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In this work, a novel multiferroic-like nanocomposite is designed and
obtained using the high-pressure torsion (HPT) method. The crystal struc-
ture, phase composition, morphology, ferromagnetic (FM), and ferroelec-

tric (FE) properties of the initial powders and ferroelectric/ferromagnetic
nanocomposites are studied comprehensively. The initial powders and their
composite show the perovskite and spinel crystalline phases for the FE and
FM fractions, respectively. After HPT, the particle sizes of the initial powders
are decreased significantly. It is shown that the novel nanocomposite consists
of exchange-interacting FE and FM phases and demonstrates improved
magnetic and electrical properties in low fields at room temperature. A giant
increase in residual polarization with an increase in external high-pressure is
found in new composite. The obtained results make it possible to consider
the novel nanocomposite as a new functional material for its use both in elec-
tronic devices for monitoring ultra-high-pressure and in integrated circuits

sensors of alternating and constant
magnetic fields operate with more mil-
lion times higher sensitivity than the Hall
sensors.) The preservation of magneto-
strictive properties in the microwave range
is the basis for the creation of the latest
technology for wireless energy transfer to
miniature electronic devices.’! Multilayer
film heterostructures based on multi-
ferroics have a high potential for use in
high-speed storage devices with low energy
consumption and high memory density.[!
Layered composite materials that suppress
pyroelectric noise without averaging the
useful signal are employed in the develop-
ment of the latest high-sensitivity ~10"2 T
and low-frequency =102-10> Hz sensor

of high-speed computing nanosystems with low switching energy. The HPT
method is a promising method for obtaining new heterophase nanosystems.

1. Introduction

Multiferroics are a new class of multifunctional materials
where magnetic, electric, and elastic orderings coexist.! The
coexistence of magnetostrictive and piezoelectric properties
is the reason for the appearance of the magnetoelectric (ME)
effect.Z The increased interest in the designing and research
of such new materials is due to their multifunctionality and
practical application.®! Based on the ME effect, supersensitive
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technologies for non-invasive neurological
interfaces in medicine.!

Currently, the rapid development of
modern technologies requires more and
more new multiferroic materials including
composites with improved characteristics and unique manufac-
turing methods. The idea of creating a new composite is to find
the phase and chemical composition of the heterophase system,
which will respond to the improved functional properties for its
practical application. It is advisable to consider the phase com-
position of the “ferroelectric-ferromagnetic,” where the ferro-
electric (FE) is La-modified BijgLa,;FeO; (BLFO) multiferroic
bismuth ferrite, and the ferromagnet (FM) is Mn,¢Zn, ;Fe; 0,
(MZFO) manganese—zinc ferrospinel. Multiferroic BLFO has
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a high temperature of FE and FM orderings, as well as large
electrical polarization values. The MZFO ferrospinel is a high-
permeable magnetic ferrimagnet with a large initial magnetic
permeability x4 = 3000, a high Curie temperature T¢ = 501 K,
a small coercivity Hc = 0.25 Oe, and the large saturation mag-
netization Mg = 88 emu g8 It means that in small magnetic
fields H =1-100 Oe (H > Hc) atroom temperature, t he m ag-
netic induction B = uH may reach large values on the MZFO
FM interface if MZFO particles are in a single-domain state. The
critical size of the single-domain state D, for Mn—Zn ferrospinel
is in the range D, = 20-30 nm.”! For soft magnetized MnFe,0,
ferrospinel with close magnetic characteristics, the exchange
length is I, = 2 nm.["% If the BLFO-MZFO nanocomposite con-
sisting of close-packed ultrafine particles with a size of d < 20 nm
and with a width of interfacial boundaries less I, = 2 nm can be
synthesized, a new material will be obtained with a high prob-
ability of linear ME effect in the range of weak fields. In the new
heterophase system, the FM phase of the single-domain MZFO
regions located at a distance smaller than the FM exchange
length will affect regions of the BLFO FE phase with a size of
a smaller than a period of spin cycloid by an external magnetic
induction increased in ¢ = 3000 times. Owing to the influence
of a strong FM phase, we will have a large resulting magnetic
moment, which can be easily controlled by ME coupling.

Creating new FE materials based on nanocomposites is the
most promising method for obtaining new multiferroics with
a large value of ME coupling.>!) Nowadays, most of the metal-
oxide ceramic composites are obtained by mechanical mixing
of powders with their sintering at the final stage.l However,
this method is not suitable for our purpose, since the achieve-
ment of full consolidation at high sintering temperatures leads
to a significant increase in grain size.l®! With the growth of
grain, it may occur both the appearance of spin cycloids in the
bismuth ferrite and a multi-domain state in the ferrospinel. In
addition, at high sintering temperatures as a result of thermal
dissociation, irreversible changes in the valence and spin state
of manganese and iron are started with the degradation of
the magnetic properties.'! Therefore, the high-pressure tor-
sion (HPT) method™! for obtaining nanocomposite has been
chosen, where full compaction of the heterophase system is
accompanied by a statistically uniform distribution of phases
in a bulk sample without changing the valence and spin state
of magnetic ions.'¥l The promising influence o f the various
ceramics processed by HPT is presented in works.["]

The optimal relationship between the amount of FE and
magnetic phases is necessary to find during designing a nd
synthesizing a new composite in addition to the determination
of the chemical and phase composition. Since the key phase
is the FE phase, the number of BLFO particles should exceed
the amount of MZFO particles. The quantitative composition
of the BLFO-MZFO nanocomposite consisting of 80 wt.%
BLFO and 20 wt.% MZFO corresponds to the model for the
binary system,['8l where the free space between the close-packed
large BLFO particles of the multiferroic is filled with smaller
MZFO particles of the ferromagnet. Necessary conditions for
the implementation of such a model are the bigger size of the
BLFO particles at least three times than the MZFO particles.

