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Abstract— We propose a new system whose magnetization
direction can be controlled by an appliedbias voZtagewithout an
external magnetic tIeld. The system consists of a four Iayered
structure FJYI/l?z (FI, F2: ferromagnets, S: spacer, L insulator).
An analytic expression for bias-voltage-controlled interlayer
exchange coupIing in this system is developed within a simple
free-electron-like, one-dimensional approximation. According to
the approach, the magnetic configurations of the two magnetic
layers osciUate from antiferromagnetic to ferromagnetic with
applied bias voltage. This implies that we can .wvhcldrofatethe
magnetization direction without an external magnetic jield.
Possible applications of such a system are aIso discussed.

Index Terms—bias voltage, controllable interlayer exchange
coupling, magnetization direction, quantum well, tumeling. ,

I, INTORDUCTION

Since the discovery of Ioadstone, the magnetization
direction has traditionally been switched/rotated by
application of an external magnetic field. The field source is
usually an electromagnet or permanent magnet. Such fields
are difficult to localize, which is a limitation for some device
applications [1],[2]. Novel magneto-electronic devices are
being developed as magnetic sensors, digital read heads,
microwave components, and nonvolatile memory. Such
devices are based on GMR (giant magnetoresistance) and
TMR (tunneling magnetoresistance) systems which consist of
FJS/Fz and FJUF2 structures (FI, Fz: ferromagnets, S: spacer,
I: insulator layer). If the magnetization direction were voltage
controlled, additional applications would be possible.

Based on model calculations we propose such a system.
The system consists of an FJiVI/F2 structure. It resembles a
combination of GMR and TMR structures. However, the
purpose and operating mechanism of our system is different.
In our system the interlayer exchange coupling between the
two ferromagnetic layers oscillates between antiferromagnetic
and ferromagnetic with increasing applied voltage. We can
switchhtate the magnetization direction of the layer that is
the softer ferromagnet. Our main aim is to switch or rotate the
magnetization direction without an external magnetic field, as
opposed to the tailoring of the magnetoresistance.

There are many possible applications for such a system.
For example, in principle the magnitude of the exchange
coupling could be controlled to yield sensitive magnetic
sensors, Since the magnetization direction can be rotated, a
kind of micro-switch and signal isolator acting without an
external magnetic field is possible. These devices also can be
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applied to tlat panel display applications. Another possibility
is as a switching device for a microwave notch filter for use in
telecommunications. Possible application are discussed
elsewhere[3]. Also, since the difficulties of the localization of
an external magnetic field can be overcome with this device,
there are additional possibilities of sweeping scope.

H. THEORY

We present the principle of controllable exchange coupling
devices with a simple one-dimensional (ID) free-electron-like
model. In this explanation, we focus on physical transparency
rather than on rigorous mathematics. Fust, however, consider
the well-known interlayer exchange coupling in F1/S/Fz
systems[4]. According to Bruno[4], the oscillatory exchange
coupling J can be interpreted as the energy difference of
quantum well states between ferromagnetic and
antifemomagnetic configurations of the two ferromagnetic
layers FI and Fz Let the energy due to the quantum
interference in the ferromagnetic cordlguration be EF4,,and
the antiferromagnetic configuration be E~FMat temperature T
= O, then the exchange coupling energy per unit area for small
confinement which means small but non-zero reflectivities, is
given as follows[4]:

JIA=EFM -EMM

= ->ImJd2kUJ~AR1~2 exp(2ikLD+iq +iqQdE. (1)

Here, % exP(i%) = (rr - rJ)12, ~> and r~,~ are

reflectivities of spin up (~) or down ($) the electrons at
interfaces 1 and 2. D is the tMckness of the spacer layer, A is
the area of the interface, ~ and kl are k-vec;ors par~lel and
perpendicuk to the interfaces, respectively. Here we assume
two ferromagnetic layers are same materials for the simplicity.
Even though more exact expressions for the exchange
coupling energy were presented in Bruno’s article, we only
consider the above equations for the sake of simplicity and
physical insight.

Now, we insert an insulating layer (I) between the spacer
layer (S) and the second ferromagnetic layer (FJ. The spin up
and down electrons in the spacer layer are reflected from the
new interface (IJ between the spacer and the insulator.
Therefore, we have ~2 = oat interface 2, and no or

extremely small exchange coupling between the two
ferromagnetic layers.
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For the F@UF2 system, we can apply a bias voltage as
shown in Fig. 1. With a bias voltage, the difference of
reflectivities of spin up and down electrons at the interface 2
may not be zero, M2 #o, and will depend on the value of

the applied voltage. Therefore, the interlayer exchange energy
also varied with the applied bias voltage. This is the key idea
of our approach.

