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The ability to tune magnetic properties of solids via electric voltages instead of external magnetic
fields is a physics curiosity of great scientific and technological importance. Today, there is strong
published experimental evidence of electrical control of magnetic coercive fields in composite
multiferroic solids. Unfortunately, the literature indicates highly contradictory results. In some
studies, an applied voltage increases the magnetic coercive field and in other studies the applied
voltage decreases the coercive field of composite multiferroics. Here, we provide an elegant
explanation to this paradox and we demonstrate why all reported results are in fact correct. It is
shown that for a given polarity of the applied voltage, the magnetic coercive field depends on the
sign of two tensor components of the multiferroic solid: magnetostrictive and piezoelectric
coefficient. For a negative applied voltage, the magnetic coercive field decreases when the two
material parameters have the same sign and increases when they have opposite signs, respectively.
The effect of the material parameters is reversed when the same multiferroic solid is subjected to a
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positive applied voltage. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4896521]

Electrical control of magnetism in solids is an interest-
ing field of research, which has its basis on the magneto-
electric effect in multiferroic materials. Today, there are
encouraging reports of various experimental studies showing
successful measurements of the electrical induced magnet-
ization change,'* switching of the exchange bias field in fer-
romagnet/anti-ferromagnet structures via a voltage®* and
electrical tuning of magnetism in hybrid spintronics/multi-
ferroic composites designed for advanced random access
memories or logic operations.”™

Due to the huge versatility offered by the interplay
between electric and magnetic properties in solids, magneto-
electric effect of multiferroics is currently of great interest for
fundamental studies as well as technological applications.”"”
In particular, the ability to control magnetic coercive field
through an electric voltage (field) offers unprecedented advan-
tages in spin-electronic devices and magnetic data storage
technologies. The prospect of novel applications has stimu-
lated a massive surge in research of multiferroic materials,
especially composites.?> > Experiments of voltage manipula-
tion of magnetic coercive field in ferroelectric/ferromagnetic
composite multiferroics have been widely reported.>**2¢
However, a closer examination of the literature reveals that
the results are in fact highly contradictory. In some studies, it
has been reported that an applied voltage (electric field) to a
composite multiferroic would increase its magnetic coercive
field, while in other studies the same process had the opposite
effect. Table I shows a summary of some of these contradic-
tory studies.

Giving the critical importance of the electric control of
magnetic coercive field for technical applications, the normal
question one would ask is: “Which of these results are
correct?” Answering this question and providing a clear
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understanding of the governing physics would greatly help
future studies and the design of novel applications based on
these interesting materials. In this article, we provide an ex-
planation to this apparent paradox. We will show that, in
fact, all reported studies are correct. The apparent contradic-
tory responses of the magnetic coercive field to an electrical
excitation in various composite multiferroics are related to
the constitutive material parameters within the correspond-
ing composite structures, as detailed below.

Let us assume a multiferroic bi-layer composite struc-
ture consisting of a polycrystalline magnetic thin film and a
piezo-ferroelectric layer. The magnetic thin film is made up
of individual magnetic grains, with each grain being consid-
ered uni-axial magnetic single domain. Such magnetic enti-
ties can be well described in the Stoner-Wohlfarth (S-W)
formalism. We further impose grains separation distance
large enough to ensure that no exchange or magneto-static
inter-grain interactions are present. This approximation is
indeed valid for magnetic data storage thin film technology
and allows the analysis of an individual constituent particle
to provide a detailed insight into the overall magnetic rever-
sal mechanism governing the entire sample.

Figure 1(a) shows the schematic diagram of the compos-
ite multiferroic bi-layer system, which is expected to display
the so called electrically induced strain-mediated magneto-
electric effect. This effect is defined as the modification of

TABLE I. Experimental reported magnetic coercive field variation with an
applied voltage for various bi-layer composite multiferroic structures.