The purpose of this work is to create and study a new com-
posite nanomaterial with improved magnetic and electric

properties, which simultaneously will have a great value of elec-
tric polarization, and a large magnetic moment, as well as an
appearance of FE and FM orderings above room temperature.
The possibility of easy control of magnetic and electric proper-
ties in the range of weak magnetic fields will allow us to obtain
new functional material for its wide application in many scien-
tific, technical, and medical applications.

2. Results and Discussion

2.1. Morphology and Structural Properties

According to the X-ray diffraction (XRD) data (Figure 1), the ini-
tial BLFO and MZFO powders are fully single-phase. The XRD
data indicate already a complete crystallization in the MZFO
powder at 200 °C without additional annealing. The broadening
of the diffraction maxima for the MZFO is due to the ultra-dis-
persity of the powder (Figure 1b).

The crystal structure of the BLFO powder has a rhom-
bohedral R3¢ distortion of perovskite structure (JCPDS No.
01-086-1519) with the a = 5.57321 A and ¢ = 13.78585 A (Sup-
porting Information S1) parameters of the unit cell. The
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Figure 1. XRD patterns of the a) BLFO and b) MZFO initial powders, as
well as the BLFO-MZFO composite processed by c) compression and
d) HPT.
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Table 1. Comparative analysis of XRD, transmission electron microscopy (TEM), and scanning electron microscopy (SEM) data for the structural
parameters of the initial BLFO and MZFO powders, as well as BLFO-MZFO composite processed by compression and HPT.

Dxro [nm]
Sample Drey [nm] Dsgpm [nm] &10*
Scherrer Williamson—Hall

BLFO powder 131 104 158 370 6.6
MZFO powder 15 13 15 - 1.5

BLFO fraction 103 97 75 (70%) and 143 (9%) - 5.4
BLFO-MZFO composite

MZFO fraction 15 14 15 (21%) - 2.7

BLFO fraction 14 15 13 - 39
BLFO-MZFO composite HPT

MZFO fraction 12 15 12 - 19.6

MZFO powder has a cubic Fd3m spinel structure (JCPDS
No. 96-230-0585) with the unit cell parameter of a = 8.40195 A.
The X-ray density determined from the XRD data is 8.217 and
5.238 g cm™ for the BLFO and MZFO powders, respectively.
The main crystallographic parameters of the initial BLFO and
MZFO powders refined by the Rietveld method are shown in
Table S1.1 (Supporting Information).

The XRD pattern of the BLFO-MZFO composite HPT
(Figure 1c) corresponds to a combination of the XRD patterns
from the initial BLFO and MZFO powders (Figure 1a,b). A dis-
tinctive feature of the XRD pattern for the BLFO-MZFO com-
posite HPT (Figure 1d) is the X-ray line broadening due to a
decrease in the crystallite size. An average crystallite size Dygp
in powders and composites was calculated by the X-ray line
broadening method using both Scherrer!"l and Williamson—Hall
approaches in Supporting Information S2. Both methods give
comparable Dygp values to each other (see Table 1). In the ini-
tial powders, the Dygpp is 104-131 nm for the BLFO powder and
13-15 nm for the MZFO powder. In a two-phase BLFO-MZFO
composite, the size of the BLFO fraction decreased to 97-103 nm,
while the size of the MZFO fraction was almost the same. In the
BLFO-MZFO composite HPT, there was a severe decrease in the
size of the multiferroic BLFO fraction to 14-15 nm and a slight
reduction in the size of the FM MZFO fraction to 12-15 nm.
Such a decrease in the size of BLFO and MZFO fractions is
the result of fragmentation of the large BLFO particles with
a hardness of =2.5 GPal?% by the small MZFO particles with a
higher hardness of =5.5 GPal?!l during plastic deformation of the
HPT. Additionally, the microstrains & were also estimated (see
Supporting Information S2). As turned out, the microstrains € of
crystal structure for the composite after the HPT increases signif-
icantly compared to the initial powders and composite processed
by compression because of the action of tensile forces. Moreover,
the discrepancy among the lattice plane distances of the studied
samples obtained during comparison of the high-resolution TEM
(HRTEM) data (see below) and JCPDS PDF 2 cards (database) is
reduced and achieves the minimum for the composite HPT. It
additionally confirms the increase in the stress strains caused by
the tensile forces.

According to TEM data (Figure 2 and Supporting Infor-
mation S3), the initial BLFO and MZFO powders consist of
spherical-like particles with a size of Drgy = 158 and 15 nm,
respectively, which are consistent with the Dyyp values (see
Table 1). Moreover, the BLFO and MZFO samples demonstrate
well crystalline structure according to the selected area electron

diffraction (SAED) pattern (see upper inserts of Figure 2) with
an interplane distance of 0.382 nm (012) for the perovskite phase
and 0.483 nm (111) for the spinel phase (see bottom inserts of
Figure 2). Obtained data confirm the beginning of the spinel struc-
ture crystallization at low temperatures of =200 °C. Additional syn-
thesis at higher temperatures leads to growing the particles and
increasing their crystallinity (see Supporting Information S1). This
is the important result for nanotechnology and nanomagnetism
since additional annealing at higher temperatures can lead both to
significant grain growth with standing beyond the nanoscale phe-
nomena,”? and a change in the ion valence states with declining
the functional properties of the magnetic materials.?’]

