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Multiferroic materials for Spintronics
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The principal aspects of the operation of multiferroics-based spintronic devices; micromagnetic methods that
allow modeling magnetoelectric and spin-orbit devices, as well as calculating the main parameters of multiferroic
heterostructures have been discussed. The results of calculations of micromagnetic configurations realized in an
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1. Introduction

Oxide multiferroics are promising materials for energy-
saving and highly efficient IT solutions involving the
development of logical magnetoelectric devices that serve
as basic hardware components of a new generation of
computing microelectronics (microprocessors) based on
novel physical and technological principles [1].

The use of magnetic and magnetoelectric materials in
spintronics is of great interest. This interest arises from the
possibility of preserving data recorded on magnetic media in
the case of power interruptions, implementing power-saving
modes through the use of magnetic and magnetoelectric ma-
terials (upon capacitor recharging), miniaturizing electronic
devices, applying spin currents, which have a wider range
of properties than electrical ones, and controlling them by
means of various stimuli, such as electrical currents, low-
magnitude magnetic fields, and electrical fields, which may
be produced in multiferroic materials.

One of the latest designs of an advanced magnetoelectric
spin-orbit (MESO) transistor [1] developed at Intel based
on materials with magnetoelectric interaction and materials
with strong spin-orbit coupling is of the utmost interest
in this context. Their combination provides a significant
enhancement of technical parameters: an increase in
switching speed of the device and a substantial reduction
in power consumption.

At the present stage, the refinement of physical principles
and methods of mathematical modeling of MESO devices;
the selection of materials with optimum characteristics
(high magnetoelectric coupling coefficients, low control
voltages, small Hall angles, and high (near-room) operating
temperatures) and techniques for adequate modeling of
magnetic state switching processes; and the search for

scaling and miniaturization approaches to production of
compact circuits are essential for technological development.

The following aspects are discussed below: the main
components and principles of operation of MESO de-
vices; the mechanisms of magnetoelectric interactions in
heterostructures based on multiferroics; the development
of a technique for modeling of magnetic state switching
processes in the systems under consideration; and the
calculation of micromagnetic structures in nanoelements
based on ferromagnetic—multiferroic structures that may be
used in advanced spintronic logic devices.

2. Magnetoelectric materials
for MESO devices

2.1. Principle of operation and structure
of MESO elements

The MESO technology proposed in [1-4] is a logical
evolution of the MRAM concept, which has gone through
several stages in its development, including two generations
of commercial MRAM with switching of magnetization
of a magnetoresistive element under the influence of a
magnetic field (toggle MRAM) and spin-polarized currents
(STT-MRAM), to the PIM (processing-in-memory) concept
associated with architectures that allow one to use a me-
mory cell for calculations and data processing. Technologies
related to the development of near-memory processing and
in-memory processing architectures have been discussed in
detail in literature [5]. In what follows, we focus on a MESO
device that may be used to store data and perform logical
operations.
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Figure 1. a) Diagram of a MESO device; b) logic gate; ¢) cascade [6].

Schematic diagrams of MESO devices are shown in
Figure 1. The main MESO components are a nano-sized
ferromagnet (nanomagnet), which undergoes magnetization
switching, and the associated magnetoelectric (ME) and
spin-orbit (SO) components (Figure 1,a). A bit line
is connected to the ME component to supply an input
electrical signal that produces an electric field at the ME
element, which serves as an ME capacitor. A change in
polarization of the multiferroic under the influence of the
electric field of current leads to switching of the magnetic
state of the nanomagnet (due mostly to the bias effect
induced in the case of exchange coupling between the
ferromagnet and the multiferroic in the ME component). To
read out the new magnetic state, supply current is applied
to the SO component. This current becomes spin-polarized
when passing through the ferromagnetic layer, and the spin

