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Based on a magnetic relaxation model, an approach that includes the spin dynamics is proposed
and applied to describe the magnetoelectric (ME) effect frequency dependence for a 0-3 type
composite at low temperatures. Our results show that the ME coefficient, in low temperatures, for
PMN-PT/CFO ((1 — x)Pb(Mg,3Nb,;3) — xPbTiO3/CoFe;04) composite has a step-like behavior
on the hysteresis loop for frequency of 1 kHz, contrasting with the results at low frequencies
(10Hz). This approach assumes that the ferromagnetic and ferroelectric phases are coupled through
the interactions of the spins of the ferromagnetic phase with the composite phonons by spin/lattice
relaxation. © 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4944889]

I. INTRODUCTION

The multiferroism is characterized by the existence of
two or more ferroic orders in the matter.'™ In particular,
magnetoelectric (ME) multiferroics are the combination of
ferromagnetic and ferroelectric orders that present a coupling
between the magnetic and electric fields, called magnetoe-
lectricity. This property allows to control the magnetic
response due to an applied electric field and vice versa.*

The investigation of ME materials has lead to the devel-
opment of a wide range of devices, such as advanced mag-
netic sensors, multistate logic, and new magnetic memories
for computers.”® However, in single-phase materials, to inte-
grate this phenomenon in devices, it is necessary to find mate-
rials with a strong coupling between the ferroic orders. An
alternative is to produce multiferroic composites with ferrites
and piezoelectric materials, where the mechanical coupling
between these leads to the magnetoelectricity.” For example,
high ME coefficient was obtained for thin films of the com-
posite PbZr.Ti,_,O3/CoFe;04 (PZT/CFO), which reaches
287mV/ecm Oe.” Sreenivasulu ez al. produced an ultrasensi-
tive magnetic field sensor for a sample with PZT fibers and
inter-digital-electrodes reaching a peak in the ME coefficient
of 250 V/ecm Oe at 25 Oe and 47 kHz.® In 2014, Lu et al.’ and
Chen et al.'® found a zero field ME composite with high hys-
teresis with respect to the magnetic applied field for the
FeCuNbSiB/Ni/PZT (FNP) laminated composite.

Even though many efforts have been done to optimize the
ME composites for applications at room temperature, there is a
lack of investigations at low temperatures, where one can get
relevant information on the nature of the ME coupling. In this
direction, most of the low temperature ME results are related
to single-phase materials, such as CaMn7012,11 BaysSri sZny
F 6’12022,12 and C oCr204,13 and for composites there are some
results for the La_.Sr.MnO; /PZT.14’15 Despite the effort to
find and characterize these materials.,lﬁ’17 several features, such
as the magnetoelectric coupling, grain/matrix interface, and
grain size effects, are still not well understood.
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Another important aspect related to magnetoelectric
effect is the dynamic magnetic properties due to spin-spin
and spin-orbit coupling. In single phase multiferroics, the
magnetoelectricity may rise from different spin coupling
processes such as the exchange-striction mechanism, spin-
current model, and by the Dzyaloshinskii-Moriya interac-
tion.'® However, in multiferroic composites, there has been
only a few works relating an interaction of the magnetoelec-
tricity with the spins interaction to understand the dynamic
ME effect in composite.'*?® Recently, Yang er al. used a
phase-field model to predict the ME response of the com-
posite CoFe,04/BaTiO5 based on phase connectivity and
phase fraction.?! Jia et al. showed by a theoretical study the
influence of the spiral spin density in the ferromagnetic/
ferroelectric interface of nanoparticles of Co in BaTiO;
matrix.”? Bichurin and Petrov investigated the frequency
dependency of the bilayer composite PZT/CFO at high fre-
quency in which the maximum ME coefficient was found to
be 150 V/em Oe at 265kHz.>> Along these lines, it is im-
portant to understand the dynamic magnetic properties of
the ferromagnetic phase to comprehend the ME effect in
multiferroic composites.

This paper presents a phenomenological interpretation
for the ME effect that predicts the ME frequency dependency
at low temperature. The approach expands understanding of
ME effect to the magnetostrictive response on dynamic mag-
netization, based on the magnetic relaxation. These concepts
are further applied to explain the ME frequency dependence
for the composite (08)(068Ph(Mg;3Nb,/3) — 032PbTiO3)/
(02)CoFe;04 (PMN-PT/CFO) at 5K.

