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Abstract

Dense multiferroic 0-3 type composites encompassing Badi@ Y;FeO,, were fabricated by the
solid state reaction method. X-ray diffraction data combined with Scanning Electron Microscopy
imaging show virtual immiscibility between the two phases, with tklee)0,, ferrimagnetic phase

well dispersed in the tetragonal BagiQerroelectric matrix. Raman spectroscopy analyses
corroborate the polar nature of the Bagi@atrix in composites with asFe0;, content as great as

40 wt%. Ferrimagnetism is detected in all composites and no additional magnetes dra
distinguished. Although these dense ceramics can be electrically poled, they ax¥doit weak

magnetoelectric response, which slightly increases wjig®0;, content.



Introduction

Magnetoelectric Multiferroics (MFs) are multifunctional materials whatibplay simultaneoug
ferroelectric and magnetic order, and coupling between these two order parameterthe
polarisation can be manipulated by a magnetic field, and likewise the magnetisationelactric

field. This phenomenon is referred to as the magnetoelectric (ME) effect, and tetstiglo
development may have a huge impact on the electronic industry, since they would enable us t
develop 4-state logic memories, electrically written magnetic data, new tuneaiderss and
transducers, to name but a f&wThe search for single-phase materials dates back to the 1960s, when
doping ferroelectric crystals with magnetic ions was intensively investigatedftamdshowed that
ferroelectricity would vanish even without the establishment of magnetic ordeimgaddys there

are more than 20 single-phase MFs, however the coexistence of both ferroic propertigs is on
observed at cryogenic temperatures. Two of the main reasons why a feasible single-phasenbtF

been discovered yet are a) the fact that ferroelectricity, in most fetraed such as BaTi§) depends

on the hybridisation of empty d orbitals of Ti with p orbitals of oxygen atorhsrems magnetism
arises from unpaired electrons in the same shells; b) magnetic cations,ebetdleir unpaired
electrons, are also relatively good conductors compared to ferroelectrics, therefore béthese
increased conductivity it is then it is then impossible to apply largérieléields and ferroelectric
properties are lostThe theoretical understanding of these and other reasons moved the attention to

composite materials.

In composites, each ferroic property is carried by a separate phase, chosentim lmederroelectric
and ferromagnetic, respectively. The ferroelectric phase, which it is alszelgieizic can generate a
strain that is passed onto a magnetostrictive phase, which in turn develops satignetnd vice
versa. Basically, the ME effect is a result of the product of the magnetostraffiect (i.e. a
magnetic/mechanical effect) from magnetic phase and the piezoelectric ¢dffect a

mechanical/electrical effect) from the piezoelectric phase, given either as

magnetic mechanical

MEyeffect =

mechanical electric



or

electric mechanical

MEyeffect =

mechanical magnetic

The two phases can be arranged according to various geometries. Newnhantredaced a phase
connectivity concept to describe the structure of two-phase compositeshesiiofjdwing notations:
0-3 for one-phase particles (denoted as 0) embedded in a matrix (denoted as 3) nRukil&yer
materials or 1-3 for tubes, pillars and other elongated structures embeddadniatrix. In any case,
the ME coupling is achieved via mechanical strain. A good contact between the soffémesvo

phases is therefore essential to transfer the strain and achieve a usefiédE>20 mV cnit Oe

l) .4

In our previous work, we compared two sol-gel methods and a coprecipitation method te Pr8par
composite ceramics of BaTi@BT) and YsFe:O1, (YIG)®. YIG was chosen in place of Cofl due

to its much higher electrical resistance and the possibility of its use afréiglencies. The results
showed that the coprecipitation method was the most suitable to retain ferimiblantthe sintered
composite. However, issues such as low density and aggregation of YIG persisted: lowislensit
detrimental to ferroelectric properties, and aggregation reduces the intarleaebetween the
magnetic and the ferroelectric phase. Therefore, in this study we prepared padmmiadsites in O-