Using TEM data (Figure 3, top), it can be seen that the
BLFO-MZFO composite corresponds to a mixture of BLFO and
MZFO powders, where the size of the MZFO particles main-
tains, and the size of the BLFO particles decreased by half after
compression. The percentage of particles with Dyjpo = 75 nm
(89%) and 143 nm (11%) have been determined by approxi-
mating the n(D) dispersion by the Gaussian function, consid-

ering the normalization condition of I n(D)dD=1 (Figure S3,

Supporting Information). 0

However, significant changes in the BLFO-MZFO composite
HPT (Figure 3, bottom) have occurred. First, the HRTEM
images show a more than ten times decrease in the size of the
BLFO fraction from Drpy = 158 to 13 nm, which is in good
agreement with XRD data (see Table 1). Second, the BLFO and
MZFO fractions were compacted very tightly that led to weakly
distinguishable shades in TEM images for the multiferroic
and FM phases. For the accurate determination of the size of
the BLFO and MZFO fractions, the differences in the values
of interplanar distance according to the HRTEM images were
used. Analysis of HRTEM images made it possible to estimate
the width of the interphase boundaries of =1 nm. In the next
section, a comparison of the width of the interphase bounda-
ries with the FM exchange length [, will play important role in
improving the magnetic and electric properties for a composite
of close-packed multiferroic and FM fractions as a result of
induced ferromagnetism into FE region from the FM region.

According to the scanning electron microscopy (SEM) data
(Figure 4 and Supporting Information S3), the BLFO-MZFO
composite (Figure 4e) is a combination of the large BLFO with
Dggy = 370 nm (Figure 4a) and small MZFO (Figure 4c) parti-
cles. The large size of Dgpy compared to Dygp and Drpy is due to
the adhesion.?!l At the same time, the BLFO-MZFO composite
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Figure 2. The TEM and HRTEM images for the initial BLFO and MZFO powders. The inserts show SAED and the fast Fourier transformation (FFT) of

the HRTEM images with the lattice plane intensity profile.

HPT is well compacted and has a homogeneous microstructure
without clear boundaries (Figure 4g).

According to the energy-dispersive X-ray spectroscopy (EDS)
data, the chemical composition of the BLFO and MZFO pow-
ders, as well as both BLFO-MZFO composites, is confirmed,
which corresponds approximately to the stoichiometric compo-
sition of Bigg¢Lay;FeO3; and Mny¢Zn,;Fe, 04 and their combi-
nations (Figure 4 and Supporting Information S4).

Thus, using HPT is an effective and promising method
for obtaining heterophase nanostructures consisting of close-
packed, ultra-dispersed, and uniformly distributed multiferroic
and FM phases. HPT results in i) a statistical uniform distribu-
tion of fractions in the sample; ii) reducing the size of phases
due to the fragmentation of the particles by others with a
higher microhardness that can be controlled by the number of
revolutions; iii) decreasing the width of the interphase bounda-
ries until to several unit cell periods at the close-packed phases.

2.2. Magnetic Properties

The temperature dependences of the magnetization
Myec(T) and Mgg(T) for the initial BLFO powder indicate

the antiferromagnetic (AFM) nature of the interactions
(Figure S5.1, Supporting Information).” High values of coer-
civity He = 2.2-2.4 kOe and remanent magnetization M, =
0.035 emu g! in the range of room temperatures (see Table 2)
compared to H¢ = 0.003 kOe and M, = 0.0005 emu g™ for the
model multiferroic BiFeO; with cycloidal AFMI*’l mean the
destruction of the spin cycloid in the AFM iron sublattice by lan-
thanum ions. The appearance of hysteresis in the field depend-
ences of M(H) (see Figure S5.2, Supporting Information) is
associated with the presence of weak FM in the BLFO powder.[%!

The temperature and field dependences of the Mypc(T),
Mgc(T), and M(H) for the initial MZFO powder (see Sup-
porting Information S5) show its highly permeable soft FM
nature (Table 2). The Curie temperature T¢ = 518 K (see the
inset of Figure S5.1, Supporting Information) is above the room
temperature and coincides with T for Mn-Zn ferrospinels of
industrial grades 3000HMC (USSR), 3C91 (Germany), ML27D
(Japan), which have the same stoichiometric composition and
a large initial magnetic permeability 4 = 3000.5237] As the
temperature increases, the magnetic parameters decrease from
He=3650e, Mg=88 emu g, and M, =26 emuglat T=2K
to He = 50-80 Oe, Mg = 50 emu g, and M, = 2-3 emu g™! for
the entire range of room temperatures from 300 to 400 K. Such
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Figure 3. The TEM and HRTEM images for the BLFO-MZFO composite (top) and BLFO-MZFO composite HPT (bottom). The inserts show SAED,

and the FFT of the HRTEM images with the lattice plane intensity profile.

magnetic characteristics make it possible to easily control the
magnetic properties of FM high-permeability MZFO powder
with 1 = 3000 by relatively small magnetic fields H =50-100 Oe.