Il. EXPERIMENTAL DETAILS

The multiferroic composite PMN-PT/CFO of 0-3 connec-
tivity was prepared by the conventional solid state reaction fol-
lowing the same procedure as in previously paper.** The phase
identification of the samples was performed using Rigaku
Rotaflex RU200B diffractometer, with CuKa radiation. The

© 2016 AIP Publishing LLC
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PMN-PT/CFO as a function of mag-
netic field at 5K: (a) the magnetization
and the SEM image (inset) with PMN-
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apparent density values (p,,) of the sample were obtained
by the immersion method. The theoretical density was calcu-
lated considering the proportional average weight of each
constituent magnetic and ferroelectric component. The com-
posites were electrically poled at 25kV/cm for 30min at
room temperature.”

The magnetostrictive measurements, as a function of
applied magnetic field, were performed on a capacitive cell
using a capacitive bridge (Andeen-Hagering model 2500A)
for detecting the longitudinal strain AL/L at different tem-
peratures. The magnetization and the AC susceptibility
measurements were carried out using a Physical Properties
Measurement System (PPMS) extraction magnetometer by
Quantum Design.

lll. RESULTS

Figure 1 shows the magnetization and the strain as a
function of applied magnetic field performed at different
temperatures for PMN-PT/CFO sample.

Figure 1(a) shows that both the remanent magnetization
and the coercive field decreases with increasing temperature
(Table I). The detail shows the hysteresis loop in the low
magnetic field region. These results can be related to the
enhancement of the ferrimagnetic ordering interaction of Co-

TABLE I. Magnetic properties of PMN-PT/CFO composite at different
temperatures.

Saturation Remanent
Temperature magnetization magnetization Coercive
(K) (emu/gcrp) (emu/gerp) field (kOe)
5 48.5 34.0 44
100 43.7 26.8 2.6
200 414 15.6 0.91
300 34.4 6.9 0.25

30000

ferrite compared with the thermal energy. The SEM image
(inset) shows two well-defined phases (light for the PMN-PT
and dark for the CFO), presenting a distribution of grain size
average of about 4 um for the ferromagnetic phase.

Figure 1(b) shows the normalized (at 25 kOe) strain
where we observed the same behavior related in the previous
paper.”> The DC magnetic susceptibility (Figure 2(a)) was
calculated directly from the magnetization curve derivative
Ioc = (24),. The AC susceptibility 7,0 = (%)T was per-
formed at 10 Hz (Figure 2(a)) and 1 kHz (Figure 2(b)) with
AC magnetic field of hy- = 1 Oe. While no substantial differ-
ences were found comparing Figures 2(b) and 2(c) for the
AC susceptibilities at 10Hz and 1kHz, the difference
between the AC (Figs. 2(b) and 2(c)) and DC (Fig. 2(a)) sus-
ceptibilities is non-trivial and can be related to the magnetic
relaxation effects.®~3

Figure 3 presents the magnetoelectric measurements of the
sample of the in-phase induced voltage (V,—pnase) as a function
of the applied magnetic field at different temperatures and fre-
quencies: 10 Hz (Figure 3(a)) and 1000 Hz (Figure 3(b)).

The evolution of V,_,uas signal at 10 Hz (Figure 3(a)) in
different temperatures shows that the ME voltage present peaks
in response to the magnetic field applied. Decreasing the tem-
perature, the coercive field increases (Table I) and, as a conse-
quence, an opening in the V;,_ 4 hysteresis loop is observed.
For the V;,_pnus measured at 1000 Hz and 300K (Figure 3(b)),
the same behavior as the V,_pjs measured at 10Hz was
observed. However, the peaks gradually disappear with the
decreasing temperature and a step-like behavior is observed (at
5K), similar to results found for laminated composites.'”

Figure 4 shows the dependence of the in-phase induced
voltage (Viy—pnase) as a function of applied magnetic field at
different frequencies at 5 K. The characteristic peaks behav-
ior at 10 Hz disappears for the other frequencies. This effect
is a consequence of the dynamic effects on magnetization
that contribute on ME voltage behavior, as explained below.
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FIG. 3. Magnetoelectric measurements of PMN-PT/CFO at different tem-
peratures and two different frequencies: (a) 10Hz and (b) 1000 Hz. The
measurements were performed with AC magnetic field of hyc=10e. The
insets emphasize the low temperature features.