3 geometry of BT and YIG by solid state reaction method, with the aiinmfoving density and
reducing YIG aggregation, as previously observed by Schiled.dvlateover, the concentration of

YIG is varied to identify the percolation threshold for DC current under an eleetdc fi

Experimental

BT was prepared by solid state reaction method. Starting reagents RBa@@iQ (Sigma Aldrich,
UK, ACS reagent, >99%) were mixed in polypropylene (PP) bottles with-gtalilised zirconia
milling media and propan-2-ol as solvent and milled overnight. The obtained sharesdried,
sieved through a 250 mesh stainless steel sieve and calcined at 800, 900, 1000 and 1180 °C for

hours. YIG was also prepared by the same method frafs@d Y,0; (Sigma Aldrich, UK, ACS



reagent, >99%), and the mixed powders were reacted at 900 and 1200 °C. The powdtrsnwere
mixed and ball milled together with 2 wt% polyethylene glyd®E(Q as binder to produce four
compositions: 10, 20, 30 and 40 wt% of YIG in BT. As a reference, pellets of BTl@énaéfe also
prepared. Green bodies were pressed isostatically at 200 MPa, heatednain1t&dG00 °C for 5
hours to remove the binder and finally sintered at 1300 °C for 2 hours. Tcatabelectrodes, Pt

paste was applied to the faces of the pellets and fired at 700 °C for 30 min.

Purity and phase contents were studied using an X-ray diffractometer in refleimetgy (model:
Empyrean, Panalytic8!, Almelo, The Netherlangd<K,,-Cu line at A = 1.54060 A and step size
0.0130 [26]). The composites microstructures were investigated using a Scanning electron
Microscope SEM) (model: Nova Nano 200 with Field Emission Gun, FEI, Brno, Czech Republic).
Lattice parameters were calculated using the X'Pert High Score sofsuméiee The sintered
composites were ground using SiC paper, polished using 6 pnddlamond suspension, and then
coated with carbon. Raman spectra were obtained in back-scattering geometrya URargan
microscope (model: In Via, Renishaw, Glouchestershire, UK) using an Ar laser at 514r& i
mW. Magnetic hysteresis loops were measured using a SVM (Sample vibratingetbtagter,
Princeton Measurements Corporation, Princeton, NJ, USA) coupled with a Mictoriamace
vacuum monitor and gas flow controller (Princeton Measurements CorporatioretémingJ, USA).
The instrumentis calibrated daily using an Yttrium Iron Garnet sphere (7.825-du, NIST
standard reference material no. 2853). Dielectric properties were measured viithealarice/Gain
Phase Analyser (model: 1260, Solartron instruments, Farnborough, UK) contwegt€drbolite™
(Hope Valley, UK) tube furnace. Capacitance was measured versus temperaturerorom
temperature to 250 °C, °C/min) at five different frequencies (1, 10, 100, 250 and 1000 kHz). The
ferroelectric hysteresis loops were taken using a ferroelectric téstedel: RT60, Radiant

Technologies, Albuquerque, New Mexico, USA).

Composites were heated up to 100 °C in silicone oil for 1 h under 20 kV/cm, and subigemaoded
naturally to room temperature maintaining the same electric field, befmagnetoelectric

characterization. This was carried out with a system consisting of two Hé&tndodk (Serviciencia



S.L., Spain): a high power and a high frequency coil, designed to independentiyepaostatic
magnetic field up to 1 kOe (to magnetize the material), and an atenaanetic field up to 10 Oe at
10 kHz (the stimulus). Magnetoelectric out-put voltages were monitored witlckan amplifier

(model 7265 Signal Recovery, TN, USA).

