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We study the process of controlling the states of a magnetic memory cell by a pulsed magnetic

¯eld. The magnetization dynamics of such a system is described by the Landau-Lifshitz equa-
tion. We ¯nd the optimal parameters of time dependence, amplitude and duration of magnetic

¯eld pulses created by currents in the control system, which provide a fast inertialess process of

switching the magnetization of the functional element of the cell.
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1. Introduction

The development and improvement of non-volatile magnetic memory with very high

endurance and scalability remains an important issue in the ¯eld of nanomagnetism.

Magnetic random-access memory (MRAM) is a key class of a magnetic memory of
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this type.1–3 For such applications, it is critical to achieve reliable and ultrafast

magnetization reversal4 that surpasses conventional slow precessional switching

which can take up to nanoseconds for the device magnetization vector reversal. It is

shown in a number of works that in order to achieve the set goal, it is important to

use pulses of magnetic ¯eld5–15 and spin-polarized current16–20 to initiate the process

of switching the magnetic state of the functional element.

In particular, work21 is devoted to a partial solution to the problem of reducing

the duration of magnetization reversal, focusing on the numerical study of the

magnetization dynamics of a monodomain ferromagnetic particle subjected to a

single rectangular pulse of a magnetic ¯eld or a spin-polarized current of arbitrary

orientation.

In this work, we theoretically investigate the problem of controlling the magne-

tization states of a magnetic memory cell using a combined pulse of local external

¯elds. A local magnetic ¯eld can be created by pulses of electric currents of a certain

shape, passed through regular conductors used to control memory cells. Its purpose is

to break the collinearity of the magnetic moments of a spin polarizer with a ¯xed

magnetic moment and a free magnetic layer, which is absolutely necessary for the

initiation of magnetic moment transfer processes.

As a rule, the memory cell control system consists of two crossed current buses,

between which the structural elements of the memory cell are located (see Fig. 1).

Fig. 1. (Color online) Scheme of a memory cell consisting of three ferromagnetic thin-¯lm elements (FM)

(arrows indicate directions of magnetization) located between two non-magnetic crossed buses (green)

through which an electric current is passed. The thin-¯lm FM elements have an elliptical shape with a
small eccentricity and a long axis along the Ox direction. Thin MRAM 1 and MRAM 2 layers that di®er

from each other separate the FM elements. The upper and lower FM elements are pinned due to the

presence of AFM interfaces.
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The magnetization of such a system can be switched by passing a spin-polarized

current through the functional element of the cell. However, the mode of pure ¯eld

control remains out of consideration. This mode can be e®ectively organized in the

system without any structural changes, if the time dependence and amplitude of the

current pulses, that pass through the crossed current buses, are properly selected. An

additional condition for the reliable operation of the device is that the direction of

magnetization changes in the memory cell located at the intersection of the wires,

and the magnetic state of the remaining cells located away from the intersection

remains unchanged.

In this work, the optimal parameters of ¯eld (current) pulses will be determined

to achieve a fast inertialess mode of switching the direction of the memory cell

magnetization.

2. Equation of Magnetization Dynamics of the Functional Layer

The data storage element in the form of a memory cell is presented schematically in

Fig. 1. This memory cell consists of three ferromagnetic thin-¯lm elements (nano-

particles) (FM) located between two non-magnetic crossed buses (green) through

which an electric current is passed. The upper and lower ferromagnetic elements are

pinned due to the presence of an antiferromagnetic (AFM) interface. Thin MRAM

layers that di®er from each other separate the ferromagnetic elements.

We study the case when, under the action of specially selected con¯gurations of

electric current pulses and the creation of a magnetic ¯eld in the region of a selected

cell, a rapid switching of magnetization occurs, which is not followed by long re-

laxation processes.

Let us write the Landau–Lifshitz equation for this system. In order to highlight

the main idea of the work and to simplify the theoretical consideration, we will not

take into account the dissipation in the system further on, because in the conditions

of the process under consideration dissipation leads to minor changes in the ¯nal

quantitative results. Thus, we have

dm

dt
¼ �� m �H eff½ �; ð1Þ

where m is the unit magnetization vector of the free layer, which plays the role of a

functional element of the system, H eff is the e®ective magnetic ¯eld acting on the

magnetic moment of the functional layer, � ¼ 2�B=} is the gyromagnetic ratio,Ms is

the saturation magnetization of the free layer, and ¹ is the unit magnetization vector

of the lower pinned layer.

As in Refs. 22 and 23, we will assume that the free magnetic layer has the shape of

a °at ellipse with a small eccentricity. This determines the shape anisotropy of this

system, which is formed under the in°uence of dipole–dipole interaction. On the one

hand, the °at shape determines a large value of the demagnetization coe±cient in the

direction of the normal and, as a result, a planar arrangement of magnetization, and
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on the other hand, an equilibrium position of magnetization in the direction of the

long half-axis of the ellipse is formed.