ments were performed at high frequencies and low tempera-
tures, as shown in Figure 5(b). Our results show a different
behavior, indicating that the direct derivative of the strain
does not consider the relaxation process due to the AC mag-
netic field, used in the ME experiments. Thus, it is necessary
to include in Eq. (1) the effects of the magnetic relaxation pro-
in the magnetostriction effect, as described below.
Recently, our group described for the 0-3 particulate
magnetoelectric composites the behavior of the strain due
to the application of a magnetic field. It considers terms in
first and second order of magnetization (piezomagnetism
and magnetostriction) and the stress influence in the
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FIG. 4. Magnetoelectric measurements of PMN-PT/CFO at 5K with differ-
ent frequencies. The measurement were performed with hy-= 1 Oe.

ferromagnetic grains associated with the ferroelectric ma-
trix.>* In this way, the total strain, /4, of the sample due to
the DC magnetic field can be expressed as
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FIG. 5. Magnetoelectric coefficient at 5K (a) 10 Hz and (b) 1000 Hz and the
ME simulation as a function of magnetic field. The measurements were per-
formed with AC field of 1 Oe.
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This equation arises when terms of first (piezomagnet-
ism) and second (magnetostriction) orders in magnetization
are considered in the equation, which describes the total
strain of a ferromagnetic system based in the Gibbs free
energy formulation. Furthermore, the effect of stress caused
by the ferroelectric matrix in the ferromagnetic grain is also
considered, which alters the magnetic properties of the sam-
ple. Therefore, /;[g/emu]” and J3[g/emu]” are terms related
to the magnetostrictive coefficients (second order); 1,[1/Oe]
and A4[1/Oe] are terms related to piezomagnetic coefficients
(first order); M, M,, and M; are the magnetization, the rema-
nent, and the saturation magnetization; and y and y, are the
susceptibility and the remanent susceptibility, respectively.
Therefore, ¢,, can be written as

. di(M)  diadM
M dH  dM dH
Ja  203M(M —M,)

2)\.1M + -
x (2M% — 2M2)
oMt — o) - 2M A
w/ (2mz —am?) )

3

where dM/dH is the magnetic susceptibility y. However, fit-
ting the magnetoelectric effect from Eq. (3) requires not only
the dependence for the magnetization and the magnetic sus-
ceptibility as a function of applied magnetic field but also
the dependence of these properties with the frequency of the
AC magnetic field.

To consider the dynamic effects of the magnetization
mechanism in the magnetostriction process, we have assumed
that for a multiferroic composite material the phonons and
spins of the ferromagnetic phase can be treated separately, de-
spite the fact that they are connected through spin/lattice
relaxation (Figure 3). Ahlawat e al.’' recently showed that
for multiferroic composites, the phonon spectra are the combi-
nation of the ferromagnetic and ferroelectric phase phonons.
Moreover, any changes in the ferromagnetic phonons configu-
ration, due to the spin/lattice coupling, can induce a renormal-
ization of the sample lattice phonon frequencies.’® Thus, the
magnetic energy due to an external process (AC magnetic
field) first acts in the spin system of the ferromagnetic phase.
This energy is transferred to the lattice that reaches a thermal
equilibrium over a sufficiently long time. As a consequence of
the spin/lattice coupling of ferromagnetic phase, there are two
important results. If wt > 1 (where w is the frequency of the
AC magnetic field and t is the spin/lattice relaxation time),
the temperature of the spin system (T,) will increase, while
the temperature of the lattice (T;) does not change (the spin
systems do not exchange energy with lattice), leading to an
adiabatic process, and as a consequence, the response of the
magnetic adiabatic susceptibility yg = (g—%)s. On the other
hand, if wt < 1, the spin-lattice system reaches a thermal
equilibrium, characterized by an isothermal susceptibility.
This new equilibrium temperature for the ferromagnetic lattice
causes a change on the composite phonon spectrum, in agree-
ment to the observed by Ahlawat e al.*'
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As a proposal to include these dynamical processes of
magnetization in the magnetostriction model represented
by Eq. (3), we considered that the measured magnetization
M,, is a result of the contribution of spin/lattice (Mg;) and
non-spin/lattice (Mys;) magnetizations, which can be rep-
resented by

M, = Mg, + Myg;. “4)