To see what happen to the F1/S/I/Fz system with a bias
voltage, we assume a simple system as shown in Fig. 2. For
simplicity, we only considered reflectivity at interface 2 and
neglect the image force. The lD Schrodinger equation for a
potential barrier of trapezoidal shape was solved
analytically[5]. The difference of reflectivities for spin up and
down states can be approximated as follows:

After some tedious algebra on Airy functions, we geb

(2)

(3)

-(i~Mi%)-Ai(~))(ik#BIZJ+ Bi[Zd))~.

Here, Ai(Z), Bi(Z), Ai’(Z), and Bi’(Z) are Airy functions
and their derivatives, and 20= (ad/(2V))’’3(E,- Ex),

Zd = (ad/(2V))2’3(E2-Ex -V), L = (4d/(a2V)~’3, kl =.&/2,
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Fig, 1 Schematicdiagramof energybands for ferromagneticlayer 1,
2 @lt F2),spacer (S), insulator(I),(a) is ferromagneticconfiguration
and (b) is antifemomagneticconfiguration.
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Fig. 2 Schematicenergydiagramfor a trapezoidalpotentialbarrier
withapptiedbiasvoltage.

k3 = a~~/2, a = 2~/ii . Lo2s(I/.A@. & is
exchange split energy, d is thickness of insulator layer, V is
applied bias voltage, Ez is barrier energy height, EJ is the
bottom of the conduction band of F2 layer and EK is Fermi
energy, respectively. This analytic approximation agrees
numerically calculated result[3]. The numerically calculated
AR is shown at Fig. 3, where the EK= 3 eV, & = 4 eV, & = 2
eV, Am= 1 eV, and d = 10 ~. As expected, the oscillation
strength of AR increases with applied bias voltage.

III. DISCUSSION

Consider the magnitude of the interlayer exchange energy
.lI within the free electron model. With the same procedure as
used in Sec. 111.A.1 of Ref. 4, we can get the behavior of .lI by
numerical integration. Since the exchange coupling energy in
the insulator layer is small for the given conditions, we ignore
the energy in the barrier region. The interlayer exchange
coupling energy calculated for the barrier thicknesses d = 10,
15 and 20 ~ with parameters set at Ek= 3 eV, Ez = 4 eV, EB=
2 eV, Ax = 1 eV and spacer layer thickness D = 10 ~. The
order of magnitude of the maximum U,l is -10-2 erg/cm2. The
corresponding effective magnetic field is given by H -
4U11/(M@J, (M, 1.7 x 103 emu/cm3 for Fe, d~ -20 ~) is -
100 Oe. For comparison, we calculate the coupling energy for
the system FJYF2 without an insulator barrier. The exchange
coupling energy is -0.2 erglcm2at spacer thickness D = 10 ~
with all other parameters being the same. Therefore, the
magnitude of the exchange coupling in the F1/S/I/F2system is
roughly an order of magnitude or smaller than that of the
F1/S/Fzsystem.

The effect of the image force must be considered for the
tunneling process across the insulator layer. The image force
rounds off the trapezoidal potential barrier and decreases the
effective banier Wlckness and height[6]. Furthermore, the
effect of the image force causes a change in the solution of
the above Scbrodinger equation, and on the detailed
dependence of Al& and .ll on the parameters. Unfortunately,
there is no analytic solution for the case that includes image
forces[6]. Since the effect of the image force in mwmul
tunneling is usually negligible or a minor corrections, it seems
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reasonable to neglect it. Since we considered the dHferences
of reflectivities of spin up and spin down, in our case,
however, the effect of the image force is very large. With
image force corrections, we can solve the Schrodinger
equation numerically[7]. As expected, the image force
enhances the spin dependent tunneling, and the interlayer
exchange coupling in the F@I/F2 system. For a dielectric
constant of the insulator barrier &= 5 or 10, and no image
force; results are shown in Fig. 4. The interlayer exchange
coupling with image force corrections is 2-5 times enhanced
above that without corrections of the image force. Therefore,

Fig. 4 Interlayer exchange coupting, at T = O, with image force
correction.Theeach tinerepresentsthe dielectricconstantof insulator
layerE= 5,10, andwithoutimagefOrSeca.s=.

applications, such as magnetic sensors, optical
switch/kolators, display and microwave devices, etc.
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