Composite multiferroic  Coercive field trend vs applied voltage References

Fe/BaTiO3 Decrease 24
FeBSiC/PZT Increase 2
CosoFeso/PZT Increase 25
NiFe/BaTiO3 Decrease 23
CoFe/PZT Decrease and increase 26

© 2014 AIP Publishing LLC
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(a)

3“ M

FIG. 1. (a) Schematic of multiferroic composite by-layer system consisting
of a polycrystalline ferromagnetic thin film strain-mediated coupled to a
piezo-electric layer. (b) Uni-axial single domain magnetic particle under
applied H field and ¢ stress.

the magnetic properties (coercive field and/or magnetization)
of the magnetic layer within the composite structure as a
response to an electrical excitation (voltage/electric field) to
the piezo-layer. The effect is widely accepted to occur due to
the applied stress which results from the deformation trans-
ferred to the magnetic grains by the piezo-substrate when elec-
trically activated by the application of an electric field/voltage.

If ¢ is the angle between the applied field and the mag-
netic easy axis (EA) of a magnetic particle, f§ is the angle
between the applied external stress and the EA, and 0 is the
angle between the magnetization and the EA (see Fig. 1(b)),
then for the ith magnetic particle of volume V;, the total
energy per unit volume under applied magnetic field and
external stress is

E/Vi=K, sin0; — uoHMs cos(p — 6;)

2oy sin® (5~ 6), (1)

where the first term represents the magneto-crystalline ani-
sotropy energy and K, is the anisotropy constant; the second
term represents the magnetic potential energy due to the
applied H magnetic field and M; is the saturation magnetiza-
tion; and the third term is the magneto-elastic energy for a
uni-axial particle where /q is the saturation magnetostriction
coefficient.

Assuming that the ferroelectric substrate is poled in the
3 direction (out of plane), a stress will result in the plane of
the magnetic film due to dj; piezo-electric coupling, which
is given by o7 =Yd3Ez = Yd;,V3/t., where t. is the thick-
ness of the substrate, d;; piezo-electric coefficient, Y is the
Young’s modulus of the ferromagnetic grain, and Vj is the
amplitude of the applied voltage.

We now impose the stress angle along 1 axis (f =7n/2)
and the external magnetic applied field at an angle = to the
easy axis in order to produce its reversal (¢ = 7).

Appl. Phys. Lett. 105, 122901 (2014)

With these restrictions imposed, we determine the equi-
librium position of the magnetization by minimizing the total
energy in respect with the magnetization angle (6;) using the
condition dE,/d6f; = 0. From this we determine the magnetic
anisotropy field as the field required to produce, at equilib-
rium, a 7 rotation of the My from the EA direction. The fol-
lowing relation for the magnetic anisotropy field is obtained:

I 3),Yds |V
Hy=—. (ZK,,iA a1 3'). )
HoM le

For zero applied stress (0, = Yd3;V3/t. =0, i.e., V3=0), the
anisotropy field is given by the well-known Stoner-
Wohlfarth relation: H, =2 K,/uoM;. However, in the case of
an active piezo-substrate inflicting a longitudinal strain to
the magnetic grains, we expect a change of the magnetic ani-
sotropy field when V3 #0.

According to relation (2), the effective anisotropy field
can be either increased or decreased depending on the con-
stituent material parameters dictating the signs of A and d3;.
The = in relation (2) indicates the fact that the polarity of
the applied voltage can be positive or negative resulting in
compressive or tensile stress with direct consequences on the
effective magnetic anisotropy field (i.e., coercive field).

Accordingly, a positive applied electric field/voltage
(= — + in relation (2)) will result in a reduction of the ani-
sotropy field when magnetostriction and piezoelectric coeffi-
cient have opposite signs and an increase in the anisotropy
field when the two parameters have the same signs (both ei-
ther negative or positive). Similarly, a negative applied elec-
tric field/voltage (= — — in relation (2)) will result in a
reverse effect: the reduction of the anisotropy field when
magnetostriction and piezoelectric coefficients have the
same signs and an increase in the anisotropy field when the
two parameters have opposite signs. Since the magnetic co-
ercive field is directly proportional to the magnetic anisot-
ropy field as H. =H,-f(K,, t, T),”” where f is a function of
magneto-crystalline anisotropy constant, time, and tempera-
ture, then variations in the magnetic anisotropy field would
also result in similar variations of the magnetic coercive
field. The propagation of material parametric signs into the
magnetic anisotropy and coercive field is represented in
Table II.