In this sense, knowing that the magnetostriction effect is
a consequence of the spin-orbit coupling,®® using Eq. (4), the
magnetic susceptibility associated to the dynamic magneto-
striction, yg;, will be the difference between the total suscep-
tibility and the non-spin/lattice susceptibility

dMg;
dH

_am, dMyst .
= Wf(w) T TuH (I=f(w) = xst

= Iof W) = Zsz. (1 = f (). o)
The introduced function f(w) = 1/(1 + w?t?) is a real
function in the Cole-Cole model,** which relates the dynamic

effects for different contributions of the magnetic susceptibil-
ity. The term yyg;, cannot be directly measured; therefore, an

J. Appl. Phys. 119, 124110 (2016)

indirect approach will be followed. By definition, the magnetic
adiabatic susceptibility is related to spins that do not exchange
energy with the lattice, being expressed as*®
1 +w?t? )

X‘YZX/W—ﬁa (6)
where ' is the real part of the AC susceptibility and y is the
isothermal susceptibility (ypc). Assuming yyg = 7, and
considering the experimental magnetic susceptibility y,,,
using Egs. (5) and (6), the part of the magnetic susceptibility
that contributes to the spin/lattice relaxation and conse-
quently to the dynamic magnetostriction is

_ Am + AT — /(/(1 + szz)
zsL = 1+ W2‘L'2 .

(M

Analyzing Eq. (7), for wr < 1, the second term tends to
yr because in this limit ¥’ — y;. Thus, the total yg; will be
proportional to the isothermal susceptibility (xg; = y7). On
the other hand, for wt > 1, yg;, will be proportional to the
dynamic susceptibility y’ (x5, = 7). Therefore, using Eq. (3)
in Eq. (1) and dM /dH = yg, , the ME effect can be written as

A 2/sM(M — M,
o= keeo | 2AM + A% TN M( )
(xm+xT—x(1+w g )> (203 — 2012)
1 + w212
204M I + 17 — 7 (1 +w?t?)
+isy/ (2M5 — 2M?) — / ; 2 ' ()C XTI . 272 ' ®)
I+ 10 — £ (L 4+ w?7?) AWM — IM2 twi
1+ w272 (2m5 - )

Equation (8) considers the dynamic effects in the mag-
netostriction attributing to the magnetic relaxation. Using
this equation, the ME effect was simulated for two frequen-
cies, 10 Hz and 1000 Hz, at 5 K. For qualitative purposes, we
normalized Eq. (8) by 1/(k.&.) adjusting the simulation scale
for better comparison with the experimental results. The con-
stants A, A», A3, and 14 were obtained from Ref. 24. For the
simulation, the only adjustable parameter was the relaxation
time, being 23 ms for the best fit. The literature datum for the
relaxation time of nanoparticles of CFO are 17ms at
145 K.*® The isothermal magnetic susceptibility corresponds
to the DC susceptibility, and the y’ is the experimental sus-
ceptibility measured at the same frequency as in the ME
experiment. These results are shown in Figure 5.

As previously discussed, for wr < 1, the term propor-
tional to y; will be dominant in the susceptibility (Eq. (7)).
In this case, the ME effect will have the same behavior as
the derivative of the strain with respect to the applied mag-
netic field. The fitting for 10 Hz (Figure 5(a)) shows a good
agreement with the experimental ME effect. On the other
hand, for wt > 1, the dominant term will be proportional to
7' (Eq. (7)). The fitting for frequency of 1 kHz is plotted in
Figure 5(b). The mismatch between the experimental data

and the simulation can be associated with the mismatch in
the magnetostriction model. The disagreement for low mag-
netic field in the fitting of magnetostriction is due to both:
the questionable linear assumption for the susceptibility in
the piezomagnetic term and the choice of the Curie point
group.”*

IV. DISCUSSION

In a ferroelectric material, the electric polarization below
the Curie temperature is due to the lattice vibration modes that
are non-center symmetric: if one particular mode lowers the
crystal energy, the ions will shift to stabilize the structure giv-
ing rise to the spontaneous polarization. A variation in the
electrical polarization of the crystal can be induced altering
the equilibrium condition of vibration modes.*® As previously
reported, Ahlawat er al.*' showed the existence of a coupling
between the spin of ferromagnetic phase and phonons in mag-
netoelectric composites mediated by strain interactions. Thus,
knowing that the spin ordering affects the phonon frequencies
of the lattice,” the interaction of the external magnetic field
with the ferromagnetic phase changes the phonon frequencies
of the composite. This new phonon frequency spectrum
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changes the equilibrium position of the ions in the ferroelec-
tric phase, giving rise to the magnetoelectric effect.
Furthermore, based on the molar ratio between the phases in
the composite (80% PMN-PT and 20% CFO), the ferroelectric
phase can be considered as a thermal reservoir for the ferro-
magnetic phase (inset of Figure 1(a)). In this way, the magne-
toelectric effect in the composite is related with a direct
coupling between spins of the ferromagnetic phase and pho-
nons of the composite, similar to the ME effect in single-
phase materials.*

Figure 6 is a schematic diagram illustrating the phonon
coupling between ferromagnetic and ferroelectric phases.

