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DETERMINATION OF THE MAGNETOELECTRIC COUPLINGCOEFFICIENT FROM TEMPERATURE DEPENDENCES OF THEDIELECTRIC PERMITTIVITY FOR MULTIFERROIC CERAMICSBi5Ti3FeO15J. A. Bartkowska *, J. DerzDepartment of Materials Siene, Faulty of Computer Siene and Material Siene, University of Silesia41-200, Sosnowie, PolandReeived January 22, 2013In the multiferroi materials, the dieletri and magneti properties are losely orrelated through the ouplinginteration between the ferroeletri and magneti order. We attempted to determine the magnetoeletri ou-pling oe�ient from the temperature dependenes of the dieletri permittivity for multiferroi Bi5Ti3FeO15.Multiferroi eramis Bi5Ti3FeO15 belong to materials of the Aurivillius-type struture. Multiferroi eramisBi5Ti3FeO15 was synthesized via sintering the Bi2O3 and Fe2O3 mixture and TiO2 oxides. The preursormaterial was ground in a high-energy attritorial mill for 5 hours. This material was obtained by a solid-statereation proess at T = 1313 K. We investigated the temperature dependenes of the dieletri permittivity forthe di�erent frequenes. From the dieletri measurements, we determined the temperature of phase transitionof the ferroeletri-to-paraeletri type at about 1013 K. Based on dieletri measurements and theoretialonsiderations, the values of the magnetoeletri oupling oe�ient were spei�ed.DOI: 10.7868/S00444510131101141. INTRODUCTIONMultiferrois are multifuntional materials, beausethey possess simultaneously several so-alled ferroi or-ders suh as ferromagnetism, ferroeletriity, and/orferroelastiity.The origin and understanding of the oupling phe-nomena between di�erent physial properties withinone material is a entral subjet of solid state siene.Muh theoretial and experimental attention in this�eld is urrently foused on the magnetoeletri ou-pling oe�ient [1�3℄.Multiferroi eramis Bi5Ti3FeO15 belong to mate-rials of the Aurivillius-type struture. This materialis haraterized by a high phase transition tempera-ture (1023 K) and interesting dieletri properties, andan therefore be used in onstruting di�erent new-generation eletroni devies. This type of eramis ispromising owing to the possibility of its use as di�erenttypes of memory elements [4℄.*E-mail: joanna.bartkowska�us.edu.pl

Layered perovskite-like struture bismuth oxides(BLPO) are omposed of regular bismuth layers(Bi2O2)2+ interlaed with perovskite paks.Strutures of this type were �rst disovered by Au-rivillius in 1949 [5; 6℄, and in 1969 Subbaro [7℄ desribedthem with the general formulaAm�1Bi2O3m+3; (1)where big ations A are Ba, Sr, Ca, Bi, and Pb and Bations are small ations of transition metals Ti, Nb,Ta, Mo, W, Fe, and Mn, and m is the number of per-ovskite layers along the axis from the perovskite pak(m = 1, 2, 3, 4, 5, 8). This means that the layers builtof regular otahedron oxides of the m thikness inter-lae with bismuth-oxide layers. BLPO-type struturebismuth exists only in a trivalent Bi3+ form. The Fe3+ation an be found in tetrahedral (bismuth-oxide) lay-ers and in position A of the perovskite layers [8℄. Com-pounds of this type an be desribed by the generalformula Bim�1Bi2BmO3m+3: (2)In BLPO strutures, the positions of atoms A and B1004



