ due to lowest Ms

and high P, CFAS-based MTJ shows the highest stability

due to high value of anisotropic constant K1. For a better

comparison between the two current density and stability

constants (DE/kBT) curve can be plotted and one which has

lower current density at same stability constant should be

preferred.

TMR calculations

Resistance of a MTJ depends on the angle between the

magnetization directions of the free layer and the pinned

layer since in the transport between the majority and

minority spin states the tunneling which occurs depends

on the spin. In the tunneling process, the electrons

maintain their spin direction and the probability that an

electron with a certain spin will tunnel through the barrier

from the pinned layer to free layer depends on the number

of states with the same spin direction available in free

layer. So the probability of tunneling is not equal for both

parallel and antiparallel states since they correspond to

different density of state. Tunnel magnetoresistance

(TMR) is defined as:

DR
R

¼ RAP � RP

RP

ð4Þ

where RP and RAP are the resistance for parallel (P) and

antiparallel (AP) magnetic configurations, respectively. In

this study, we calculate the TMR of a simple MTJ structure

with in-plane anisotropy. There are only two ferromagnetic

layers with a tunneling barrier between them. One of the

ferromagnetic layers has its magnetization fixed and is

called reference layer or pinned layer while the
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Fig. 4 Plot to compare stability by comparing DE of different

materials used
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magnetization of other layer is not fixed and is free to

rotate. We have used the simplest model proposed by

Julliere to calculate the TMR of the materials used and

compared them. Though we compared TMRs for a simple

MTJ stack using a simple model we expect similar results

will hold in case of multilayered MTJ stack such as

DBSAF MTJ stack used for studying dynamics.

In the Julliere model to explain the TMR [24], it

depends only on the spin polarization of the ferromagnetic

material used in pinned and free layers and is given by,

DR
R

¼ 2P1P2

1� P1P2

ð5Þ

where P1 and P2 are spin polarization of pinned and free

layer, respectively. In this case, same ferromagnetic

material is used in both pinned and free layers so P1 is

equal to P2. TMR values are calculated for CoFeB-, CMS-

and CFAS-based MTJs and are given in Table 2. As it can

be observed from the table a higher P value means a higher

TMR so we can conclude Heusler alloy-based MTJs are

expected to show higher TMR values than the Co-based

MTJs. These results for TMR are for making a comparison

and based on the simplest model for calculation and so are

not highly accurate. A high TMR is essential for high

readability of MTJs, and hence from this observation,

Heusler alloys are much better option to use as the ferro-

magnetic material in MTJs. It has also been reported that

CMS produces high TMR values at low temperatures and

its TMR value decreases with increasing temperature while

CFAS is reported to have high TMR values for all tem-

perature and is weakly dependent on temperature [25].

Conclusion

We performed detailed micromagnetic simulations to study

the advantages and disadvantages of Heusler alloy-based

perpendicular double barrier synthetic antiferromagnetic

magnetic tunnel junctions. Their low saturation magneti-

zation (Ms) values and high spin polarization (P) lead to

faster switching as compared to Cobalt-based MTJs.

However, due to low Ms thermal stability of the bit is

compromised. In this study, we used CMS and CFAS

Heusler alloys as the material to fabricate free layers and

compared them with Cobalt-based free layers. Switching in

CMS is fastest among the three while its thermal stability is

lowest for the same free layer thickness. Switching of

CFAS free layer is faster than Cobalt but is slow when

compared to CMS free layer while its thermal stability is

highest due to high value of crystalline anisotropy constant

K1. We also compare TMR of in-plane simple MTJ based

on Jullier model for all the three materials and observe that

the TMR of CFAS MTJ is highest.

Open Access This article is distributed under the terms of the

Creative Commons Attribution 4.0 International License (http://crea

tivecommons.org/licenses/by/4.0/), which permits unrestricted use,

distribution, and reproduction in any medium, provided you give

appropriate credit to the original author(s) and the source, provide a

link to the Creative Commons license, and indicate if changes were

made.

References

1. Slonczewski, J.: Current-driven excitation of magnetic multilay-

ers. J. Magn. Magn. Mater. 159, L1–L7 (1996)

2. Berger, L.: Low-field magnetoresistance and domain drag in

ferromagnets. J. Appl. Phys. 49, 2156 (1978)

3. Tsoi, M., Jansen, A.G.M., Bass, J., Chiang, W.-C., Seck, M.,

Tsoi, V., Wyder, P.: Excitation of a magnetic multilayer by an

electric current. Phys. Rev. Lett. 80, 4281–4284 (1998)

4. Myers, E.B., Ralph, D.C., Katine, J.A., Louie, R.N., Buhrman,

R.A.: Current-induced switching of domains in magnetic multi-

layer devices. Science 285, 867 (1999)

5. Kiselev, S.I., Sankey, J.C., Krivorotov, I.N., Emley, N.C.,

Schoelkopf, R.J., Buhrman, R.A., Ralph, D.C.: Microwave

oscillations of a nanomagnet driven by a spin-polarized current.

