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ABSTRACT

Nanometric multiferroic LaFg, ,Os;, (0.0s'y <0.03, step 0.01) samples were successfully synéltessing citrate
autocombustion method. The X-ray diffraction (XRi¥ta reveal that all the samples have single phase
orthorhmbic structure. The high resolution transsius: electron microscope (HRTEM), energy dispersive
spectroscopy (EDS) and selected area electronadtiifsn (SAED) were carried out for the samples.uRef the
temperature dependence of molar magnetic susckipbi(xy) illustrate the antiferromagnetic behavior of the
samples,yy of the sample Lakgs 0.0:/03; was improved by 2.5 times than that of the paoset The exchange bias
(EB) effect was observed fof' fime at room temperature and originated from amtidmagnetic —ferromagnetic
(AFM—FM) interface effect. Two conduction mechasismere found: the small polaron (SP) tunneling he
correlated barrier hopping (CBH). The saturationlgazation (Ps) increased by 7.4 times by dopinthwiacancy
content y=0.03. Ferroelectric hysteresis loop asstire presence of the ferroelectric ordering far #amples. The
investigated samples could be classified as typaltiferroic materials.

Key words: Multiferroic materials, Magnetic and ferroelectpmperty, Exchange bias effect and vacancy.

INTRODUCTION

Multiferroics are materials in which two or morerfgic order exist such as ferromagnetic (antifelagmetic) and
ferroelectric (antiferroelectric). In these matkrithe magnetic properties can be controlled byeleetric field (1)
and vice versa (2). Therefore they have huge agjmics specially in the fields of transducers, senand magnetic
memories.(3) The multiferroics materials are didida to single phase and composite multiferroidsstly, the
single phase multiferroics are materials show letfoelectric and ferromagnetic order.(4) Khomgkii classified
single phase multiferroics according to the physmachanism behind ferroelectricity, in to two lggoups and
other subgroups. The first group is Type | multiéés in which the ferroelectricity and ferromagseti have
different sources. These materials are separatetb inubgroups: i) ferroelectricity due to lone p##). ii)
ferroelectricity due to charge ordering (7). iie@netric ferroelectricity (8). While, the secondup is type I
single phase multiferroics. Type Il multiferroic @stinguished by a strong coupling between thermatigm and
ferroelectricity where the magnetism causes feewgtity. Type Il multiferroic are classified alsoto subgroups:
i) spiral magnets (2). ii) collinear magnets (9).

The composite multiferroic are formed by the comkion of two materials that are ferroelectric aaddmagnetic,
separately (10). In these materials the magnetoiElemupling occurs by different interface mectsams: i) strain
mediated coupling¢lL1). ii) charge mediated coupling (12). iii) exobge bias mediated coupling (13).

The exchange coupling that occurs at the interfsteieen ferromagnetic (FM) and antiferromagnetiE)(Rayers.

H. Ahmadvand (14) et al studied the exchange Hfastén LaFeQ. The exchange bias originated from a core/shell
model; the FM-like component comes from the surfaicthe particles and the field linear AFM contiiiom comes
from the core spins. There are factors affectinghenmagnetization of LaFg@anoparticles. (i) The canted spin
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structure of LaFe©causes a weak ferromagnetism. (i) Oxygen nonsimigetry can change the valence state of
Fe** (iii) Structural defects, broken exchange bonds.

Lanthanum orthoferrite (LaFeDis a canted G-type (14) antiferromagnetic (AFM)hvan orthorhombic distorted
perovskite structure. In the perovskite structuhey FE€" ion is surrounded by six Dions and forms <Fe
octahedron.

The electrical conductivity mechanisms of the pekite ABO; depends mainly on hopping process with
super/double exchange interaction and charge #amséchanism. Also, the small polarons which aerrtially
activated are used to explain the electronic cotidtycof perovskiteg15). The hopping of the electron from site to
another through the oxygen ion (B-O-B) increasedhiegyoverlab (strongly depends on the B O distamceB—O-B
superexchange angle) (16). The crystallographiogbs affect on the conductivity.

In the present work we aimed to study the effectasfancy substitution on the B site cation on ttegmetic and
dielectric properties of LaFeOAnother goal is the examination the multiferrb&havior of the prepared samples.