ÆÝÒÔ, òîì 144, âûï. 5 (11), 2013 Determination of the magnetoeletri oupling oe�ient : : :an be �lled by the atoms of one, two or more hemialelements, however, in aordane with the dependeneXXAVA +XBVB = 6m; (3)where X is the ion onentration in position A or Band V is the valene of individual ions.From the tehnologial standpoint, it is importantto obtain eramis of high density and high purity,whih should have a diret e�et on the physial prop-erties of eramis, whereas engineering requires eram-is prodution tehnology to be relatively simple. Inexamining and hoosing eramis prodution methods,the eonomi aspet must also be taken into aount.Therefore, it is very important that the preparation ofa good quality eramis material should be relativelyheap [6; 7℄.In this paper, we present the results of measure-ments of the dieletri permittivity depending on thetemperature and theoretial investigations of the mag-netoeletri oupling in multiferroi Aurivillius-type e-ramis. We apply theoretial onsiderations to the ex-perimental results that were obtained for the multifer-roi eramis Bi5Ti3FeO15, to determine the magneto-eletri oupling oe�ient.2. THE DIELECTRIC STUDY OFMULTIFERROIC Bi5Ti3FeO15Simple oxide powders TiO2, Bi2O3, and Fe2O3 wereused in the preparation of mixtures for the synthesisand sintering. Multiferroi eramis Bi5Ti3FeO15 wereobtained as a result of the synthesis reation of theabove-mentioned oxide, in aordane with the rea-tion6TiO2 + 5Bi2O3 + Fe2O3 ! 2Bi5Ti3FeO15: (4)The ourse of the synthesis of omplex oxides usinga mixture of simple oxides as preursor materials de-pends mainly on the dispersion degree of the harge, itshomogeneity, temperature, and time of sintering. Forthe purpose of the Bi5Ti3FeO15 synthesis, the proessof high-energy ball-milling in the vibrating mill SPEX8000 CertiPrep Mixer/Mill was used. The milling timein the argon protetive atmosphere was 5 hours. Thesynthesis reation was onduted at T = 1072 K for5 hours by the method of free sintering. The synthe-sized powder was subjeted to pressing giving diss.The seond stage of the tehnology was the free sinter-ing proess onduted twie for 5 hours at T = 1313 Kto obtain the desired material.
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Fig. 1. The eletri permittivity as a funtion of tem-perature (for di�erent frequenies)After that, in order to obtain parallelepiped sam-ples, the material was ground o� and polished. Thepellets with a diameter of 10 mm and a thikness of1 mm prepared in this way underwent 15 min stressrelief annealing in order to remove the stresses thathad appeared during grinding. Finally, eletrodes weredeposited on the prepared samples.The temperature-dependent dieletri responseof multiferroi Bi5Ti3FeO15 was measured fromT = 390 K to T = 1120 K in the frequeny range from100 Hz to 5 MHz.Figure 1 presents the dependene of the dieletripermittivity " as a funtion of temperature for multi-ferroi eramis Bi5Ti3FeO15.For the lower frequenies (0.1, 1, 10 kHz), the di-eletri onstant values are very high and inrease withinreasing the temperature. For the higher frequenies(1, 5 MHz), the dieletri onstant values are lower andinrease with inreasing the temperature to the ertainvalue (whih is usually referred to as the transition tem-perature), and thereafter " dereases with inreasingthe temperature. The maximum of the dieletri on-stant is observed at about T = 1013 K (Fig. 1). Thisdieletri anomaly suggests that there is a probabilityof phase transition of the ferroeletri-to-paraeletritype at T = 1013 K.We observed that the values of dieletri onstantderease as the frequeny inreases. This indiatesthe presene of all types of polarizations (ioni, dipole,atomi, eletroni, et.) in the material at lower fre-quenies. The mehanism of dieletri polarization isprobably similar to that of ondution. We supposedthat the eletron exhange interation results in a loal1005



J. A. Bartkowska, J. Derz ÆÝÒÔ, òîì 144, âûï. 5 (11), 2013displaement of the eletrons in the diretion of an ele-tri �eld that determines the polarization. The varia-tion of the dieletri onstant with frequeny was ex-perimentally a�rmed in this eramis [9℄.3. THE THEORETICAL MODEL AND ITSANALYSISThe ompliation of the ferroeletri ferromagnetisystem lies in the oupling interation between the ele-tri and magneti properties.For the theoretial desription of the temperaturedependene of the dieletri onstant, the multiferroisystem was split into two separated subsystems, themagneti subsystem and the ferroeletri subsystem.The two order parameters are imposed on eah sub-system, Si and ui, with Si representing the Heisenbergspin for magneti interation and ui is eletrial dis-plaement for an eletrial polar. The displaement uiis proportional to the loal spontaneous polarization pperpendiular to the eletroni spin Si. In addition,we also take the oupling between the ferroeletri andmagneti subsystems into aount.Following Refs. [10℄ and [11℄, the Hamiltonian anbe written in three parts asH = Hm +He +Hme; (5)where Hm is the Hamiltonian of the magneti subsys-tem, He is the Hamiltonian of the ferroeletri subsys-tem, and Hme is the oupling interation between thetwo subsystems.The Hamiltonian of the magneti subsystem Hmomprises four origins, namely the oupling of the near-est neighbors and the next-to-nearest neighbors, themagneti stati energy, and the single-ion anisotropyenergy [12℄. This Hamiltonian is given byHm = �Xhi;ji J1SiSj �X[i;k℄ J2SiSk ��Xi hSi �DXi S2i ; (6)where J1 and J2 are the nearest and next-to-nearest ex-hange integrals, h is the external magneti �eld alongthe spin-ordered diretion, D is the uniaxial single-ionanisotropy onstant, and Si, Sj , Sk are the Ising spinsat sites i, j, k.The Hamiltonian of the ferroeletri subsystem Heis omposed of three parts. The �rst part is the kinetiand potential energy of the partile, the seond is thenearest-neighbor eletri interation, and the third is