Figure 5 shows the Mzpc(T), Mgc(T), and M(H) dependences
for both BLFO-MZFO composites processed by compression
and HPT under external pressures of p = 0 and 1 GPa. First,
we consider the magnetic properties of the composites under
ambient pressure. For the BLFO-MZFO composite, with the
increase in the temperature, the coercivity and magnetization
decrease (see Table 2). The T¢ = 518 K has not changed. The
non-monotonic behavior of the Hc(T) at room temperature is
due to the presence of two uncompensated AFM sublattices in
the ferrospinel with different temperature dependences of mag-
netization.?®! Analyzing the magnetic properties, it was found
that the BLFO-MZFO composite did not exhibit individual fea-
tures and its magnetic characteristics correspond to the additive
contribution of magnetic properties from 80 wt.% BLFO and
20 wt.% MZFO.

Compared to the composite, the BLFO-MZFO composite
HPT showed the properties of new material (Figure 5 and
Table 2): i) the T¢ has significantly decreased from 518 to
367 K that is additionally confirmed by the Arrott plots with a
complex magnetic behavior of a second-order phase transition

(see Supporting Information S5); ii) the behavior of the H¢(T)
became monotonic for the entire room temperature range
with a stabilized valued of H¢ = 35 Oe; iii) a new FM order
appeared at T¢* =778 K; iv) an anomalous hysteresis appeared
between the Mypc(T) and Mgc(T) dependences, where the
zero-field cooling (ZFC) curve is above the field cooling (FC)
curve in the temperature range from 671 to 795 K; v) in the
Migc(T) in contrast to the Mzpc(T) dependence, there are
no signs of FM ordering at T¢*; the residual magnetization
reduces to M, = 0.04-0.4 emu g without a significant reduc-
tion in the Mg = 3 emu g™ at the room temperature. It is nec-
essary to note that the residual magnetization M, is increased
12.5 times from M = 0.032 to 0.4 emu g™! and the coercivity is
decreased 65 times from H¢ = 2275 to 35 Oe upon H = 30 kOe
in the BLFO-MZFO composite HPT compared with the BLFO
at T = 300 K. Moreover, the calculated value of the induction
of the magnetic field B = uH can take large values of =15 T
on the border of the MZFO fraction with g = 3000 and H =
50 Oe in the new composite. However, the B cannot exceed
the saturation induction Bg when all magnetic moments of
iron are aligned along with the H. For the MZFO powder with
the Mg = 88 emu g~! and a density of 5.238 g cm™ (see Table 1
and Table 2), the By = 47 x 10™* Mg (emu cm™)?! equals
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Figure 4. The SEM and EDS data for the initial BLFO and MZFO powders, as well as the BLFO-MZFO composite processed by compression and HPT.

0.58 T. Such Bg value is well consistent with the experimental
value of Bg = 0.525 T for the manganese ferrospinel, which
has an uncompensated total magnetic moment 4.2 yy in the
ferrimagnetic iron sublattice.’”) The appearance of the B =
0.58 T in the composite means that the FM MZFO fractions
with ¢ = 3000 even in a small H =50 Oe will induce a large
inner Hi,, =5800 Oe acting on the FE BLFO fraction.
Additionally, we studied the influence of high hydrostatic
pressure of p =1 GPa on the magnetic properties of both com-
posites (see Figure 5¢,d). As turned out, the pressure p trends
to reduce the magnetic He, Mg, and M, parameters of the
composites at different temperatures (see Table 2) modifying
bond angles Fe—O—Fe and bond distances Fe—Fe, and, con-
sequently, the strength of AFM-FM exchange interactions.!l

The results obtained at room temperature are of particular
interest. Both the composites under p = 1 GPa demonstrate
totally opposite behavior compared with the samples under
ambient pressure. For the BLFO-MZFO composite, the pres-
sure p increases the H¢ by 42%, reduces the Mg by 23% and
remains the M, whereas for the BLFO-MZFO composite HPT
the Hc and M, are decreased by 23% and 50%, respectively,
and the Mj is increased by 7%. It should be noted that such
changes in magnetic properties of both composites will be
correlated with the change in their polarization properties
at room temperature (see “2.3. P-E properties” below). As it
was shown for the ferrospinel Fe;0412 the lower charge
carrier density, the higher resistivity and lower saturation
magnetization.



Table 2. The coercivity Hc, saturation magnetization Ms, and remanent magnetization M, for the initial BLFO and MZFO powders, as well as

BLFO-MZFO composite and composite HPT depending on the external pressure p.

Sample BLFO MZFO Composite Composite HPT

TK] 2 300 400 2 300 400 2 77 300 400 2 77 300 400

Hc [Oe] 0 1150 2275 2425 365 55 82 352 135 7 23 337 127 35 34
1GPa - - - - - - 428 93 12 - 278 135 27 -

Ms [emu g7'] 0 - - - 88 59 47 16 15 n 8 9 8 3 0.4
1GPa - - - - - - 13.3 13 85 - 74 7.1 32 -

M, [emu g7] 0 0.02 0.03 0.04 26 2 3 5 2 0.2 0.4 3 2 0.4 0.04
1GPa - - - - - - 29 1.5 0.2 - 1.2 0.7 0.2 -

