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GIANT MAGNETOELECTRIC RESPONSE

IN MULTIFERROICS WITH COEXISTENCE

OF SUPERPARAMAGNETIC AND FERROELECTRIC
PHASES AT ROOM TEMPERATURE

Multiferroics are materials having two or more order parameters (for instance, magnetic,
electric, or elastic) coexisting in the same phase. They have emerged as an important topic
in condensed matter physics due to both their intriguing physical behaviors and a broad
variety of movel physical applications they enable. Here, we report the results of compre-
hensive studies of the magnetoelectric (ME) effect in multiferroics with superparamagne-
tic and ferroelectric phases. On the erxample of a solid solution of PbFe,/;Tay/503 with
(PbMg, /3Nby /303 )o.7 (PbTi03)o.3 or Pb(ZrTi)Os, we demonstrate that, in the system with
the coexistent superparamagnetic and ferroelectric phases, the ME coefficient can be increased
up to three orders in magnitude as compared to conventional magnetoelectrics. This is sup-
ported by both theoretical calculations and direct measurements of the ME coefficient. Our
study demonstrates that multiferroics with superparamagnetic and ferroelectric phases can be
considered as promising materials for applications along with composite multiphase (ferroelec-
tric/ferromagnetic) structures.

Keywords: multiferroics, magnetoelectrics effect, ferroelectrics, superparamagnetism, solid

solutions.
1. Introduction

In the last years, the considerable attention of sci-
entists and engineers was paid to multiferroics with
strong magnetoelectric (ME) response at room tem-
perature. It is because of the emergence of important
physical topics in condensed matter physics and a
lot of novel technical applications. In particular, the
coupling of the electric polarization and magnetiza-
tion in magnetoelectric materials is very promising
for spintronic and magnetic random access memory
applications. Nowadays, one of the most developed
fields of practical applications is magnetic field sen-
sors with sensitivity much larger than was known ear-
lier, which opens the way for applications in medicine
(see, e.g., [1]). It is obvious that, for the success of
applications, the production of materials with max-
imal ME response at room temperature is the main
condition.
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Recently, the results obtained by us with other co-
authors had shown [2] that this condition can be ful-
filled in multiferroics in which the superparamagnetic
and ferroelectric phases coexist. The detailed exper-
imental and theoretical investigations of the ceramic
solid solutions PbFe; 5Ta; /203 with

(Png1/3Nb2/303)0v7(PbTiOg)ovg
[(PFT),(PMNgy7PTg.3)1—2]

had shown that this single-phase multiferroic with fer-
roelectric and superparamagnetic phases has a non-
linear paramagnetoelectric ME response three thou-
sands times larger than that in broadest known ear-
lier magnetoelectric materials. The main difficulty of
obtained earlier results seems to be the very com-
plex structure of the investigated multiferroic. In this
paper, we will discuss the mechanism of such dra-
matic increase of the ME coefficient in detail. The
aim of such approach is to find out the possible
group of other materials with the coexistence of su-
perparamagnetic and ferroelectric phases at room
temperature.
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Fig. 1. Dependence of the magnetization on the magnetic
field for a solid solution (PFT),(PMN-PT)_; for z = 0.4 at
T = 120 K (open squares), 193 K (open circles), and 293 K

(open triangles) [2]
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Fig. 2. Magnetic properties of a powder sample of nanoporous
carbon filled by nickel particles: different curves are measured
at temperatures 50 (1), 150 (2), and 300 K (3) [4]

Since we are going to pay attention mainly
to magnetic and magnetoelectric properties of
(PFT),(PMNy7PT.3)1—2, we recommend the read-
ers to find technological details of the preparation
of samples and the investigation of their structure
in [2]. In particular, X-ray data had shown that the
ceramic micrograins consist of nanoscale structural
units. The investigation of the dielectric and mag-
netic properties was performed for solid solutions
with x = 0.4 and 0.5. Both components were shown
to be ferroelectrics with diffuse phase transition. The
distribution of iron ions in the investigated complex
multiferroic was studied by the 2°”Pb NMR. It was
possible due to a strong coupling of lead nuclear
spins with iron electron spins.