the eletri stati energy [13℄. This Hamiltonian hasthe formHe =Xi � p2i2m � a2 u2i + b4 u4i���Xhi;jiUuiuj �Xi Eui; (7)where m is the mass, pi is the partile momentum, ui isthe eletri displaement at site i, a and b represent thedouble-well potential parameters, U is the polarizationinteration oupling parameter, and E is the externaleletri �eld, whih is parallel to the polarization dire-tion.The phase transition in ferroeletromagnetis wasinvestigated in Refs. [14; 15℄. The authors proposed apossible oupling form to desribe the intrinsi magne-toeletri oupling and gave a detailed analysis of themagnetoeletri e�et. Therefore, for the oupling in-teration between these two subsystems, we introduethe oupling mehanism proposed in Refs. [14; 15℄ andapply it to the ferroeletri ferromagnets by makingsimple hange of the formHme = Xkhi;ji gu2kSiSj ; (8)where g is the magnetoeletri oupling oe�ient in-diating the intensity of the magnetoeletri oupling,uk is the eletri displaement at site k, and Si, Sj isthe spin-pair orrelation that diretly a�ets the ele-tri displaement uk.To investigate the dieletri properties of multifer-roi materials, the Hamiltonian should be expressed inthe mean-�eld approximation, in the formH = HE +A1; HE = He +Hme; (9)HE =Xi � p2i2m � ~a2 u2i + b4 u4i�� ~EXi ui; (10)~E = E + Uz1p; ~a = a� 2z2ghSiSji; (11)where A1 is a onstant that represents the ontributionof the magneti part Hm, ~E is the e�etive mean �eldating on the ferroeletri subsystem, ~a is the amendedpotential-well parameter, ui is proportional to the lo-al spontaneous polarization p, i. e., p = huii, hSiSjiis the average value of the spin�spin orrelation, z1 isthe nearest-neighbor number of ferroeletri partilesfor a given ferroeletri partile, and z2 is the numberof the spin-pair orrelations that diretly in�uene agiven ferroeletri partile.1006



ÆÝÒÔ, òîì 144, âûï. 5 (11), 2013 Determination of the magnetoeletri oupling oe�ient : : :Equations for the polarization and the dieletrionstant an be obtained from the soft-mode theory,and they are expressed in the forms��~a+ 3b� + bp2� p = z1Up+E; (12)� ��~a+ 3b(� + p2)� = kBT; (13)"(h; T ) = �p�E = 1�~a+ 3b(� + p2)� z1U ; (14)where � is the �utuation of the eletri displaement,and we an write hu2i i = huii2 + �.Due to the presene of the magnetoeletri oupling,both the polarization p and the dieletri onstant " arefuntions of the spin-pair orrelation hSiSji. If we on-sider only the linear term of hSiSji, then Eq. (14) anbe written in the form"(h; T ) = "0 (1 + �hSiSji) ; (15)where "0 = ��a+ 3b(�0 + p20)� z1U��1 is the diele-tri onstant in the absene of the magnetoeletri ou-pling and � = 2z2g"0 is taken as the normalized mag-netoeletri oupling fator.4. RESULTS AND DISCUSSIONThe dieletri properties of the material are har-aterized with the dieletri onstants ". The measure-ments of " were made for several di�erent frequenies.In the low-frequeny region, the dieletri onstant va-lues are very high and inrease with inreasing the tem-perature. In the high-frequeny region, the maximuman be observed in the temperature dependene of thedieletri onstant for 1013 K (Fig. 1). This maximumis related to the ferroeletri�paraeletri phase transi-tion.Figure 1 indiates that the dieletri onstant val-ues derease with inreasing the frequeny. This maybe attributed to the dipoles resulting from hanges invalene states of ations and spae harge polariza-tion. At higher frequenies, the dieletri onstant re-mains independent of the frequeny beause the eletridipoles annot follow the fast variation of the alternat-ing applied eletri �eld and the frition between theminreases aordingly.Using Eq. (15) and the experimental results, we at-tempted to determine the magnetoeletri oupling o-e�ient g.The measurement results shown in Fig. 1 were ap-proximated by the above dependene. The alulationresults are shown in the Fig. 2a and 2b. Solid linesshow the results of the approximation.
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Fig. 2. The eletri permittivity as a funtion of tem-perature: solid lines are �tting lines: a � high fre-queny, b � low frequenyThe results of alulations of the magnetoeletrioupling oe�ient are shown in Table.The alulations show that the value of the mag-netoeletri oupling oe�ient inreases with inreas-ing the frequeny, from g = 0:021 for f = 100 Hzto g = 0:194 for f = 5 MHz. The magnetoeletrioupling oe�ient shows the dispersion, whih resultsfrom dispersion of the dieletri permittivity [9℄. Thisis due to the presene of ioni, dipole, atomi, and ele-troni polarizations, whih are frequeny-dependent.5. CONCLUSIONIn this paper, we have investigated the dieletripermittivity and the magnetoeletri oupling in mul-tiferroi eramis.We attempted to determine the magnetoeletrioupling oe�ient from the temperature dependenes1007
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