The existence of interactions between FM MZFO and FE
BLFO fractions in the BLFO-MZFO composite HPT indicates
anomalous temperature hysteresis on the Myrc(T) and Mgc(T)
dependencies within the 671-795 K (Figure 5). Anomalous
behavior of the ZFC curve above the FC curve is due to an addi-
tional FM contribution to magnetization when the composite is
heated from the low-temperature FM region and the absence of
this contribution when it is cooling from its high-temperature
paramagnetic (PM) region. The MZFO fraction is the FM below
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- —e—ZFC B
H=500e

[

0.0l 1 1 1 1

Tc = 367 K. The BLFO fraction is the AFM below Ty = 660 K,
FE below the temperature T = 950 K, and paraelectric (PE)
above this temperature.?3l The phase state of the BLFO-MZFO
composite HPT can be represented as: FM/(AFM+FE) «
(Tc=367K) — PM/(AFM+FE) « (Ty =660 K) — PM/(PM+FE) <
(Tc =950 K) — PM/(PM+PE).

The anomalous appearance of the FM contribution in the
PM/(PM+FE) phase (see the inset in Figure 5) is a consequence
of a metamagnetic phase transition** in the FM/(AFM+FE)
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Figure 5. a,b) The Mzc(T) and Mc(T) temperature dependencies and c,d) M(H) field dependencies of the magnetization under different pressures
p =0 and 1 GPa for the composite (a and c) and composite HPT (b and d). The inset shows the Curie temperature T.
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Figure 6. Ferroelectric hysteresis loops for the a) initial BLFO powder, as well as b) the composite and c) composite HPT.

phase. The metamagnetic phase transition is a reorientation
process with the “order—order” type phase transition induced
by a field, which changes the type of magnetic orderingl®* or
an angle between magnetic sublattices in the magnet.?® The
metamagnetic phase transition can be induced not only by
external H but also internal H;,.?% As was shown,?” an addi-
tional FM contribution to the magnetization of nanoscale AFM
perovskite BiFeO; with a weak Dzyaloshinsky—Moriya inter-
action can occur as a result of a spin-reorientation transition
induced by the magnetic field. Moreover, this FM contribution
depends on both the magnitude of the H and the stress—strain.
The FM MZFO fractions in a weak field =50 Oe induce large
internal fields Hj,; =5800 Oe. Since the exchange length I, =
6 nm in the MZFO (Supporting Information 6) exceeds the
width of the interfacial boundaries of =1 nm and is comparable
to the size of =14 nm of the BLFO fractions, we can conclude
about the existence of exchange interactions between BLFO
and MZFO fractions. The presence of exchange interactions,
the large H,,, and the high stress—strain composite HPT (see
Table 1) are the necessary conditions for the spin-reorientation
transition in the FM/(AFM+FE) phase,*® which is the result
of an additional FM contribution to the Mygc(T) dependence.
Internal stresses and magnetostriction stabilize FM interac-
tionsP! up to the Tc* = 778 K, above which the BLFO fraction
goes into the PM state. An increase in the temperature range of
anomalous hysteresis to 795 K is due to spin fluctuations in the
frustrated magnetic subsystem of the bismuth ferrite.*) When
the composite is cooled, an additional FM contribution to the
Mgc(T) is not observed due to the lack of the Hj,, since the
MZFO fractions are in the PM state. The presence of exchange
interactions and the irreversible nature of the additional FM
contribution to the M is the reason for the appearance of anom-
alous temperature hysteresis in the temperature range from
671 to 795 K.

The appearance of the exchange-related state between the
“strong” FM subsystem and FE phase in the novel composite
should lead to a significant increase in the magnetic and electric
properties in the range of weak magnetic fields. For this purpose,
it is necessary to analyze the hysteresis P(E) curves electronic
polarization P in the electric field E and establish that the HPT
does not impair the FE properties of the initial BLFO powder.

2.3. P-E Properties

The ferroelectric hysteresis P(E) loops of the initial BLFO
powder, as well as the BLFO-MZFO composite processed
by compression and HPT at the different E are shown in
Figure 6. All samples demonstrate the FE behavior for the dif-
ferent applied voltages with a stepwise increase in E up to a
maximum value of E,,, = 18 kV cm™. The choice of E,,, was
not accidentally because of the need to perform the equality of
wg = wy. According to this equality, the energy density of the

electric field wy = %seoEfmx (€, = 8.85 x 10 F m™ is a vacuum

[41

permittivity)! has to coincide with the energy density of the

magnetic field wy =%BH in the field H = 50 Oe from the

magnetic measurements. A dielectric constant € equals 80 for
the BLFO multiferroic in the electromagnetic field with a fre-
quency of 50 Hz.*?l In the MZFO ferromagnet at the H = 50 Oe
(3980 A m™), the induction B is 0.6 T (see 3.2. Magnetic prop-
erties). With such values of the & B, and H, the equality of
wg = wy will be performed in the E = 18 kV cm™ which allows
us to compare correctly the mutual influence of ferromagnetic
and ferroelectric properties. Additional measurements of fre-
quency dependences of polarization P confirm the absence of
a leakage current at a frequency of 50 Hz,"! which indicates
the correct formulation of the experiment and the definition of
Epax = 18 kV cm™.