EXPERIMENTAL TECHNIQUES

The perovskite samples with the chemical formul&d.g ,O3,(0.0 <y < 0.03) were prepared by citrate nitrate
autocombustion method. Stoichiometric amounts @laan(BDH) metal nitrates were mixed with an eaqignt
molar ratio of citric acid in aqueous media. Tharamia solution was droped to adjust PH value tdh& sample
was allowed to dry on a hot plate to obtain finadduct which gives a single phase orthorhombiccttine without
any subsequent heat treatment.

The X-ray powder diffraction (XRD) was carried ousing a Proker D8 advance X-ray diffractometer with
CuKa radiation f = 1.5418 A); for the as synthesized samples irraéinge of 20-80 The crystalline phases were
identified using the International Centre for Défftion Data (ICDD) card number 74-2203.

Scanning electron microscopy (SEM) and Energy dspe spectroscopy (EDS) were carried out for theges
using OXFORD INCA PentaFETX3- England. The shapd amrphology of the particles were analyzed using
High Resolution transmission electron microscop THM) model (JEOI-2100).

The hysteresis and magnetization measurements pexfermed using vibrating sample magnetometer (VSM;
9600-1 LDJ, USA) with a maximum applied field of R®e at room temperature. The dc magnetic susdlytib
(xm) of the investigated samples was measured usirageg's method17) as a function of absolute temperature at
different magnetic field intensities.

The powdered samples were pressed using a unjaeiss of value 8 x £ON/n?. The two surfaces of each pellet
were coated with silver paste and checked for gmodiuction. The LCR meter (Hioki model 3532 Japaa$ used
to measure the electrical properties. The dielecohstants), dielectric loss tangent (t&hand ac resistivity of the
samples were measured as a function of temperatudiferent frequencies ranging from 100 kHz tMBlz. The
ferroelectric hysteresis loop (P-E loop) was perfed for the samples by using home made Sawyer Toveiit.

RESULTS AND DISCUSSION

The XRD patterns of the samples Lafg0;, (0.0<y < 0.03, step 0.01) are shown in Fig.(1). By incregghe
vacancy concentration, the samples reveal morensat@eak. Therefore, the crystallinity increasede XRD
patterns prove that the samples are prepared glesphase orthorhombic perovskite structure withcgpgroup
Pbnm as compared and indexed with ICDD card nurBe2203. The lattice parameters, cell volumes, ritexal
density were calculated on the basic of orthorhambit cell and were listed in table (1).

The lattice parameter a increases with vacancytisutiisn while (b) decreases. The unit cell volumed the
theoretical density decrease with increasing yeundue to some of the ¥dons convert to Fé ions with smaller
ionic radius.

The tolerance factor was calculated from the refg(fi8) (1)

t = (Ra+Ro)/V2(Re+R0) 1)

where R, Rz and R, are the ionic radii of the A, B and oxygen ionsspectively. The tolerance factor (t) is less
than 1 which indicates that tilting of the <B©Ooctahedra occurs for all the samples. The vatididhe tolerance
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factor increase with increasing the vacancy corf@non the expense of £eons, which means the decrease in the
distortion and the samples are going to be monaeststructure. In other words, the Fe-O-Fe angle inareases
with increasing the vacancy content (y) while nidfiangle decreases.

Figure (2) shows the energy dispersive spectros¢BpS) of the investigated samples which confirimat tthe
chemical composition is very close to the nomins.o

Figure (3) shows the HRTEM of the samples LaFgOs;, (0.0<y < 0.03, step 0.01). The nanocrystalline samples
with orthorhombic structure powders are detectdr particle size is reported in Table (1) and agreell with that
calculated from X- ray data. The d-spacing of theestigated samples were illustrated in Fig.(3;hbk¢ with
values 0.26 ,0.40 , 0.33 and 0.47 nm of the sampdé¢®m., ,O;, (0.0<y < 0.03, step 0.01) respectively. The
selected area electron diffraction (SAED) pattefrthe samples Lakg ,O;, (0.0 <y < 0.03, step 0.01) are
illustrated in Fig. (3: c¢,f,i,l). The figures sha¥we good crystallinity of the samples under ingsibns. SAED of
the sample Lakgg o.0/03:shows a preferred orientation which affects onpiwgsical properties of this sample.