For this system to function as a memory cell, it is only necessary that the mag-

netic resistances of the upper and lower tunnel contacts are di®erent.

According to studies10,11 based on the fact that the °at shape of a magnetic

particle contributes to the formation of signi¯cant easy-plane anisotropy, we will

assume that jmzj � 1. Therefore, with accuracy to the linear terms in mz, the unit

magnetization vector of the free layer can be written in the following form:

m ¼ M

Ms

¼ ðcos’; sin’;mzÞ: ð2Þ

In turn, the unit magnetization vectors of the upper and lower pinned layers are

equal to ¹1 ¼ ð1; 0; 0Þ and ¹2 ¼ ð�1; 0; 0Þ, respectively. In the future, we consider

that their magnetic moments are pinned due to the use of AFM interlayers. In the

present scheme of the cell state control, the role of external magnetic interlayers is to

create magnetoresistance e®ects, which determine the direction of magnetization of

the free magnetic layer.

The e®ective ¯eld H i
eff , which takes into account magnetostatic contributions

and the external magnetic ¯eld, has the form

Hx
eff ¼ �4�MsNx cos’þHx;

Hy
eff ¼ �4�MsNy sin’þHy;

Hz
eff ¼ �4�MsNzmz:

ð3Þ

The magnetostatic ¯elds created by the upper and lower magnetic layers compensate

each other.

After substituting (2)–(3), we obtain the Landau–Lifshitz equation in new vari-

ables, which after certain simpli¯cations take the following form:

d’

d�
¼ �mz;

dmz

d�
¼ ðNy �NxÞ sin’ cos’� hy cos’þ hx sin’;

ð4Þ

where � ¼ t � !0, !0 ¼ 8�Ms�B=}, �B is the Bohr magneton, and hy ¼ Hy

4�Ms
,

hx ¼ Hx

4�Ms
.

When deriving Eqs. (4), it was taken into account that jmzj,Ny,Nx, jhyj, jhxj � 1

and Nz ¼ 1�Ny �Nx � 1. Thus, the terms no greater than the linear ones with

respect to the small parameter were preserved in Eqs. (4).

The system of two equations (4) describing the behavior of the magnetization of

the free layer is equivalent to one equation of the second order for the angular

variable:

’
::þ ðNy �NxÞ sin’ cos’� hy cos’þ hx sin’ ¼ 0: ð5Þ
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Here and in the future, a dot above a physical quantity means the time derivative:

’
: ¼ d’=d� .

Thus, Eq. (5) will be considered as a basis for building a theory of controlling the

magnetic states of a memory cell.

3. Control of the Magnetization States by a Combined Pulse

of the Magnetic Field

Let us assume that initially there are no magnetic ¯elds, h ¼ 0, and the magneti-

zation of the free layer is in a state of stable equilibrium, so that ’ ¼ 0, ’
: ¼ 0 at

� < �1 ¼ �!0T=2. Further, at the moment of time �1, electric currents pass through

the wires and create a magnetic ¯eld in the area where the cell is located. The action

of the magnetic ¯eld lasts for time T and stops at the moment of time �2 ¼ !0T=2.

For fast inertialess switching of the direction of magnetization, it is necessary that

at the moment of termination of the action of the pulsed magnetic ¯eld �2, the values

of the angle and its time derivative approach the values ’ð�2Þ ! �, ’
: ð�2Þ ! 0,

respectively. It is under such a condition that the system will switch to a new stable

state and will be at rest.

On the basis of the Maxwell's equation, rot H ¼ 4�j=c, it can be easily demon-

strated that the current °owing in a °at current bus in the direction Ox induces a

magnetic ¯eldHy, which at a distance much smaller than the width of the bus equals

Hy ¼ 2�
c

Ix
L or hy ¼ Ix

2cMsL
, where c is the speed of light, L is the width of the bus, and

Ix is the current °owing through the bus in the Ox direction. The values of physical

quantities are determined in the SGS system.

It is clear that both components of the ¯eld, hy ¼ Ix
2cMsL

and hx ¼ Iy
2cMsL

, will be

present in the area between the intersection of two buses.

Let us assume that electrical equipment is capable of generating modulated

currents of a special form (Fig. 2), the ¯elds of which are described by the following

time dependences:

hx ¼ hx0th�� � � � þ T!0

2

� �
� � T!0

2
� �

� �
;

hy ¼
hy0

ch��
;

ð6Þ

where � is the coe±cient determining the degree of temporal localization of the

magnetic ¯eld pulse, hy0 is the amplitude of the magnetic ¯eld along the Oy axis, and

hx0 is the amplitude of the magnetic ¯eld along the Ox axis.