The shape of P-E loops indicates that the E,,, has not
reached the saturation field. The maximum polarization of P,
at E,., the residual polarization P, and the coercive field E¢
with a stepwise increase in the maximum measuring field from
11.7 to 18.0 kV cm™ were defined (Figure 7a). In all samples,
the linear course of the P,(E) was found for the entire range of
E. In the BLFO powder, the P, P,, and E¢ are 0.052 uC cm,
0.005 uC cm™2, and 1.6 kV cm™, respectively. In the BLFO-
MZFO composite, a slight decrease in the P, to 0.004 uC cm™
and the Ec to 1.3 kV cm™ is due to a decrease in the FE content
of the BLFO phase to 80 wt.%. This conclusion is confirmed
by parallel displacement along the ordinate axis of the P,(E)
dependence for the composite (Figure 7a). The increase in the
Py from 0.052 to 0.055 pC cm™ is caused by a decrease in the
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Figure 7. a) The electric field and b) pressure dependences of the residual polarization for the BLFO powder and BLFO-MZFO composite processed
by compression and HPT. The AP,/P, is a relative change in the pressure-induced residual polarization under 5 GPa.

average particle size of the BLFO in the composite from 131-104
to 103-97 nm (see Table 1). It leads to an increase in the total
surface of the FE phase and the accumulation of a weak-con-
nected charge on the boundaries in the low-frequency range.*
The comparative analysis of P-E loops between the initial BLFO
powder and BLFO-MZFO composite (Figure 7a,b) allows us to
conclude that the FE properties of the composite are due to the
80 wt.% BLFO fraction and they weakly differ from the proper-
ties of the BLFO.

In the BLFO-MZFO composite HPT, there are significant
improvements in the FE properties compared to the BLFO
powder. Even without considering the decrease in the amount
of FE phase in this composite, an increase of 2.4 times in the
residual polarization to P, = 0.012 uC cm™ and an increase of
2.9 times in the coercive field to E. = 4.6 kV cm™ are observed.
Such a broadening of the hysteresis region is due to an increase
in the coupling between magnetic and electric subsystems. The
magnetic field induced by the alternating electric field gives an
additional contribution to the polarization of the multiferroic
in the presence of interaction between FE and FM phases.[*]
Reducing the P, by =17% to 0.043 uC cm™ is due to the pres-
ence of 20 wt.% non-ferroelectric magnetic MZFO fraction in
the composite.

Evaluation of the energy density of the electric field wg for
the new composite at room temperature allows us to con-
clude that a small alternating magnetic field H =50 Oe can
induce relatively large electric fields =18 kV cm™ with an
energy =3 X 1072! | in the FE fractions with a size of =14 nm
and with the dielectric constant € =80. With such properties,
the new nanocomposite can become a promising functional
material during the creation of high-performance artificial
intelligence systems.[*l Such a nanocomposite can dramati-
cally solve the problem of cooling and removing heat in the
integrated circuits of high-speed computing systems asso-
ciated with a decrease in switching energy for nanoscale
devices.[*]

The dependences of the effect of high-pressure p on the
residual polarization P, are shown in Figure 7b. From the anal-
ysis of the P,(p) dependences, it can be concluded that there is
a significant difference in the effect of p on the FE properties

of the initial BLFO powder and composites. In the BLFO, as
p increases from 0 to 5.26 GPa the residual polarization P,
increases by approximately four times to 0.315 uC cm™ with a
polarization sensitivity coefficient to 0.043 (UC cm™) GPa™.. In
the BLFO-MZFO composite, there is a colossal increase in the
P, =92 times up to 2.654 uC cm™? with an increase in p from
0 up to 4.62 GPa with 0.568 (UC cm™2) GPa L. In the BLFO-
MZFO composite HPT, the residual polarization increases
by =16 times to P, = 0.968 uC cm™ under p = 741 GPa with
0.123 (uC cm™) GPa™.

For a quantitative assessment of the effect of high-pressure
on FE, we have first introduced the relative change of the pres-
sure-induced polarization coefficient AP,/P, = [P.(p)-P,(0)]/
P,(0) x 100% at the same pressure p = 5 GPa. This coefficient
is AP,/P, = 240% for the BLFO powder, AP,/P, = 11200% for
the composite, and AP,/P, = 1230% for the composite HPT
(Figure 7b). The large changes in the AP,/P, = 1230% for the
BLFO-MZFO composite HPT compared to AP,/P, = 240% for
the BLFO powder can be explained by the manifestation of ani-
sotropic nature of piezoelectric properties*®l in the close-packed
structure of the composite. However, the colossal change
AP,/P, =11 200% in the BLFO-MZFO composite requires addi-
tional analysis.

An electrical polarization in the BiFeO; with a rhombohe-
dral R3¢ distortion of an elementary cell occurs as a result of an
anti-phase rotation of the FeOg octahedra with a displacement
of cations of iron and bismuth in one direction and anions
of oxygen in another direction.”! The result of such a local
breaking symmetry of the crystal is the appearance of the vector
of electrical polarization P along the axis [111]. Applying external
high-pressure enhances the deformation of octahedra, changes
the angles and the lengths of metal-oxygen bonds, affects the
structural properties, and leads to the emergence of new phase
transformations.%

In the range of external high-pressure from 1.25 to 4.5 GPa
for the BiFeOs;, several phase transformations associated with
the appearance and coexistence of polar R3¢ rhombohedral
(FE), nonpolar P,,, orthorhombic (PE, GdFeOj;-type), antipolar
Pyam orthorhombic antiferroelectric (AFE) (PbZrOj;-type),
and nonpolar I, orthorhombic (PE, nonstandard setting of