polarization depends on the current magnetic state of the
nanomagnet. Flowing further through the injection layer, the
spin-polarized current enters a material with a strong spin-
orbit interaction, which drives the conversion of spin into
charge, and electric current with its direction determined
by the polarization of electron spins is supplied to the
output bit line. In this design, input and output currents
are directed opposite to each other, allowing one to use
the MESO element as a logic gate (Figure 1,5). The high
efficiency of spin-to-charge conversion, which is ensured by
the use of materials with strong SO coupling, contributes to
the generation of an output current with a sufficiently high
density, which provides an opportunity to construct cascade
circuits from several MESO elements (Figure 1,c¢). The
output current of one MESO element is used as the input
current of another, enabling data transmission and allowing
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one to perform Boolean operations in cascades of three
or more elements. According to the estimates from [1-4],
devices of this kind are characterized by a high logic element
density and reduced response delays, which results in a
high computing performance; magnetic states are switched
within time intervals on the order of 10~?s; the energy
required for switching is of the order of fJ/bit; and voltages
are reduced to 0.3V, making the study of opportunities for
development of this technology attractive for researchers and
technologists.

2.2. Magnetoelectric heterostructures

In the context of spintronic logic devices, the study
of multiferroic systems is focused on magnetoelectric
heterostructures, since magnetic—multiferroic systems are
used directly in the MESO design and magnetoelectric
coupling coefficient ayc may be increased by introducing
a ferromagnetic/antiferromagnetic layer. The magnitudes
of magnetoelectric coupling coefficients for single crys-
tals and composite structures based on multiferroics are
listed in the table for comparison. The values of these
parameters for various multiferroic structures were also
reported in [7,8]. It can be seen that magnetoelectric
heterostructures have significantly higher ayg values than
single-phase multiferroics.

Note that a wide variety of multiferroic heterostructures
have already been designed. They may be classified,
e.g, by the nature of magnetoelectric (ME) coupling
in the interface region, which may take the form of a
direct exchange interaction; an indirect Dzyaloshinskii—
Moriya interaction; or a magnetoelastic interaction caused
by ,strain“ effects (mechanical stresses in the interface
region) and chemical processes associated with the ioni-
zation and migration of oxygen anions and a change
in the density of electron states (DOS) in the interface
region [10]. In the third case, the electric field alters
the electronic structure of the interface, inducing a change
in saturation magnetization, magnetic anisotropy constants,
and interlayer exchange interaction, which affect magneto-
electric effects (MEEs) and spin reorientation processes.
Examples of magnetoelectric structures supporting such
interactions include (i) ferromagnetic—piezoelectric (with
MEEs caused by mechanical stresses and striction effects);
(ii) antiferromagnetic—piezoelectric (with MEEs arising due
to exchange striction caused by mechanical stresses);
(iii) ferromagnetic-multiferroic (with MEEs associated with
exchange interactions in the interface region); and (iv)
multiferroic—piezoelectric structures, where MEEs may
be tied to piezoelectric effects and the Dzyaloshinskii—
Moriya interaction. It follows from the table that the
magnetoelectric coupling coefficients may be fairly high
in heterostructures with different mechanisms of ME
interactions.
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3. Modeling of spin
reorientation processes in
ferromagnetic—multiferroic films

Let wus investigate a ferromagnetic-multiferroic
(CoFe/BiFeO3;) structure with exchange interlayer
interaction that was used in a MESO prototype in [2].
The advantages of using this system as a model object
of study include the availability of fairly reliable data
on the magnetoelectric properties of BiFeO; [9-15] and
experimental data on magnetization reversal processes in
CoFe/BiFeO; films [13], which may be used to verify the
results of theoretical research.