2. Superparamagnetic Phases

The phenomenon of superparamagnetism, which ap-
pears in the ensemble of non-interacting ferromag-
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netic nanoparticles, is one of the most interesting
and broadly investigated physical effects. It is related
to the fact that, for the nanoparticles with radius
smaller than the magnetic exchange length, all the
spins are oriented coherently, and a barrier between
different magnetization orientations is proportional
to the nanoparticle volume and is small. As a result,
the entire particle can be considered as a freely reo-
rientable large spin up to some blocking temperature
T, smaller than the barrier height. Contrary to the
case of paramagnetic molecules, the superparamagne-
tic magnetization can be described, similarly to clas-
sical paramagnets, by the Langevin function, where
the moment of the entire particle (rather than the
moment of a single ion) has to be considered as an
elementary moment.

Superparamagnetism has been observed not only
in the powders of magnetic nanoparticles, but also
in the nanocomposites on particles submerged into
a polymeric matrix [3] or those located in the
nanopores of non-magnetic materials [4]. It was
shown recently [2] that the superparamagnetic phase
can be obtain also in a single-phase ceramics like
(PFT)m(PMN()jPTo_g)l_I (ZL’ = 05, 04), in which X-
ray data indicate that the ceramic micro-grains con-
sist of nanosize structural units. The superparamag-
netic behavior of the magnetization in an external
magnetic field for the above-mentioned single phase
ceramics and for the nanocomposite on the base of a
powder sample of nanoporous carbon filled by Ni par-
ticles can be seen in Figs. 1 and 2, respectively. The
main peculiarity is a strong increase of the magnetiza-
tion in a low-strength magnetic field and a practically
linear increase of the magnetization at high-strength
magnetic fields. The solid lines in Figs. 1 and 2 show
the fits of M (H) curves by the sum of the paramag-
netic and superparamagnetic contributions:

M(H,T) = M, + M,, 1)

D2 )

M.(.T) = N (1) 2 [ 221D)

where Ny is the number of nano-sized grains or
nanopores filled by N; nanoparticles; p, is the mag-
netic moment of a nanoparticle; L(x) is the Langevin
function L(z) = coth(x) — 1/x.

The parameters of a fitting in the case of multi-
ferroic (PFT),(PMNg 7PTy.3)1_, are given in [2]. In
what follows, we will pay the most attention namely
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to this material because of the coexistence of elec-
tric polarization and magnetization necessary for the
magnetoelectric effect in it, whereas there is only the
magnetization in nanocomposites on the base of car-
bon particles.

3. Magnetoelectric Coupling
in PFT-(PMN-PT)

To throw light on the physical mechanism of a
possible large magnetoelectric effect in multiferroics
with the coexistence of superparamagnetism and fer-
roelectricity we will follow the results obtained in
[2]. Within the phenomenological Landau—Ginzburg—
Devonshire (LGD) approach, the contributions of the
linear and biquadratic ME couplings to the free en-
ergy of the system are described by the terms p;; P M
and & P; Py My M, respectively (P; is the polariza-
tion component and M; is the magnetization one,
and p;; and ;i are corresponding tensors of lin-
ear and biquadratic ME couplings, respectively) [5—
7]. Recently, the attention of scientists and engineers
was also attracted to the paramagnetoelectric (PME)
effect introduced by S. Hou and N. Blombergen [8]. It
is described by the term A;;;P;M; M. Note that the
elements of the tensors are averaged over a ceram-
ics. Sometimes for simplicity, we will use the scalar
LGD equations.

The linear and biquadratic ME coupling coeffi-
cients can be found by measuring the dependence of
a magnetization on the external electric field (see,
e.g., [6] and references therein). The paramagneto-
electric response can be measured via a PME current
by the dynamic method. This current originated from
the polarization P,. induced by a low magnetic field
hae under the application of a de field Hy. [8,9]. The
magnetic-field-induced polarization can be obtained
from the general form of the free energy F(E, H) ex-
pansion [10, 11]:

1
Pi = _8E = Pis+505ijEj+ainj+§ﬁiijij- (3)

For collinear dc and ac magnetic fields H = Hy. +
+ hge sinwt, the first harmonic of the ac polarization
detected by a lock-in detector is