Nat Lond 425, 380 (2003)

6. Tserkovnyak, Y., Brataas, A., Bauer, G.E.W., Halperin, B.I.:

Nonlocal Magnetization dynamics in ferromagnetic hybrid

nanostructures. Rev. Mod. Phys. 77, 1375 (2005)

7. Albert, F.J., Katine, J.A., Buhrman, R.A., Ralph, D.C.: Spin-po-

larized current switching of a Co thin film nanomagnet. Appl.

Phys. Lett. 77, 3809 (2000)

8. Berger, L.: Emission of spin waves by a magnetic multilayer

traversed by a current. Phys. Rev. B 54, 9353–9358 (1996)

9. Slonczewski, J.: Currents, torques, and polarization factors in

magnetic tunnel junctions. Phys. Rev. B 71, 024411 (2005)

10. Kieselev, S.I., Sankey, J.C., Krivorotov, I.N., Emley, N.C.,

Schoelkopf, R.J., Buhrman, R.A., Ralph, D.C.: Microwave

oscillations of a nanomagnet driven by a spin-polarized current.

Nat Lond 425, 380 (2003)

11. Katine, J.A., Albert, F.J., Buhrman, R.A., Myers, E.B., Ralph,

D.C.: Current-driven magnetization reversal and spin-wave

excitations in Co/Cu/Co pillars. Phys. Rev. Lett. 84, 3149

(2000)

12. Al Haj Darwish, M., Kurt, H., Urazhdin, S., Fert, A., Loloee, R.,

Pratt Jr, W.P., Bass, J.: Controlled normal and inverse current

induced magnetization switching and magnetoresistance in

magnetic nanopillars. Phys. Rev. Lett. 93, 157203 (2004)

13. Mangin, S., Henry, Y., Ravelosona, D., Katine, J.A., Fullerton,

E.E.: Reducing the critical current for spin-transfer switching of

perpendicularly magnetized nanomagnets. Appl. Phys. Lett. 94,
012502 (2009)

14. Finocchio, G., Krivorotov, I., Carpentieri, M., Consolo, G.,

Azzerboni, B., Torres, L., Martinez, E., Lopez-Diaz, L.: Magneti-

zation dynamics driven by the combined action of ac magnetic field

and dc spin-polarized current. J. Appl. Phys. 99(8), 08G507 (2006)

Table 2 TMR values for Cobalt, CMS and CFAS-based in-plane

MTJs

CMS CFAS Cobalt

TMR (%) 91.3 112.5 53.3

J Theor Appl Phys (2015) 9:207–212 211

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


15. Carpentieri, M., Ricci, M., Burrascano, P., Torres, L., Finocchio,

G.: Noise-like sequences to resonant excite the writing of a

universal memory based on spin-transfer-torque MRAM. IEEE

Trans. Magn. 48(9), 2407–2414 (2012)

16. Cui, Y.-T., Sankey, J.C., Wang, C., Thadani, K.V., Li, Z.-P.,

Buhrman, R.A., Ralph, D.C.: Resonant spin-transfer-driven

switching of magnetic devices assisted by microwave current

pulses. Phys. Rev. B 77(21), 214440 (2008)

17. Ebke, D.: Cobalt-based Heusler compounds in magnetic tunnel

junctions. Ph.D. Thesis, Bielefeld University, Germany (2010)

18. Yakushiji, K., Saito, K., Mitani, S., Takanashi, K., Takahashi,

Y.K., Hono, K.: Current-perpendicular-to-plane magnetoresis-

tance in epitaxial Co2MnSi/Cr/Co2MnSi trilayers. Appl. Phys.

Lett. 88, 222504-1-3 (2006)

19. Graf, T., Felser, C., Parkin, S.S.P.: Simple rules for the under-

standing of Heusler compounds. Progr. Solid State Chem. 39(1),
1–50 (2011)

20. Raychowdhury, A.: Numerical analysis of a novel MTJ stack for

high readability and writability. In: Proceedings of the 41st

European Solid-State Device Research Conference (ESSDERC),

347–350, Helsinki, Finland, 12–16 September (2011)

21. Vaz, C.A.F., Rhensius, J., Heidler, J., Wohlhüter, P., Bisig, A.,
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