The magnetostriction phenomenon is an effect of the
applied magnetic field on lattice in the form of elastic strain.
This is usually characterized by the deformation along the
direction of the magnetic field.***” However, being a mani-
festation of a magnetoelastic interactions, the effect depends
on the origin of the crystalline anisotropy and the strength of
the spin/orbit coupling of the magnetic ion.>*-’ Furthermore,
the spin/orbit coupling is related to the coupling between the
orbital momentum (L) and spin angular momentum (S)
(H=/L - S). Cobalt ferrites are known to present high values
for the magnetic anisotropy energy, which is related to the
trigonal field (along [111] direction).*®* In particular, this
trigonal field induces a splitting in the free-ion (Co"?) energy
level in the octahedral site of the spinel structure.’®™*"
Moreover, the orbital moment is zero for the higher level of
this splitting; therefore, the electrons at this level do not con-
tribute to the spin-orbit coupling. In this sense, the non-
(spin/lattice) contribution in Eq. (3) is related to electrons in
the level that contribute to the total magnetization rather
than to the spin/orbit coupling. Due to the small splitting
energy, these electrons can be excited either by temperature
or by AC magnetic field.*®*** Thus, the frequency depend-
ence of the magnetoelectric effect is associated to the
dynamic population, between the lower and higher levels, in
the trigonal field splitting of the cobalt ferrite phase. In this
sense, low frequencies of magnetic field at low temperatures
enhance the spin-lattice coupling resulting in isothermal cou-
pling between spin and lattice of ferromagnetic grains, and a
higher vibrational mechanical energy is transferred to the
ferroelectric reservoir. On the other hand, the increase of
magnetic field frequency changes the populations of energy
levels of Co-ferrite reducing the spin-lattice coupling conse-
quently reducing the vibrational energy in the ferroelectric

Magnetic Energy
VR —

J. Appl. Phys. 119, 124110 (2016)

FIG. 6. Illustration showing the ME
effect in composites. The spin and pho-
non systems of the ferromagnetic
phase are coupled by the spin/lattice
relaxation. The composite phonons
spectrum is a result of the coupling
between the ferroelectric and ferro-
magnetic phases.

lectric Energy

Y- —

phase reservoir. In this condition, higher orders of the mag-
netostriction effect can be disregarded and the behavior of
magnetoelectric curve is similar (in first order) to the mag-
netization curve.

V. CONCLUSION

In conclusion, the ME effect was modeled to predict
changes in the ME response of the PMN-PT/CFO with the
frequency of the AC magnetic field at 5 K. Using the adia-
batic assumption for the magnetic susceptibility, it was pro-
posed that the ferromagnetic and ferroelectric phases are
coupled by the interaction of the spins of the ferromagnetic
phase with the composite phonons through spin/lattice relax-
ation. The current approach assumes that the non-(spin/lat-
tice) susceptibility (ynsz) (spins uncoupled with the lattice)
decreases the spin/lattice susceptibility (ys;) (spins coupled
with the lattice) (Eq. (5)). The yyg;, is related to the spins
whose angular momentum of the energy level is presumed to
be zero. Therefore, the magnetoelectric effect in composites
is correlated to the dynamics of the spin/lattice interaction of
the ferromagnetic phase. This dynamic effect impacts the
modes of oscillation of the composite phonons, causing a
displacement of the equilibrium position of the non-center-
symmetric ions, inducing a variation of the electric polariza-
tion. One of the most relevant aspects in this approach is the
fact that the only adjustable parameter is the relaxation time.
Advances on the understanding of the dynamic ME effect in
composites make it worthwhile to control the ferromagnetic/
ferroelectric grain sizes, the grain interfaces, and the micro-
structure, in order to tailor the magnetic relaxation time.
These results may lead to new applications of multiferroic
composite based on the dynamic features of magnetization,
magnetic susceptibility, and magnetostriction. An example
of such application, in particular, is for the multistate multi-
ferroic memories, since it is necessary to find a material that
retains ME coefficient at zero bias.'”*!*?
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