Pac(T) = ﬁ(T)Hdchac' (4)
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Fig. 3. ME current amplitude in (PFT),(PMN-PT);_, as a
function of the applied dc magnetic field for x = 0.4 measured
at 293 K (a) and = 0.5 measured at 293 K and 120 K (). The
dashed line in (b) shows a “linear” part of the ME current from
the paramagnetic component. Insert: ME current amplitude
for x = 0.4 superimposed with dM?/dH calculated from the
data of Fig. 1

The PME current across a sample with cross-section
o is determined as

d
Ive = ﬁ(ﬂaHdchGC sinwt) = fwo Hgchge coswt, (5)

where w is the measurement frequency.

Figure 3 shows the ME current as a function of the ap-
plied dc magnetic field in (PFT),(PMNy 7PTo3)1-2
ceramics for two compositions x = 0.4 and 0.5. One
can see that, in both samples, the ME signal
sharply increases with the dc magnetic field in the
interval 4300 Oe. Then it saturates in value and
decreases down to almost zero at the fields larger
than +3000 Oe.

877



M.D. Glinchuk, L.P. Yurchenko, V.V. Laguta

100} 0.4(PbFe,,Ta, ,0,) - 0.6PZT ]
) 1
>
2
o B0 100 K7
(o]

8
S -40f 215 K]
w
= oof ]
of J 4
-15 -10 -5 0 5 10 15
H (kOe)

Fig. 4. ME voltage as a function of the applied bias magnetic
field measured for 0.4PFT-0.6PZT ceramics at temperatures
from 300 K down to 6 K
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Fig. 5. Temperature dependence of the PME coupling coef-
ficient of 0.4PFT-0.6PZT ceramics at the bias magnetic field
of 10 kOe. Square symbols and the smooth line are measured
and calculated data, respectively
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Fig. 6. Field dependence of the linear ME coefficient (1) and
magnetization (2) measured for 0.4PFT-0.6PZT ceramics at
296 K
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To understand the physical mechanism of a strong
increase of the ME current for small enough magnetic
fields, let us consider, in more details, the contribu-
tion of a magnetoelectric coupling into the free en-
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ergy and into P,.. In the actual case of the symmetric
paraelectric-paramagnetic phase, we should retain a
biquadratic ME coupling, which has the form

Py = gMTP(MS +xuH)*(Ps + eoxsE)’, (6)

where P, and M, are the spontaneous polarization
and magnetization; and xg a are the dielectric and
magnetic susceptibilities.

Equation (6) leads to the following expression for

B = —8%Fug/[(OF)20H):
B = &mp2Ps(T)eox e (T) [ (T))°. (7)

On the other hand, it is easy to see that Eq. (6) gives
the polarization P = —0F/JE in the form

P = Pp + APygE;
APy = —&mp Pscoxe[M(H)).

In the experimental situation with collinear dc and ac
magnetic fields, we obtain a generalization of Eq. (4)
in the form:

APyr = —&vpPseox e {]\4(1%)2 +

OM (H) .
+2M (Hy) ’ ho sin wt}. (8)
OH HeH,
One can see that
P,. = —&up Pseoxe2M (Hp) OM (H) ho sin wt.
oH H=H,

Hence, the generalization of Eq. (5) shows that the
amplitude of the magnetoelectric current Iy is pro-
portional to dM?/dH (see the insert in Fig.3, a).
Therefore, Iyg is proportional to dM?2/dH, as shown
in the insert in Fig.3,a, ie., calculated on the
base of Fig.1 for the superparamagnetic phase mag-
netization.