Iyma) phases occurs.P In addition to the polarization vector
P along the direction [111] in the FE R3c phase, the vector P
along the direction in the AFE Py, phase is added.’¥ During
the coexistence of two different FE phases, a tremendous gain
of piezoelectric properties occurs as a result of not only polari-
zation rotation, but also polarization extension near the mor-
photropic  “polar-antipolar” boundary.>*! Pressure-induced
phase transformations in the Bij¢Lag;FeO; will occur at a
lower =0.5 GPa external pressure because the chemical pres-
sure during replacing bismuth by 1 mol.% of lanthanum in the
Bi;.,La,FeO; is approximately equivalent to applying 0.05 GPa
hydrostatic pressure on BiFeO;.’Y In the BLFO-MZFO com-
posite, the colossal increase in polarization AP,/P, starts at
=1 GPa (Figure 7b) and coincides with an appearance of the
pressure-induced AFE Py, phase.’¥ Such a colossal growth of
AP,/ P, is due to an additional contribution to polarization, both
from the new AFE Py,,, phase and from expanding the polari-
zation area near the border between the FE R3¢ rhombohedral
and AFE Py, orthorhombic phases. Additional contribution to
pressure-induced growth of AP,/P, can give pinning on interfa-
cial “FE/AFE” (R3¢/Ppam), “FE/PE” (R3¢/Ppmar R3¢/Ipmm), and
“AFE/PE” (Ppam/Pama» Pram/Ibmm) boundaries.?!

Large values of pressure-induced relative changes in the
polarization AP,/P, for the new composite are of interest and
are of great practical importance because such a functional
material can be used to create high-pressure sensors. The
colossal values of AP,/P, =11 200% at 5 GPa make it possible to
use the BLFO-MZFO composite as a sensing element in ultra-
sensitive high-pressure sensors. For creating electronic devices
to monitor high-pressure, where the presence of ME coupling
in the sensitive element is required, it is advisable to use the
BLFO-MZFO composite HPT with AP,/P, = 1230% at 5 GPa
and with an almost linear dependence of AP,/P, on the pres-
sure in a wide range from 0 to 7.5 GPa.

3. Conclusion

Both new composite materials based on the lanthanum-mod-
ified BLFO and MZFO have been obtained without and after
the HPT method. The comparative characteristics of their func-
tional properties between each other and with initial BLFO and
MZFO powders have been carried out. It has been shown that
the nanocomposite HPT is the most close-packed heterophase
system consisting of statistically uniformly distributed ultrafine
FE BLFO fractions of perovskite with a size of 14 nm and FM
MZFO fractions of spinel with a size of 12 nm.

It has been found that the BLFO-MZFO nanocomposite
HPT has the unique physical properties of new material: i) an
appearance of Curie temperature Tc = 367 K near the room tem-
perature; ii) the monotonic change in the coercivity H¢ versus
T and its small value Hc = 35 Oe at T = 300 K; iii) a decrease
in the residual magnetization to M, = 0.04-0.4 emu g
(iv) an increase of 2.4 times in the residual polarization to
P, =0.012 uC cm™ and an increase of 2.9 times in the field to
Ec = 4.6 kV cm™. It has been shown that a small alternating
magnetic field of =50 Oe has to induce relatively high electric
fields of ~18 kV cm™ with an energy of =3 x 107! ] in the FE
fractions of the nanocomposite HPT.

Additionally, for the first time, the FE high-pressure studies
of the composites processed by compression and HPT, as well
as BLFO powder have been conducted. As turned out, the com-
posite has demonstrated the highest increase in the residual
polarization under p =5 GPa.

Thus, we have obtained a multiferroic-like composite with
improved magnetic and electric properties, and the used HPT
method is an effective and promising method for obtaining
new functional materials consisting of close-packed, ultra-dis-
persed, and exchange-interacting FE and FM phases. Moreover,
the degree distribution of fractions, their size, and the strength
of exchange interactions can be controlled by both high pres-
sure and the number of revolutions. The obtained new com-
posite can be used for the creation of electronic devices for
monitoring ultrahigh pressure and in integrated circuits of
high-speed computing systems as a result of a decrease in the
switching energy of nanodevices.

4. Experimental Section

The Synthesis of the Bismuth Ferrite Bigglag;FeOs: The Bigglag;FeO;
powder was synthesized using the nitrate pyrolysis method. The
starting raw materials of Bi(NO;3)3-5H,0 (99.99% metals basis, Sigma—
Aldrich), La(NO3);-6H,0 (99.9% metals basis, Sigma—Aldrich), and
Fe(NO;);3-9H,0 (99.99% metals basis, Sigma—Aldrich) were dissolved
separately in deionized water (75 mL) until a homogeneous solution.
The stoichiometric mixture of the obtained solutions was evaporated to
dryness in a water bath. The resulting dried powder was preheated at
600 °C for 2 h in the air to decompose metal nitrates:

0.09-Bi(NO3); + 0.01-La(NO3); + 0.1-Fe(NO3); —> 0.1-BigoLag FeO; +
0.6-NO,T +0.15-0,T

The obtaining light brown powder was ground in an agate mortar,
placed in an alundum crucible, and calcined in a muffle furnace at
700 °C with isothermal holding for 5 h.