Figure (4) illustrates the dependence of the molagnetic susceptibilityxy) on the absolute temperature as a
function of the magnetic field intensities for th@mples Lakg, ,Os, (0.0<y < 0.03, step 0.01). The values)qf

decrease rapidly with temperature until the Néetperature then decreased slowly. The shapgyofersus T
assures that the samples have antiferromagnetavimetwith weak ferromagnetic components.

Figure (5) shows a clear enhancemengjjvalues for the doped samples as compared with dhenp one. One
could interpret this improvement due to some ofB¥ ions converts to F“éions.xM of the sample Lakgg 0.0103
was improved by 2.5 times than that of the parantge LaFe@

The enhancement of all magnetic parameters atreiffelevels at room temperature can be ascribeseteral
reasons as follows: (i) The existence of'Rens in high spin state (HS) Fet,,’ ;') in addition to the rest of Fe
(HS) (tzg,3 egz). (ii) The tilting of <FeQ> induces a variation in the Fe-O-Fe bond angle disthnce; though
affecting the magnitude of the exchange interaataif.

The Curie-Weiss law igy = C/ (T+0), whereyy is the molar magnetic susceptibility, C is the i€uwonstant, T is
the absolute temperature ahés the Curie—Weiss constd®). The values di and the effective magnetic moment
were calculated frompes = 2.83VC where C is the inverse of the slope of the dttaiime in the paramagnetic
region. Figure (6) shows linear trend of the pamgmetic region which assures that the Curie—Weissidaobeyed.
The values ofi.r, C and were calculated and reported in tableT(8¢. positive values 06 indicates the presence of
a weak ferromagnetic components in the samples.vahees off increase with increasing the vacancy content.
Therefore, the strength of the ferromagnetic corepbfor these samples increased.

Fig.(7: a-d) shows the behavior of the magneticepisbility temperature producky. T) versus the temperature
(T). The trend assures the antiferromagnetic behawith a clear ferromagnetic component in the dampThe
increasing trend in the data refers to the antfeagnetic component in the samples while, the dsarg one
refers to the ferromagnetic. Goodenough (20) wasltt to attempt a comprehensive explanation optbperties

of the mixed-valence perovskite. He discussed trase@ diagram of (1,aCa)MnO;. Some of the Mii converts to
Mn** and these ions can form bonds of different nawitd the surrounding oxygens through which magnetic
coupling is mediated. These bonds are covalentjcesaient and ionic bonds in addition to double rewe
interaction. These interactions can account for dhservations regarding Mn - Mn coupling: antifenegnetic
between two M (covalent), ferromagnetic between a ¥and a Mf* (double exchange) and antiferromagnetic
(covalent) or ferromagnetic (semicovalent) betwberi*.(21) DeGennes (22) found a stable canted confiigura
between the ferromagnetic and antiferromagnetiplagt This is because the double exchange eneaggess as
cos @, / 2) while the superexchange depends orbg£ddinimizing the total energy, that is the sum afuble
exchange and superexchange contributions, deGémmed that the canting angle at zero temperatigecould be
expressed as function of vacancy doped (x):

CosP,/2) = (bx)/(4VCS?) )

where J is the inter-layer coupling (antiferromagneuperexchange) and b the out of plane oventpgral
(double-exchange interaction). Therefore, if x E14S%)/ b, canting will exist.

Figure (8: a) illustrates the hysteresis plots lnd samples Lakg ,O;, (0.0 <y < 0.03, step 0.01) at room
temperature. The shape of the hysteresis loopssigge which indicates the antiferromagnetic betrawith a
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weak ferromagnetic component. This behavior canekglained in terms of a core/shell model; the Fkéli
component comes from the surface of the partiahesthe AFM contribution comes from the core spit¥)( The

saturation (M) and remnant magnetization (Mf vacancy doped samples were enhanced obviolkky.value of
Mgincreased from 1.52 emu/g of the parent sample Qak® 2.63 emu/g for Lakgg 0.0/sas shown in table (4).
The hysteresis loops is shifted due to the excharmageas shown in Fig.(8: b).