4. Magnetoelectric Coupling
in 0.4PFT-0.6PZT Ceramics

Another example of ME materials, where the ME
coupling is quite large, is the solid solution of PFT
with Pb(ZrTi)O3 (PZT). In particular, the composi-
tion 0.4PFT-0.6PZT was studied. Figure 4 shows the
dependence of the ME voltage as a function of the
bias magnetic field at temperatures from 300 K down
to 6 K. One can see that the behavior of the ME re-
sponse in a magnetic field at 7" > 100 K is very similar
to that of 0.4PFT-0.6(PMN-PT) ceramics presented
in Fig. 3. Namely, there are a strongly nonlinear ME
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response in small magnetic fields and the linear part
at H > 41 kOe. This linear part of the ME signal
is related to the paramagnetoelectric contribution to
the ME signal. The paramagnetoelectric contribution
strongly increases, as the temperature decreases. Its
temperature dependence (calculated ME coupling co-
efficient) measured at a magnetic field of 10 kOe is
shown in Fig. 5. It follows well the temperature de-
pendence of the magnetic susceptibility (or its square)
in the paramagnetic phase created by isolated Fe3*
ions. The ME coefficient in this phase goes to infinity,
as the temperature approaches 0 K due to the rela-
tion x ~ 1/T. However, its actual value is, of course,
limited by the saturated magnetization of spins in a
magnetic field.

Another part of the ME signal is related to super-
paramagnetism or rather weak magnetism of 0.4PFT-
0.6PZT ceramics. Figure 6 shows this ME signal
at low magnetic fields together with the magne-
tization. The magnetization nonlinearly changes at
H < 42 kOe and shows a hysteresis with slim
magnetization loop and the remanent magnetization
~0.004 emu/g. A similar hysteresis is seen in the ME
signal. Obviously, the superparamagnetic clusters in
0.4PFT-0.6PZT ceramics are larger in volume than
those in 0.4PFT-0.6(PMN-PT), and some interaction
may also exist between them. This leads to the freez-
ing (thermal blocking) of the superparamagnetic mo-
ments of clusters [12] even at room temperature. Be-
cause the remanent magnetization is non-zero, the
linear ME effect is expected. Namely, the bias field
dependence of the linear ME coefficient in the techni-
cal units [1] is shown in Fig. 6. Note that similar mag-
netic loops were observed for PFN-PZT and PFT-
PZT ceramics in [13]. However, the remanent mag-
netization ascribed to ferromagnetism was few times
higher than that in our ceramics. The much larger dif-
ference was in the measured ME coefficient: the ME
voltage coefficient o ~ 12 mV/cm-Oe was reported
for 0.2PFT-0.8PZT composition, which only slightly
changed with a bias field in contrast to our measure-
ments, where it strongly depends on the field value.

5. Discussion and Conclusion

Allowing for the generality of calculations presented
in the previous section, the results obtained in [2]
are valid for other multiferroics with superparamag-
netic and ferroelectric phases. Because of this, let
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us discuss, in more details, the ME effect in a
PFT-PMN-PT solid solution. It would be of inter-
est to compare the measured PME coeflicients with
those obtained by the same method for other mul-
tiferroics. The authors of Refs. [11, 14] investigated
the solid solution (PbFe;;3Nb;/503),(PbTiO3); 4
(PFN-PT). The structure, properties, and phase di-
agram of PFN are similar to those of PF'T. However,
the properties of the second components of solid solu-
tions, namely (PMN)q 7(PT)g.5 and PT [11], are com-
pletely different. One can suppose that the difference
in the ME effects is mainly induced by the second
component of the solid solution. The ME coefficient
measured in [2] at room temperature is equal to 8 ~
0.54 x 107 s/A (x = 0.5), while that the coefficient
obtained for PEN-PT [11, 14] appeared to be much
smaller, 3 ~ 1078 s/A. The superpaparamagnetic
contribution is not even visible in magnetic measure-
ments for PEN-PT (see Fig. 1, d of Ref. [11]). The ob-
tained values of the PME coeflicient in PET-PMN-
PT appeared to be also much larger than that de-
termined in several other antiferromagnetic multi-
ferroic materials (see Table I in Ref. [14]): BiFeOs
(2.1x10719s/A), Gda(MoOy)3 (0.8 x 10718 s/A) and
NiSO4 - 6H20 (0.7 x 10718 s/A). Note that the strong
scattering of ME effect values in PFT-PZT solid so-
lutions (see, e.g., [5,13,15,16] made it cumbersome to
perform a direct comparison with our results obtained
for a PEFT-PMN-PT solid solution.