The initial conditions before turning on the magnetic ¯eld are ’ ¼ 0, ’
: ¼ 0 at

� < �T!0=2.

It turns out that only the action of the ¯eld in the Ox direction is not enough to

start the magnetization reversal process from the state ’I ¼ 0 to the state ’II ¼ �,

since the solution satisfying the formulated initial conditions is ’ ¼ 0. That is, even
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in the presence of a large ¯eld in the Ox direction, the system will be in a position of

unstable equilibrium, and its removal from this state is a random (non-deterministic)

process. Therefore, to start the controlled magnetization reversal process, the action

of the ¯eld pulse in the Oy direction is necessary, which makes the existence of a

trivial solution of the type ’ � 0 impossible.

The only requirement imposed on the parameter � is �T!0

2 	 1. That is, at the

boundary of the time interval ½� T!0

2 ; T!0

2 � the induced magnetic ¯eld has a negligibly

small value. Therefore, we will look for the solution of Eq. (5), which describes the

magnetization dynamics of the free layer, in the following form:

’IIð�Þ ¼ 2 arctge�� ; ð7Þ

and after substituting (7) into Eq. (5) we obtain

ð��2 � ðNy �NxÞ þ hx0 þ hy0Þ
sh��

ch2��
¼ 0: ð8Þ

Equation (8) can have a real non-trivial solution only under the following conditions:

�
 ¼ 

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hx0 þ hy0 � ðNy �NxÞ

q
: ð9Þ

It is obvious that the given initial conditions are satis¯ed by a positive value of the

coe±cient �þ.

Fig. 2. (Color online) Impulse character of the external magnetic ¯eld.
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In order for expression (7) to be considered a solution of Eq. (5) with de¯ned

initial and ¯nal conditions, which describes the inertialess switching of the magne-

tization of the free layer, it must satisfy the following requirements with high

accuracy:

’ð�1Þ ¼ 0; ’
: ð�1Þ ¼ 0;

’ð�2Þ ¼ �; ’
: ð�2Þ ¼ 0:

ð10Þ

Substituting the function (7) into the expressions for the boundary conditions (10)

and taking into account the discussed requirements ð�T!0=2 	 1Þ, we obtain

’ð�1Þ ¼ 2 arctge�
�T!0
2 ! 0;

’ð�2Þ ¼ 2 arctge
�T!0
2 ! �;

’
: ð�1Þ ¼ ’

: ð�2Þ ¼
�

chð�T!0=2Þ
! 0:

ð11Þ

Thus, function (7) under the speci¯ed conditions describes with great accuracy the

process of fast and almost inertialess switching of the magnetization of the free

functional layer from the state ’I ¼ 0 to the state ’II ¼ �. In this mode, the residual

perturbations of magnetization in the cell under consideration will have a negligibly

small value, which indicates that the technical conditions are met.

Note that if the form of the ¯eld signals has slight deviations from those given in

(6), then this will lead to only small perturbations in the system, which will be

accompanied by small oscillations of the magnetization around the new equilibrium

position.

In order for the process of guaranteed magnetization reversal to take place in the

functional free layer, which is located between the intersection of two current

buses and does not a®ect the rest of the memory cells, the following conditions must

be met:

hx0; hy0 < ðNy �NxÞ < hx0 þ hy0: ð12Þ
It should be noted that in the functional elements located above the bus with current,

parallel recording processes can also be carried out, which can speed up the recording

speed.

Therefore, with a proper choice of the con¯guration of the ¯eld perturbation

hyð�Þ, hxð�Þ and the pulse duration T, it is possible to achieve a regime of fast and

almost inertialess switching of the magnetization of the free layer from the state

’I ¼ 0 to the state ’II � �.

4. Conclusion

In this work, we theoretically investigated the problem of controlling the magneti-

zation states of a magnetic memory cell using a combined pulse of local external

¯elds. A local magnetic ¯eld can be created by pulses of electric currents of a certain

shape, passed through standard conductors to control memory cells. It is shown that
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with a proper selection of the con¯guration of the ¯eld perturbation (correct selection

of the con¯gurations of electric currents in the conductive buses) and the duration of

the pulse, it is possible to achieve a regime of fast and almost inertialess switching of

the magnetization of the free layer (functional element) with a transition from one

equilibrium state to another. We proposed the methods of controlling the magneti-

zation states of the memory cell in the high-speed inertialess mode of switching the

direction of the memory cell magnetization at the lowest values of the current

density. The optimal forms, sequences and amplitudes of ¯eld pulses have been

determined.
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