The dependence of the dielectric constant on teelate temperature of the sample Lagk&Oshown in the Fig.(9:
a). Figure (9: b) shows the dependence’obn the absolute temperature at different frequenéir the sample
LaFeQ. Generallys " has the same trend gf More than one region is obtainedsfhversus T data. The first one
extends from room temperature up to about 600K. 3éeond one in whick” is drastically increased with
increasing temperature due to large thermal enghdgh decreases the internal viscosity of the samphich result
in increasing the friction between the electricadgs.

The ac conductivity (ls) is plotted versus the reciprocal of the absotet@perature for the sample Lakeé&x

different frequencies in Fig.(10). The data in flirire obeys the well known Arrhenius equation (83)c, e(-

E/KT). Different straight lines were obtained isteeting at a point indicating the existence ofedlé#ht conduction
mechanisms depending on the temperature rangeadiivation energies were calculated using Arrheeigisation
and reported in table (5) at 5MHz. The values & #gtivation energies assure the semiconductod toérthe

samples.

Figure (11) shows the dependence of Wiersus lim at different temperatures from which the slopesaalculated
(S). The relation betweendrand Ino obey the universal power law. The relation betwBeand T was illustrated in
Fig.(12) for the investigated samples. The trendSofversus T shows that there are two main conductio
mechanisms, in the'temperature region up to 400 K is the small palg®P) tunneling and In thé“2emperature
region (T > 400 K) is the correlated barrier hogp{@BH).

The samples have a ferroelectric behavior whidis®ured from the electric hysteresis loops as slinvag.(13).
This ferroelectric behavior is due to the displaeatrof the ions from their positions to forming atent bonds and
also by the tilting okFeQy> octahedron. The values of saturation polarizafi)) remnant polarization (Pand the
electric coercivity () are reported in table (6). The ferroelectric gnigs of the samples were improved by the
vacancy substitution where the saturation polanrancreased with increasing the vacancies irsttmaples.

We can conclude that the investigated samplesL,ak®;, (0.0<y < 0.03 in step of 0.01) could be classified as
type | multiferroic nanomaterials owing to the pmese of the antiferromagnetic and ferroelectricavédr in
simultaneously and independent on each other.

Table (1): Values of the lattice parameters a, b,, ¢he unit cell volume, the theoretical density ([, the particle size (L) and the tolerance
factor (t) for the samples LaFeg., ,O3(y=0.0,0.01,0.02,0.03)

L L

Samples a(A) b(A) c(R) VA 3* m | (XRD) | (HREM) t

©@Mem | om) | (nm)

LaFeQ 5.5372| 5.6066 7.8471 243.61%0 6.6182 34 29 0.9550
LaF&o 00:10s; | 5.5504| 5.5731] 7.8551 242.984 6.620/7 2% 47 0.9577
LaFeo 00:0; | 5.5736| 5.5693| 7.8134 242.53p6 6.617/6 2¢ 85 0.9605
LaFeq: 00:0; | 5.5614| 5.5508 7.839% 242.00p 6.616/7 2¢ 41 0.9633

Table (2): The composition of the samples (a) LaFeQ(b) LaFey e 00103, (C) LaFe ss 0003 and (d) LaFe o7 00403 as obtained from EDS

(a) LaFeGs

Element| Atomic%
OK 71.31
Fe K 14.33
LalL 14.35

(b) LaFeogg 00103

Element| Atomic%

OK 73.89
Fe K 13.14
LalL 12.98
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(c) LaFengs 0003

Element| Atomic%
O K 73.27
Fe K 13.32
LalL 13.41

(d) LaFeog7 0003

Element| Atomic%
O K 68.73
Fe K 14.79
LalL 16.85

Table (3): Values of the Curie constant (C), the Qie—Weiss constant §), the effective magnetic momenty«) and the Neel temperature
of the samples LaFe, O3 at magnetic field intensity of 1100 Oe

samples | CCRIETII 0 0 [ 1] T
LaFeQ (parent) 6.250 625 7.075 845
LaFe o 0010 3.530 765 5.317 848
LaFe o 00:0s 7.407 778 7.700 863
LaFe g 00:0s 1.126 857 3.004 873