The Synthesis of the Manganese-Zinc Ferrite Mng¢Zng sFe; 0y
The MnggZngsFe 10, powder was prepared by the sol-gel auto-
combustion method. The stoichiometric amounts of Mn(NOj3),-4H,0
(98%, Sigma-Aldrich), Zn(NO;),-6H,0 (AR, 99%, Sigma-Aldrich),
Fe(NO3)3-9H,0 (99.99% metals basis, Sigma—Aldrich) were dissolved
in deionized water. The appropriate amount of fuel (citric acid
monohydrate HsCit-H,0, ACS reagent, 299.0%) was added to the
metal nitrate solution with continuous stirring. The molar ratio of the
fuel to the total amount of metal ions (F/M) was set at 1. The final
pH was adopted as 7 for better complexing of the metal ions. The
pH was adjusted by adding 25 vol.% ammonia solution. The brown
sols were heated until the xerogels have been formed. The gel was
additionally dried at 120 °C and then rapidly heated at 200 °C to initiate
the spontaneous combustion. Finally, the loose ferrite powders were
obtained (Figure 8).

The Synthesis of BLFO-MZFO Nanocomposite: The BLFO-MZFO
nanocomposite was prepared by the HPT method from the powder
mixture consisting of 80 wt.% BLFO and 20 wt.% MZFO. The obtained
samples were a disk with a diameter of 10 mm and a thickness of 1 mm.
These samples were named as BLFO-MZFO composite HPT. The process
was carried out in a custom-built HPT installation (W. Klement GmbH,
Lang, Austria) with standard semi-constrained anvils (Figure 9). The axial
pressure 5 GPa was applied, and it was automatically maintained at this
level during the experiment. The diameter of the anvil grooves was 10 mm
and their total depth was 0.6 mm. The number of the anvils revolutions
was 5, while the speed of the rotation was 1 rpm. The experiment was
carried out at ambient temperature.

Additionally, the BLFO-MZFO composite was obtained under a
pressure of 200 MPa and without torsion. The obtained samples were in
the shape of a disk with a diameter of 10 mm and a thickness of 1.5 mm.
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Figure 8. Schematic illustration of ferrospinel nanopowder obtained by
sol-gel auto-combustion method.

Methods: The structure symmetry, phase composition, lattice
parameters, and the size of the coherent scattering region were
determined by the XRD method at room temperature using a
Shimadzu Lab XRD 6000 diffractometer in CuK,radiation (Ac, =
1.5406 A). The X-Ray tube was operated at a current of 30 mA and a
voltage of 40 kV. The exposure time was 1's and the measured angle
region (26) was from 5 to 70°. The scanning step was 0.02°. The
structural refinement was performed with Rietveld analysisP®s! using
the FullProf software.[¢]

The morphology and particle size distribution of the BLFO and
MZFO powders were determined using FEI MAGELLAN 400 SEM
and JEM-2200FS TEM. HRTEM with an accelerating voltage of 200 kV
was employed to obtain information about the size and shape of the
particles, as well as to determine an average interplanar distance
using the FFT approach. The powders for the TEM analysis were
prepared by placing a drop of a diluted mixture of particles and
acetone on a carbon-coated copper grid. An average particle size D
was obtained from analysis of SEM and TEM images within clear
and defined particle borders using Nano Measure 1.2.5 softwarel’]
during approximation of the experimental values of D by different
distribution functions. It should be noted that obtaining clear
images was quite complex due to magnetic attraction between the
nanoparticles and their agglomeration in the high-temperature FM
ordered MZFO nanopowder (see below Section 3.2). The chemical
composition of all samples was performed by EDS using an
additional module of FEI MAGELLAN 400.

Magnetic measurements were performed using Quantum Design
SQUID MPMS 3 in a wide temperature range from 2 to 900 K and
in a magnetic field up to 30 kOe. Measurements of the temperature
dependence of magnetization M(T) in a field H = 50 Oe were

Figure 9. The photograph of a) HPT rig and b) the HPT anvil circuit for
processing the BLFO-MZFO nanocomposite.

carried out in two regimes of ZFC and FC. The heating and cooling
of samples were conducted with a constant rate equal to 1 K min™
The temperature relaxation time at the point of measurement was
2 min. The measurement of the field dependence of magnetization
M(H) at different temperatures was carried out with an increase in
the magnetic field H from 0 to 30 kOe with a step of AH =100 Oe.
Additionally, the magnetic measurements under high pressure of
p =1 GPa were performed using a piston-type pressure cell made of
Ni-Cr-Al alloy. Silicon oil of low viscosity was used as a pressure-
transmitting medium. The pressure inside was measured using the
pressure dependence of the superconducting transition temperature of
high-purity lead.8l

The FE properties based on the P(E) hysteresis loops measured
in the alternating electric field E at room temperature were studied
on a Precision Multiferroic Il analyzer equipped with a charge-based
magnetoelectric response tester using diamond anvil cell.’”] The gasket
with 300 um in thickness of the pre-indented stainless steel was placed
on the symmetric diamond anvil cell with a culet diameter of 400 pum.
The ground bulk samples were loaded into a cylindrical hole with a
diameter of about 150 um, together with a few ruby chips for pressure
calibration. Two Pt strips were used as electrodes and placed on the
surface of the sample. These measurements allow us to obtain P(E)
curves for applied maximum voltage of 500 V and frequency of 50 Hz,
within the electric field range from —60 kV cm™ to +60 kV cm™.
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