Note that micromagnetic modeling packages (OOMME,
SPIN PM, MuMax, etc.) used for the analysis of
micromagnetic structures in confined systems (films, na-
noelements, multilayer structures) are focused on ferromag-
netic materials. In view of this, an approach combining
micromagnetic simulation methods and calculations based
on the Ginzburg-Landau theory is fitting for calculation of
magnetic states in a ferromagnetic-multiferroic system. If
antiferromagnetic ordering is established in a multiferroic
(as is the case with BiFeO;), unidirectional magnetic
anisotropy (UMA) is induced in the interface region of the
ferromagnetic—multiferroic structure. The orientation of the
easy UMA axis is correlated with the direction of the antifer-
romagnetic vector of the multiferroic. Exchange bias effects,
which consist in a shift of the hysteresis dependence of the
ferromagnet magnetization (Mg(H)) along the horizontal
axis (H), are observed in ferromagnetic—antiferromagnetic
systems. The ferromagnetic layer thickness should not
exceed tpv = +/Ar/Kg in this case; this condition is
needed for continuous reorientation of spins at the interface
and to avoid the emergence of spin-uncoupled regions.
According to the estimates presented in [14], the magnitude
of the exchange bias field is Hep = —Jep/toMete, where
Jeb = Aat /S is the exchange coupling constant defined
as the ratio of the exchange interaction constant of the
antiferromagnet to its surface (S) and Mg is the saturation
magnetization of the ferromagnet. Thus, magnetic ordering
with the magnetization oriented parallel to antiferromagnetic
vector L = (M; — M)/2M,, where M; , are the magne-
tizations of sublattices of the multiferroic and My is the
saturation magnetization, is established in the thin (t < tpm)
ferromagnetic layer (pinning layer) due to the exchange
interaction with the antiferromagnetic multiferroic. The
schematic diagram of the system is shown in Figure 2.

Within this model, the free energy of the system includes
the ferromagnetic layer energy, the multiferroic energy, and
the energy of the interface pinning layer

F(Mgm, P, Mue, L)

= Fowt (M) + FAM™ ™ (MA'™) + Fue (P, My, L),
(1)
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Magnetoelectric coupling coefficients for multiferroic systems

Multiferroics a Temperature, K Reference
BiFeO; 42 V/em - Oe 300 9]
GdF60<94Mgo.0603 1.67 V/cm - Oe 400 [7]
CoFe,04/BaTiO; 8.1 mV/cm - Oe 300 [7]
BiFeO3/BaTiO; 24 V/em - Oe 300 [9,10]
a-Fe;03/PZT 48V/(Oe-cm) 300 [11]
SrTiO5/BaTiOs 495mV/cm - Oe 200 [12]
where the ferromagnetic layer energy is given by Za a
$ g
Q
ft ft fty2 fty2 ” iq
Fint: (Mip') = Aewt (Vmgy )™+ Kow ((Miyy,) y a, nm KV
softy 2 2 softy 2
+ (mFMy) + (méMzOft) ) + Ky (nUmFM ) ) E Ferromagnetic film
the pinning layer energy is lnning
o , Multiferroichfilm
FFmNFnlng(mFM) _ K[;J)mnmg (nu T\I/Ed) _ M?ﬂd (H . mgﬂd) ,
(3) >H
and the multiferroic energy is
b

Fue (P, Mye, L) = Fre(Mye, L, P) + Fo (P, E),  (4)

where the ferroelectric and magnetoelectric components are

P2 P4
Fe|(P,E):—P-E+a072+a172+... (5)
1
Fre(Mye, L, P) = — M2m%e + 25 (D - [L x myg))
ZXJ_ 2
+ A(VL)*+yep((grad L) - L—L- (grad L)) +K; (n L)%,
(6)

where Apv is the exchange interaction constant, Kgyp is
the cubic magnetic anisotropy constant, K, is the uniaxial
magnetic anisotropy constant, and y is the inhomogeneous
magnetoelectric interaction parameter.

It is known that the inhomogeneous magnetoelectric
interaction in the BiFeO; multiferroic stabilizes the antifer-
romagnetic cycloid, which is the ground magnetic state of
BiFeO; single crystals [15]. However, mechanical stresses
induced by the substrate in BiFeOs films may disrupt the
cycloid phase and trigger the formation of a homogeneous
state with a given orientation of vector L. Experimental data
on the ground magnetic states in BiFeOs films grown on
various ferroelectric substrates and theoretical research data,
which allow one to determine the stability regions of spin
cycloids and homogeneous magnetic states, were presented
in [16-19).