Table (4): Values of the saturation magnetizationNls), the coercive field (H),the remanence magnetization () and the exchange bias
field (Hex) for the samples LaFe, ,Os

compound Positive My Negative M Positive H Negative H Positive M Negative M Hex
(emu/g) (emu/g) (OCe) (OCe) (emu/g) (emu/g)
LaFeQ (parent) 1.52 -1.60 295.78 -70.79 0.14 -0.23 492
LaFe o 00105 2.34 -2.37 179.94 -147.53 0.34 -0.38 -16.21
LaF&.es 0.0:0s 2.63 -2.62 152.91 -156.93 0.34 -0.35 2.01
LaF&.e: 0.0:0s 2.40 -2.41 153.59 -152.10 0.29 -0.29 -0.7%
Table (5): Values of the activation energy k (at high temperature region) and & (at low temperature) of the samples LaFg, ,O3 at
frequency 5SMHz
Samples EeV) | B (eV)
LaFeQ 0.079 0.08
LaF&.o 00103 1.417 1.020
LaFe& o 0.0:03 0.118 0.133
LaF&.o; 0.0:03 0.136 0.103

Table (6): Values of the coercive field (E), saturation polarization (Ps), remanence polarization (P) of the samples LaFe, yOs
(y=0.0,0.01,0.02,0.03) at room temperature

samples P(nCl/cnf) | P (nClenf) | E. (Vicm)
LaFeQ 1.2 0.3 1.5
LaFe.sc 00103 5.1 1.7 2.9
LaFe.: 0003 6.3 0.7 11.4
LaFe.o; 0.0:03 8.9 2.3 4.2
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Fig.(1) XRD of the samples LaFg, ,Os, 0.0<y <0.03 as compared with ICDD card number 74-2203
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(b) LaF¢.oc 0.0103

(c) LaF¢.9¢ 0.0:03

(d) LaFe.97 0.0:03

Fig.(2: a-d) EDS of the samples Lakg ,03,(0.0<y < 0.03 in step of 0.01) where is the vacancy concentration
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(f) LaFe .99 0.0103

Fig.(3: a-l) HRTEM for the samples LaFe., O3, (0.0<y<0.03 in step of 0.01)
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Fig.(8) (M-H) Hysteresis loops of the samples Lakg ,O5 (y= 0.0, 0.01, 0.02 and 0.03) whereis the vacancy concentration.
(b) Zoom on M-H loops
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Fig.(9: a, b) Dependence of (a) the real part of eiectric constant ¢') and (b) dielectric loss factor €’) on absolute temperature T (K) for
the sample LaFeQ as a function of frequency.

384
Pelagia Research Library



M. A.

Ahmed et al

Adv. Appl. Sci. Res., 2014, 5(3):370-388

-2 r r T T
143 1.8 2.3 2.8 33
(a) LaFeO3 x 100 kHz
X 200 kHz
5 ® 300 kHz
_ + 400 kHz
- 500 kHz
— - 600 kHz
E C.sIlidq ©700KHz
g ce15458060009°9°°9° 0800kHz
5-8- ““““““““ ==-====“°°=-:+$$°ngxéxxxxxx.é 900 kHz
g s ++++—:::':.:.:.:++++++++++8300 xxX pog 9 §E E = gt
2 x K& 0056566600 0000 © axx X Y%= i es s (1 MHz
] e I LR HSE LR RS L
PN 890002 =S e 8 x
% S% %%%332233@%“@==2;qffs:;; (X} XX 03 MHz
* R e ® 0y xX +4  MHz
11 X qu ++++ T AL 3§XXXXX><
u " tk‘kiixxxxx%w””ixxxx -5 MHz
XXX
Pt sepgx X3¢ X X 3¢ ¢ XX
-14

1000/T (K)'L
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Fig.(11) The relation between the Li as a function of Lrw at different temperatures for the sample LaFeQ.
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Fig.(13) Electric hysteresis loops (P-E) of the sgfes LaFe., O3 at room temperature

» Xu Of the sample Lakgs 0005 improved by 2.5 times than that of the parent darhpFeQ.

* The value of Mincreased from 1.52 emu/g of the parent sample QaRe 2.63 emu/g of the sample
LaFe& .o 0.0

» The exchange bias (EB) effect was illustratechanghift of the magnetic hysteresis from the origin

* The samples have two conduction mechanisms: thal golaron (SP) tunneling and the correlated karri
hopping (CBH).

» The antiferromagnetic and ferroelectric propertiessent in the samples with different origins.

» The samples Lakg ,Osare classified as novel type | multiferroic matksia
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