In the present model, we assumed multiferroic compo-
sites with “out-of-plane” magnetic anisotropy, because this is
the standard format currently used in magnetic data storage
devices and this is also the most likely sector where applica-
tions of this research could emerge. However, the present
theory is generally applicable and the resulting equations are

13

invariant to the “in-plane”/“out-of-plane” orientation of the

TABLE II. The expected effective magnetic anisotropy and coercive field
variation with the applied voltage as a function of the sign of the magneto-
striction and piezoelectric coefficients for positive and negative applied volt-
age polarities. T =H,/H, goes up and | = H,/H, goes down.

Sign of V3 Positive Negative
Sign of d3; + — + — + + —
Sign of A + - — + + — _
Coercive field Hy/H, T T l l l | T T
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magnetic easy axis, providing the induced stress is at § = 7/2
angle to the easy axis and the magnetic field is applied at
¢ = 7 to the easy axis to produce magnetization reversal.

We now refer to the experimental results summarized
in Table I. Both BaTiO; and PbZrTiO; (PZT) piezo-
ferroelectric components have negative d3; piezo-electric
coefficients. Typical value of d3; in the case of PZT is
d3; =—1.7x 107""m/V, while in the case of BaTiO; is
d3; =—58x 102 m/Vv.?®

The magnetic components Fe and NiFe have both negative
saturation magnetostriction coefficients (Fe,=—-08x107°
(Ref. 29) and AN = —0.15 x 107> (Ref. 30)), while CoFe
and FeBSiC are characterized by positive magnetostriction
coefficients (A7, =6.5x 107> (Ref. 31) and AFBSIC —
4% 107> (Ref. 32)). Since d3; <0 in all present cases and
according to the selection rules listed in Table II, we deduce
that for a negative applied voltage we expect the magnetic coer-
cive field to go down for FeBSiC/PZT and CosyFeso/PZT and
to go up for Fe/BaTiO; and NiFe/BaTiO; multiferroic compo-
sites. This is exactly what we observed for all composite multi-
ferroics listed in Table 1. Reversing the polarity of the applied
voltage is expected to reverse the trends in the coercive fields/
effective anisotropy. However, not all experimental studies
reported the reversal of the coercive field trend upon changing
the polarity of the applied electric field/voltage.

We believe that this is related to the fact that Egs. (1)
and (2) are only applicable in the linear strain approximation
(i.e., x; =d3E3). It is important to note that strain-E field
curves for applied electric fields larger than the electric coer-
cive field display a highly non-linear hysteretic behavior
(classical butterfly strain—E field loops). For applied electric
fields larger than the coercive field, the strain has the same
sign regardless of the applied electric field polarity.

The predicted selection rules listed in Table II are fully
confirmed experimentally in Ref. 26, where Boukari et al.
report experimental studies of CoFe/PZT composite multi-
ferroic. Since 2“7, >0 and d**'5, <0, according to our
theory, it is expected that an applied positive voltage would
decrease the magnetic coercive field and an applied negative
voltage would increase the magnetic coercive field, which is
exactly what has been reported by Boukari et al.?®

In order to test the theory, we simulated the magnetic
hysteresis loops of two multiferroic composite systems con-
sisting of piezoelectric PZT/Ferromagnet. Hysteresis loops
for these systems were calculated using the Landau-Lifshitz-
Gilbert equation 3)* applied to a single-domain particle,
i.e., the Stoner-Wohlfarth model of Eq. (1)

o oM
—M x —. 3
Mg % ot )

%I = =M X Heyy +
Here, M is the magnetization vector of the single-domain
particle with saturation magnetization Mg taken as
Mg = 10°A/m. o is the Gilbert damping taken as o= 0.005,
7=221x10°m/A s is the gyromagnetic ratio, and Heg is
the total magnetic field including contributions from the
applied field and anisotropy field of Eq. (2). Equation (3)
was integrated numerically using the 2nd order Adams-
Bashforth-Moulton method.** For each applied magnetic
field step, the relaxed magnetization was obtained under the

Appl. Phys. Lett. 105, 122901 (2014)

TABLE III. Computation parameters of two magnetic materials with posi-
tive and negative magnetostriction coefficients, respectively.