Let us consider the range of material parameters that
establish homogeneous antiferromagnetic ordering in a mul-
tiferroic film. Calculations carried out using the Ginzburg—
Landau theory for energy (6) provide an opportunity to
determine the ground states of the multiferroic (orientation
of weak ferromagnetism M and antiferromagnetism L
vectors) and their transformation under the influence of

Figure 2. a) Schematic diagram of the system; b) unit cell of
BiFeO3.

an electric field [20,21]. Assuming that the direction
of antiferromagnetic vector L determines the UMA axis
orientation in the pinning layer, we consider an exchange-
coupled ferromagnetic structure consisting of a layer of a
soft magnetic ferromagnet and a ferromagnetic pinning layer
with a preferred UMA direction. Micromagnetic structures
in a system of this kind may be analyzed via micromagnetic
modeling in OOMME, which allows one to determine the
equilibrium magnetic configurations in a ferromagnetic film
at a given direction of the electric field. Let us use the
following parameters: the film size is a x a x tnm?, the
cell size is 5 x 5 x 3nm?, a =200nm, t = n- 20/,nm, t is
the ferromagnetic layer thickness, a denotes the transverse
dimensions of the nanoelement, the pinning layer thickness
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Figure 3. Dependences of the magnetization vector components
on coordinate z along the sample thickness. Curve I corresponds
to a = 30 nm; curve 2, to @ = 50 nm; curve 3, to a = 80 nm.

is 1nm, Kpipning = —1 - 10*J/m3, and the magnetic parame-
ters of the ferromagnetic layer correspond to the parameters
of iron garnets (A=3-10"12J/m?, K¢yp =1-107J/m3,
Ky = —1-10*J/m?).

We assume that the electric polarization vector in the
multiferroic is oriented in preferred direction Py in zero
magnetic field. Vectors My and Ly corresponding to this
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direction are determined from the minimum of energy (6).
The electric field induces reorientation of vector P¢ and,
consequently, vectors M¢ and L;. Data on the mutual
orientation of vectors P,M and L in BiFeO; films for
different plates and stretching and compression strains
induced by the orienting substrate were reported in [21].
The results of calculation of magnetic configurations for
BiFeOs; films with crystallographic orientations (001), (110)
were presented in [22,23]. Note that these calculations allow
one to reproduce the effect of the hysteresis dependence
shift at different polarization orientations in a multiferroic
induced by an electric field. ~Thus, the above model
provides an opportunity to investigate the processes of
spin reorientation in a ferromagnetic-multiferroic structure
and examine the influence of various factors on magnetic
states in the system. Let us focus on the geometric factor
associated with the sample size.

Moore’s law imposes constraints on the physical size
of transistors in integrated circuits. Certain patterns in
respect to MESO transistors may also be observed. It was
demonstrated in [1] that following ratio between input I
and output Is currents should be fulfilled to ensure efficient
MESO operation:

1
e = " Aisoclo x Ig], (7)

where Is is the input electric current (|| OX) to the ME
element; w is the minimum device dimension (width); o is
the intrinsic magnetic moment vector of an electron defined
by Pauli matrices; I is the spin current (|| OZ) at the output
of the SO element; and Aisoc is the effective diffusion length
of spin current. According to the estimates made in [1,6],
nanomagnet dimensions w may be reduced approximately
to 20—30nm. Let us consider the magnetic states that may
emerge in nanoelements when their size changes.

Figure 3 shows magnetization trajectories m(X) calcu-
lated within the above approach. It can be seen that nearly
homogeneous magnetization distributions are established in
the ferromagnetic layer at the chosen values of physical
parameters and small dimensions of the nanoelement.
However, with an increase in transverse dimensions of
the nanoelement, inflection points emerge in the m(x),
i = X, Y, z dependences, indicating the possibility of forma-
tion of vortex-type topological structures that may be used
in scaling of spintronic devices.

4. Conclusion

The key aspects of development of spintronics based on
magnetoelectric materials were discussed using the example
of a magnetoelectric spin-orbit transistor. Its structure and
principles of operation were examined. Heterostructures
based on the BiFeOs multiferroic were used as an example
to develop a method of calculation of magnetic states in
exchange-coupled ferromagnetic-multiferroic films with the
exchange bias effect. This technique relies on the concept
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of a ferromagnetic pinning layer with unidirectional mag-
netic anisotropy forming in the ferromagnetic-multiferroic
interface region and allows one to use software packages
for micromagnetic calculation (specifically, OOMMF) to
calculate magnetic configurations and their transformations
under the influence of magnetic and electric fields in
confined films and nano-sized structures. Magnetic states
in nanoelements of various sizes were calculated for a
CoFe/BiFeOs system.
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