Results

Fig. 1 shows the room temperature X-ray diffraction data of BT, BT-YIG ositgsceramics (YIG

= 10-40 wt%) and YIG, sintered at 1300 for 2 h. BT ceramics are single phase and as expected
their crystal symmetry is well described by the tetragonal space gdonm, as evidenced by the
002/200 doublet. A small amount of YFg@ttrium orthoferrite, PDF no. 00-039-1488 observable

in YIG, due to the equilibrium:

Y3FQ,012 «— 3YFeOs; + FQO3 (eq 1)

Small amounts of the parasitic phase3iYO; (PDF no. 00-042-0418and possibly BaReO; (PDF

no. 00-039-1433) are also present in the composites, as indicated by the reflectih3s2 Bor
BaFeq,0.9) and 30.7 20 (for Y,Ti,O; and BaFegO,g), due to reaction at the interfaces between BT
and YIG. The degree of tetragonality decreases in the composites as compared to ({1uod ),
ranging from 1.004 to 1.006 (Ti@bl). An exception to this trend it is observed for the 20 wt%
composites, which exhibits the lowest c/a ratio. Also the XRD data for thé%8@@mposites shows
asymmetric peaks for both phases. At this stage we can only specatatéstasymmetry can either

be an artefact from the measurement or residual strain on the composite.

Fig. 2 shows the back-scattered electron images of the polished surface for ait ceraposites.
All composites exhibit high relative density, between 96% and 98%, as corroboyatied almost
complete absence of porosity, especially for low YIG concentrations. YIG geaige in size from 1
to 2 um and are also well dispersed within the BT matrix; the formationgoffisantly large

aggregates does not occur until YIG = 40 wt%, where the level of porosity is also shgiptiy |



The Raman spectra for YIG and for each composite are shown in Fig. 3 (polished sintered pellets). All
modes can be assigned to either the YIG or BT phase. YIG presents the same genees &s
spectra reported in the literat(reolycrystalline BT presents three broad modes at ~260, ~510 and
~720 cnt, and a sharp mode at ~307tnYIG instead presents several sharp modes at 129, 170, 192,
235, 270 (the most intense), 340, 374, 415, 443, 504, 585, 676, 703 and‘73&dra broader band

at ~890 crit labelled from 0 to 14. The intensity of YIG modes increases with YIG camatient in

the composites, and there is no appreciable shift in mode positions innrédatiee pure compound.
Moreover, no additional modes due to parasitic phases are observed. Neverthelgs§, @hg-4250

cm®)® for BT shifts towards lower frequencies, which may be indicative of residual $train.

Fig. 4 shows the temperature dependence of relative permittivity and dielestritor composites
sintered at 1300 °C for 2 h. The room temperature relative permjittiyifor the composites is ~1400
(10 wt% YIG), ~1250 (20 wt% YIG), ~1000 (30 wt% YIG) and ~300 (40 wt% YIG)eesvely, at

1 MHz. All composites show a dielectric anomaly around 120-130 °C, which is assoditedew
paraelectrido-ferroelectric transition of BT. The maximum associated to the phase wtansiti
becomes broader and less intense with increasing Wkove this temperature, & decays
continuously, however, for YIG = 30 and 40 wt% we can observe a strong freqlispeysion and
increased loss at room temperature (20 - 30%), whereas for YIG = 10 and 20ele®rid loss is
very low for this type of particulate composite, being as low as 3-5% @pa °C. On heating, the
permittivity continues to increase due to the enhanced conductivity, but this aboues~250 °C for
10 and 20 wt% YIG and already above ~150 °C for 30 and 40 wt% YIG. The dielectric losses increase

with increasing temperature as a result of increased electrical conductivity.

The PEloops (Fig. 5) reveal a good insulating behaviour of composites with a YIG coptémt30
wt%. Indeed, those composites are resistive enough to withstand a 40"elextnic field. However,
even under such high fields, the recorded PE loops are unsaturated and strongly affexsistivey r
losses, in particular for composites with #43% YIG, as shown in Fig. 5. Hence, for YIG
concentrations of 10 and 2%, the PE loops indicate a sub-switching regime (Rayleigh), which

makes impossible to describe by quantitative characteristics (remanent polarisation, coercibe field)



switching character of these composites. Nevertheless, these PE loops clearly showptsiteom
with a YIG content up to 30 wt% to sustain electric fields as high as 40 kY dhe room
temperature polarisation (non-saturated) for these composites reaches® ¢ai6 ynder an applied

field of 40 kV.cm'.