Material s K, (J/m%) Y (GPa) References
NigsFe 4 —0.5%x107° 0.8 x 10° 180 30
CosoFeso +6.5x 1077 1.5 % 10* 200 31

stopping condition |M x Heg|/Ms < 10~°. Within the Brown
formalism,® the magnetization is in the equilibrium configu-
ration for M X Hepr=0. Numerically, as we have checked,
the equilibrium condition is reached before the stopping
threshold used here.

As already mentioned, PZT has typically negative ds;
coefficient. We therefore chose for our simulations one ferro-
magnetic material with positive and one with negative satu-
ration magnetostriction coefficient. The magnetic materials
chosen for the purpose of computational testing of this con-
cept are CospFeso and NigyFe .

Table III shows the magnetic parameters used in our
computations. In addition, we imposed that the PZT layer is
te=500nm thick and has a piezoelectric coefficient of
dy=—1.7x 107" m/Vv.

Magnetic hysteresis loops for different applied voltage
amplitudes and polarities were generated using the model
described above with the magnetic field applied at a 5° angle
to the uniaxial anisotropy axis and the magnetization compo-
nent plotted along the applied magnetic field direction.

Figure 2 shows the magnetic hysteresis loops of the
CosgFeso/PZT composite multiferroic simulated for applied
voltages of V3=0, +0.5, and *1.5V. Since A“°*;>0 and
dPZT31 <0, then a decrease in the coercive field at positive
applied voltages is observed, as predicted by our theory.
When the polarity of the applied electric field is reversed, the
magnetic coercive field increases exactly as predicted by the
selection rules given in Table II.

Note for V3=0V, the coercive field predicted by
Eq. (2) is obtained as poHc =23 mT. Magnetic coercive field
of CoFe in relaxed state can be increased/decreased by as
much as 40% under applied voltage of 1.5V.

PZT/Co_Fe,,
1.0 —
0.5
é 0.0
— OV
-0.5 4 —().5V
—1.5V
—_(.5V
-1.0 < -1.5V
M T v T v T v T M T v 1
-60 -40 -20 0 20 40 60
u H (mT)

FIG. 2. Magnetic hysteresis loops of CoFe/PZT multiferroic composite
under electrical excitation. Simulations performed using S-W magnetization
reversal model.
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PZT/Ni Fe

0

0.5 1

M/M

0.0
—_—0V
054 —_—(.5V
— 1.5V
J —05V
1.0 15V
M L} M L} v L] v L] M T M T v L] v L] v T L
5 4 3 2 a1 0 1 2 3 4 5

uH (mT)

FIG. 3. Magnetic hysteresis loops of NiFe/PZT multiferroic composite
under electrical excitation. Simulations performed using S-W magnetization
reversal model.

Figure 3 shows the same data calculated for the
Nig4Fe 4/PZT multiferroic system under the excitation of
V5=0, 0.5, and *1.5V. Since AN <0 and d**"5, <0,
this time a 50% decrease in the magnetic coercive as a func-
tion of the applied voltage is observed when —1.5V is
applied and an increase of 50% when +1.5V is applied.
Again, note that the coercive field for V3 =0V predicted by
Eq. (2) is correctly reproduced as pgHc= 1.3 mT.

In conclusion, we clarified the paradox of the electric
control of the magnetic coercive field in multiferroic compo-
sites which was characterized by highly confusing and con-
tradictory experimental results.

A full understanding of the governing physics behind this
effect is critical for the design of suitable multiferroic samples
and devices. We demonstrated that the strain mediated
magneto-electric coupling®®’ significantly alters the effective
magneto-crystalline anisotropy field of magnetic grains when
they are coupled to a piezo-electric active material.

A formula describing the effective magneto-crystalline
anisotropy field of a multiferroic coupled magnetic bi-layer
system has been derived. The theory predicts that for a given
polarity of the applied electric field, the sign of A and ds; pa-
rameters determine the variation of the effective magnetic
anisotropy/coercive field with the applied voltage. This
research is critical for future studies and device applications
of composite multiferroics where electrical control of mag-
netic properties is required.
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