The studies performed by us demonstrate that the
multiferroics with superparamagnetic and ferroelect-
ric phases can be considered as promising materials
for applications along with composite multiphase (fer-
roelectric/ferromagnetic) layered structures [1, 10].
Since the ME response in multiferroics with the su-
perparamagnetic phase is proportional to dM?/dH,
its value can be amplified by many orders due to a
sharp change of the magnetization with a field.

The discovery of the physical mechanism respon-
sible for the giant ME response opens the way of
obtaining the novel single-phase or multiphase mul-
tiferroics necessary for devices of modern electron-
ics. In particular, the superparamagnetic magnetiza-
tion of the composite based on a carbon powder with
nanopores filled by Ni (see Fig. 2) might be obtained,
to our mind, by using some ferroelectric materials
(e.g., KNbO3 with a large region of the FE phase)
instead of carbon. On the other hand, in a single-
phase multiferroic on the base of nano-sized particles
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of Fe304 with the superparamagnetic phase (see, e.g.,
[17]) the ferroelectric phase can be induced by the an-
nealing in the nitrogen atmosphere, producing oxygen
vacancies, which can introduce the FE phase due to
the Vegard effect.

This work was supported in part by the Re-
search Executive Agency (grant agreement 778072 —
ENGIMA - H2020-MSCA-RISE-2017).
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M.JI. T'nunwyx, JI.I1. FOpuewxo, B.B. Jlazyma

TITAHTCHKUIT MATHITOEJIEK TPUYHU

BIII'VK YV MVYJIBTU®EPOIKAX I3 CIIIBICHYBAHHSIM
CVYIIEPIIAPAMATHITHOI TA CETHETOEJIEKTPUYHOI
®A3 ITPU KIMHATHIN TEMIIEPATYPI

Peszmowme

Mynbrudepoiku — Ie Marepiaiu, 1m0 MaioTh gBa abo Girbline
napaMeTpiB NOpsAAKy (HAIPUKIIAL, MACHITHUN, €JIeKTPUIHUI
abo Ipy»KHMUIT), dKi cHiBiCHYIOTH B ofHiil i Tiif camiit dasi. Bo-
HU CTaJIX BaXKJIMBOIO 3a/1a9€0 (Pi3MKU KOH/IEHCOBAHUX PEYOBUH
3aBJAKU 1X HE3BUYAWHUM (DISUYHUM BJIACTHUBOCTSIM Ta IIUPO-
KOMY PO3MAaiTTIO HOBUX (DI3MYHUX 3aCTOCYyBaHb, sIKi BOHH Bif-
KPHUBAIOTh. T'yT MU IPENCTABIISIEMO PE3YJIbTATH KOMILJIEKCHO-
ro pociigzkenHs: marairoenekrpuanoro (ME) edekry y Mysb-
Tudepoikax i3 cyneprapaMartiTHOIO Ta CErHETOEIEKTPUIHOIO
dazamn. Ha npuksiani teepporo posuuny PbFe; oTag /503
3 (Png1/3Nb2/303)0,7(PbTi03)0,3 a6o Pb(ZrTi)O3 mu ne-
MOHCTPYEMO, III0 B CUCTEMI 31 CHiBICHYIOUMMHM CyIleprapaMarHi-
THHMU | ceraHeToeslekTpuaHEME dazamu ME koedinienT moxe
OyTH O6iIbIIMM Ha TPU MOPAJKU, Hi)K Yy 3BUYAHHUX MarHiTo-
eneKTpuKiB. lle miATBEpIKYETHCS K TEOPETUYHUMH PO3pa-
XyHKaM#, Tak i npsimumu BuMipioBanasmu ME koedimienTa.
Hamte pmocutijizkeHHs geMOHCTPYE, IO MyJabTuUdEpoiku i3 Ccy-
reprapaMartiTHOIO Ta CEMHETOEJIEKTPUIHOIO (dha3aMu MOXKYTh
POBIVIAJATUCS SIK ITEPCIIEKTUBHI MaTepiaju i 3aCTOCy BaHHS
opsiz 13 KoMIo3uniiHuMu G6araTodasHuMu (CErHETOEIEKTPU-
gHUMHU /PEPOMATHITHUME) CTPYKTYpPaMHU.
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