Fig. 6 shows the magnetic hysteresis loops for the ceramic composites from -10 kOe te+IBe&kO
saturation magnetisatioiMs) of YIG ceramics is 24.7 emu/g, whereas for composites/adies as
follows: 1.48 emu/g (YIG = 10 wt%), 4.14 emu/g (YIG = 20 wt%), 6.87 emu/g (¥[8 wt%), and
10.51 emu/g (YIG = 40 wt%); at 10 wt%, YIG also shows higher coerci8@lyde) than for higher

concentrations (10-15 Oe), the latter being closer to the value for isolated YIG (~16 Oe).

Linear longitudinal magnetoelectric coefficientg; are given in Fig. 7. Note the characteristic
dependence with the static magnetic field, typical of magnetoelectric coegppddaximum values of
~ 24, 40 and 6@V cm® Oe* are achieved for composites with 10, 20 and 30 wt% YIG content, at an

increasing static magnetic field #f330, 370 and 520 Oe, respectively.

Discussion

First, XRD from these composites shows evidence of smaller amounts of pgriaa#és in relation
to those prepared by sol-gel methbdmd the crystal structure of BT is clearly tetragonal. @ae
ratio for BT in the composites is approximately 1.005, which is smaller tirewalue of 1.0106
measured for BT ceramics. In principle, significant chemical doping associatiedavyotential
diffusion of either Y or Fe into the BT lattice can be ruled out, because the Curie temperature does not

show any shift. YIG lattice parameters also show good agreement with the literature values.

Second, SEM images show very dense ceramics, a fundamental prerequisite for an effective ME
coupling via strain in multiferroic composites. Back-scattered electron imafyeke sintered
composites failed to reveal evidence of parasitic phases in the observed espiis,tdeir detection

in the XRD experiments.



Third, it is important to note the presence of a peak at 307rcthe Raman spectra of all composites
which is ascribed to the E(TO+LO) mode (Fig. 3): this mode is generally regesdetkignature" for
the presence of ferroelectricity in BT. The Raman spectra of the composites shovdaercewwf
parasitic phases or doping, such as extra modes, for BT. Nevertheless, Nevertielasg,T0)
(~250 cn') for BT shifts towards lower frequencies, which may be indicative of resatiah. This

is due to the local scale of the Raman probe, compared to the average piemrbygkRD? 1%
Nevertheless, it is worth to mention that the XRD reflections for 88 @omposite are asymmetric,
which is also consistent with residual strain. The assignment of Raman mode Ocat'129the
YIG phase (uncertain in our previous wdrkis confirmed by comparing the Raman spectra of
isolated YIG and that of composite with x = 0.30 and 0.40. The mode appears only at higher
concentration and its intensity relative to modes 1 and 2 in the composites matcheatithe rel
intensity in the isolated YIG. Finally, the dielectric anomaly related tdetineelectricto-paraelectric
transition in BT is present in all composites, with relatively low lostoW0 wt% YIG, together with
high permittivity, due to the high resistivity of YIG; as a comparisontijquéate composites of BT
and CoFgO, show dielectric loss as high 45-20% for 20 wt% CoF®, in BT*2 Furthermore, at
least 40 kV/cm can be applied to our composites (up to 30 wt% YIG) withelectric breakdown
due to DC conductivity (fig. 5), a better result than that obtained, for egaimpkombining just 10
wt% BaFe,0,, in BT, where the maximum applicable voltage was 2.5 kV},aon 35 wt% CoF£D,,

again with BT*, where 25 kV ci corresponds to a maximum polarisation of ~4 pCG.cm

In theory, the relative permittivity in composites can be estimated dropirical expressions which
combine the permittivity of each component phase and their relative concentrafiemse,
considering the relative permittivity of YIG, measured at room temperature didz1to be 14
which is in agreement with the literature value (although for single Jfystaid the relative

permittivity of BT to be 2500 and using the Maxwell Garnett equation 1.:

_ _ 3xp&1(81-¢3)
gcomp =& 3e,-x4(81-85) (eq 1)



where &comp IS the permittivity of the 0-3 composite, andx; are volume fractions, and &; and ¢, are
the relative permittivity of each phase. It follows,, 2146, 1823, 1529 and 1259 for 10, 20, 30 and
40 wt%, respectively. These values are higher than the experimental ones showrdinristead,

using the Lichtenecker equatfén
Inecomp = (1 —x2)Ing +x;1ne, (eq. 2)

By using thesame values for €; and &, we obtain the following result®r e.,m, for increasing YIG
contents 1489, 886, 528 and 314. This equation is in good agreement for 10 and 40 wt% YIG, but
fails to account for the experimental value of permittivity for 20 and 30.\itB& discrepancy
between the predictions and the experimental values shows that the assumptions nthde for
Maxwell-Garnett or the Effective Medium Approximation (EMA) model were not fatfiin the real
case Basically, the microstructures are not standard EMA ones. Henceathguessible interactisn
among embedded patrticles, or particles may have different sizes and #hapssiemonstrated that

the Lichtenecker logarithmic expression characterises a specific microgeometry of a tmMposi
system only, which cannot be reduced neither to the Maxwell Garnett microgeonoetty that of
BruggemanH. For examle, the Lichtenecker’s equation also could explained to some extent the
permittivity decay in PZT-ferrite ceramic composites when increasing th&famount, but the best

results could be provided by calculations with finite element methods using realistic microssftictu

The high field electrical measurements demonstrate that BT-YIG composites eatdcally

insulating up to 30 wt% YIG. For 40 wt% YIG instead, the maximumiegple electric field is
limited to 15 kV/cm before short-circuit occurs, and it is evident fromstiape of the polarisation
curve, which appears due to conductivity rather than electrical polansatve can therefore

conclude that the percolation limit lies between 30 and 40 wt% YIG in BT.

As far as magnetic properties are concerned, the value of saturation magnetisation for composites with
YIG = 10-20 wt% is significantly below what one would expect by simply congdbr the YIG
concentration. This discrepancy decreases for YIG concentrations > 30 wt%, which are closer to the

theoretical values. For the composite at lowest YIG concentration, coersivéigo significantly



higher than in the other composites and isolated. FiIG@m the shape of the hysteresis loops for all

composites we can observe the absence of parasitic hard magnetic phases even for YIG = 40 wt%.

Lower ME coefficients (~24 to 6QV cm™ Oe") for YIG-BT composites in comparison with the
well-studied CoF#€,-BT composites (~130 mV c¢mOe?) could have ben partially anticipated,
because YIG exhibits a magnetostriction coefficignt3 ppm), which is two orders of magnitude
lower than the magnetostriction coefficient for Cgbge(~ -165 ppm). Nevertheless, it is still
remarkable that a magnetoelectric response, yet low is obtained in the composites lhofathesu
partial poling. Moreover, as expected the ME coefficient increases with hecafitent. Recently,
Wang et af showed 0-3 type Bi¥e0:,-BT compositego exhibit an ME as high as 0.24 mV ¢ém
Oe’. They also fabricated 2-2 type composites and measured a ME of 14.36 h®etrat 600 Oe
for a composite with 40 wt% of Bp¥Fe;0,, in BT. This value is becoming closer to the minimum of
20 mV cnmi' Oe’ required for applications. Interestingly, the ME coefficients peak close to the
saturating field for the M(H) response, which may be ascribed to the tgaturaf the

magnetostrictive response of the YIG phase.

In summary, to date YIG-BT based composites have lower ME coefficients thatwathetudied
all-oxide multiferroic composites, however through improvements on processing, useepof oth
geometries and chemical modifications, the performance of YIG-based compositbe mgyroved

to a point that they may afford useful properties for application.

Conclusions

Dense particulate multiferroic composites of ferrimagnetic YIG embedded antmatrix of
ferroelectric BT were fabricated from precursors prepared by solid staiction method. The
ferroelectric and ferrimagnetic nature of the initial precursors was pegsiamthe composites. XRD
patterns confirm the presence of YIG and tetragonal BT with little or nsiparphases. Raman
spectroscopy analysis confirms retention of ferroelectricity up to 40 wi@ iNd¢luded. Magnetic
hysteresis loops also show the typical ferrimagnetic behaviour derived from@hparent phase

Finally, these dense ceramics can be partially poled, after which theytexhibak magnetoelectric



response, as partially expected from the low magnetostriction coefficiemip(3 of YIG, in
comparison with other magnetostrictive oxides such as £fuRel65 ppm). Nevertess, this ME
coupling increases with YIG content. Recently it was demonstrated that do@eBTYlaminated
composites can exhibit ME coefficients as large as 14.36 mV@eh, which shows the potential for

further improve Y1G-based multiferroics.
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Figure 1. Room temperature x-ray diffraction data of BT, BT-YIG compositeh WiG
concentration ranging from 10 wt% to 40 wt%, and YIG sintered at 1300 °Chf¢# 2 YFeQ, * =
Y, Ti,O; and/or BaFgO,g) (from bottom to top).

Figure 2. Back-scattering SEM images showing the typical microstructure of ceramic compoiites wit
increasing concentration of YIG, sintered at 1300 °C for 2 h.

Figure 3. Raman spectra of YIG and BT-YIG composites with YIG concentratiging from 10 wt%
to 40 wt%. Spectra were collected on polished surfaces of pellets siatet880 °C for 2 h (from
bottom to top).

Figure 4. Temperature dependence of relative permittivity and dielectritolosemposites with a)
10 wt%, b) 20 wt%, c) 30 wt%, and d) 40 wt% YIG in BT.

Figure 5. Ferroelectric hysteresis loops for BT-YIG ceramic composites.
Figure 6. Magnetic hysteresis loops for BT-YIG composites; inset: magnetic hysteresig gip. fo

Figure 7. Magnetoelectric coefficients for BT-YIG composites.

List of Tables

Table.1 Lattice parameters for BT, YIG and BT-YIG composites (10 w5 40 wt%) sintered at

1300 °C for 2 h.






x=0 %wt (BT) x=10 %wt | x=20 %wt x=30 %wt x=40 %wt x=100 %wt (YIG)
BT a(A) 3.9906(1) 3.9970(2) | 4.0000(1) 3.9979(3) 3.9968(1)
c(A) 4.0330(1) 4.0219(3) | 4.0152(3) 4.0186(4) 4.0130(2)
cla 1.0106 1.0062 1.0038 1.0052 1.0041
YIG | a() 17.496(1) | 17.493(8) 17.483(2) | 17.4925(5) 17.5021(6)
c A 10.691(3) | 10.720(1) 10.716(4) | 10.7007(5) 10.7244(7)

Table 1. Lattice parameters for BT, YIG and BTG composites (10 %wt < x <40 %wt) sintered at

1300 °C for 2 h.
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Figure 7. Room temperature x-ray diffraction data of BT, BT-YIG composites with YIG concentration ranging from
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Figure 8. Back-scattering SEM images showing the typical microstructe of ceramic composites with increasing
concentration of YIG, sintered at 1300 °C for 2 h.
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Figure 9. Raman spectra of YIG and BT-YIG composites with YIG conagration ranging from 10 %wt to 40 %wt.
Spectra were collected on polished surfaces of pellets sintered abQ3C for 2 h (from bottom to top).
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Figure 10. Temperature dependence of relative permittivity and dielectric los$or composites with a) 10 %wt, b)

20 %wit, ¢) 30 %wt, and d) 40 %wt YIG in BT.
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Figure 11. Ferroelectric hysteresis loops for BT-YIG ceramic composites.
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Figure 12. Magnetic hysteresis loops for BT-YIG composites; inset: magnetic hysteresis loop ¥G.
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Figure 7. Magnetoelectric coefficients for BT-YIG composites.







