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Chapter 1 

General introduction 



1.1 Generallntroduction 

It is one of the dreams of lnaterial scientists to lnake new materials by the control of 

the aπangements of ions with an atolnic or molecular scale. The concept of 

“superlattices~' which is proposed by Esaki and Tsu [1] is one ofthe ways to achieve this 

dream. By this method one can m沿ces Jnaterials that do not exist in nature. The 

composition of the material is periodically changed by depositing several unit layers of 

materials alternate]y with an atomic or molecular scale. A 10t of novel materia1s have 

been formed by this method of the artificial superlattioe and this method can be applied 

to vario凶白地 The giant magnetoresistance (GMR) effect was observed in meta1 

superlattices [2] , and new transistor called high elec甘on mobility 仕組sistor (HEMT) [3] , 

has been deve10ped and put into practical use in the 白eld of semiconductor superlattices. 

However, in the field of metal oxides (ceramics)， 出e artificia1 superlattice method is 

in its preliminaηstage and has just started. This is because there are problems such as 

the control of valence, diversity of constitutions and so on. Recently, it has been 

become possible to make thin films of metal oxides by controlling the atomic 

a町angement on an atomic or molecular scale using pulsed laser deposition (PLD) 

method combined Wﾎth reflection high energy electron diffraction 侭HEED) [4-5]. 
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Actually, Tabata et al. succeeded in forming new materials that have large dielectric 

constants by making the a11ificial superlattices with the deposition of perovskite-type 

ferroelectric oxides (BaTi03) and dielectric oxides (SrTiO)) layers altemately with an 

atomic or molecular scale so as to introduce lattice strain artificially at the interface [6]. 

Also in the field of magnetism, artificial superlattices of manganese oxides which show 

large colossal ma伊etoresistance (C恥依) effect was made [7・ 12].

Until now, almost all the artificial superlattices of perovskite帽type materials have 

been epitaxially fonned on the perovskite勾pe substrates such as SrT�) (100) subs廿ate，

LaAI03 (100) substrate, etc.) which have the same perovskite-type crystal strucωre as 

that of its films deposited [7-12]. The con甘01 of stacking direction, which is well used 

in semiconductor artificial superlattices, has not been performed in the 戸rovskite-type 

superlattices. This means that the control of stacking has been performed only in one 

direction (く001> direction). 

1n my research, 1 have tried to form novel magnetic: materials by the method of the 

artificial superlattice combined with the control of stackjng directions in perovskite-type 

material. 

1n chapter 2, the method of pulsed laser deposition (PLD) is briefly described as a 
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technique for the film formation. 1n chapter 3, the atten1pt to construct new magnetic 

materials (LaFe03-LaCr03 superlattices) by the method of the artificial superlattice 

combined w咜h the control of stacking directions is reported. Especially, the double 

perovskite structure (NaCl ・ type structure of Fe and Cr ions) were obtained in the 

superlattice formed on SrTi03 (111) substrate w咜h one-.layer by one-layer sequence, and 

the material showed fe汀omagnetism for the first time. Though the total number of 

magnetic ions (Fe and Cr) are same in (1 00), (110) and (111) superlattices, quite 

different magnetic properties can be created in the artif兤ial superlattices. 1n chapter 4, 

the concept of artificial introduction of the spin 合ustratlÍon effect is reported. The spin-

glass like state which is caused by the 合us甘ation effec:t between antiferromagnetic and 

ferromagnetic layers is observed. 1n chapter 5, the plfoposal for the formation of low 

dimensional perovskite-type magnetic materials is given. The aniso甘opy of perovskite 

(110) surfaces was taken into account and 1 tried to form one-d�ensional magnets by 

the fonnation of magnetic-nonmagnetic artificial superlattices on SrTiOillO) substrates. 

The low dimensional e百ects has appeared remarkably in the two layers by five layers 

magneti c-nonmagneti c superlatti ce. 

1 have also established the relation between the position of spin and the magnetic 

properties by creating superlattices of two magnetic layers, where the nearest neighbor 
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interactions between the layers determine the physical properties, with control of the 

stacking direction. 

1.2 Perovskite-type oxides 

ηle crystal structure of perovsk咜e-type oxides (AB03) is shown 匤 F刕ure 1 ・1. Its 

physical properties largely depends on its electronic state of its B-site ions. For 

example, in 3d transition metal oxides (strongly correlated electron system), the 

material that includes T� or V at the B-site (eg. BaTi03, SrTi03, Bi2 V05, etc.) shows 

dielectricity (or ferroelectricity), that includes Mn or Fe (eg. La 1・xSr.ム1n03， Lal_xSr~e03 

etc.) shows ferromagnetism, and that includes Cu (eg. YBa2Cu307・ ó ' La] ・"SrxCu04 etc.) 

shows superconductivity. 

A-site ions, on the other hand, play important role in controlling the valence of B-site 

ions and the overlap of orbitals, that is one-electron band width, of each B-site ions. 

The perovskite-type struc知re is finηto the substitution of A・ andB帽site ions and the 

crystal structure remains almost same. That is, it is easy to change the number of 

electrons and the correlation s仕ength of electron by the selection of proper ions without 

changing the crystal structure in perovskite-type materials. 
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Due to the s�ilarity of the crystal structure and various physical properties of 

perovskite-type oxides, a口empts have been made to :make novel materials using the 

method of the artificial superlattice by combining two (or several) of these materials as 

described in this chapter. 
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Figure 1 ・ 1 Schematic illustrations of tlhe crystal structure of 
perovskite oxides (AB03). 
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Chapter 2 

Experimental apparatus 



2.1 Pulsed laser deposition technique for the formation of thin 

films 

2.1・1 The characteristic features of pulsed laser abllation technique 

ln these studies, the pulsed laser ablation (PLD) technique has been used to make 

transition metal oxides films and superlattices. The PLD technique is one of the most 

effective film fonnation technique to make materials such as metal oxides that includes 

several e]ements. Smith and Tuner [1] first applied this PLD technique to make thin 

films in 1965 and the success for making superconducting films provides new 

development in this field. The technique have been widely applied to form variety of 

materials such as high T c superconductors, ferroelectric and ferromagnetic materia1s, 

III-V (II-VI) semiconductors, and so on [2・7].

The schematic diagram of laser ablation phenomena is shown in Figure 2-1. An 

ArF excimer laser pulse (λ =193nm) is focused on the ねrgets to induce ablation, and 

the ablated atoms and ions are deposited on 白e subs汀ates . The PLD technique has 

several merits ; 1, It is possible to form films in various atmospheres (02, N2, Ar etc.) 

because the laser light is introduced from outside of the chamber. 2, The excess 

energy of ablated ions and atoms are e任ective to make high quality films. 3, It is 
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possible to lnake even filn1s with several elements and high melting points in exact 

stoichiolnetry. 

The schematic diagram of the apparatus for PLD is shown in Fig. 2-2. An ArF 

excinler laser pulse (λ = 193 mn) was focused on the targets ,which are sintering pellets 

placed at the center of the chamber, to induce ablation and the ablated atoms and ions 

are deposited on the substrates. The energy density ofthe pulsed laser beam was 0.5 -

1.5 mJ/cm2
. The substrate is heated by flowing electric cuηent to Si (or PBN) heater. 

The film thickness was monitored by a quarts crystal oscillator during the film 

formation. An atomic scale control of crystal growth to make artificial superlattices is 

also possible using the PLD method combined with in situ reflection high energy 

elec廿on di飴action (RHEED) observations. The details of experimental seωp will be 

described in each chapter. 
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Chapter 3 

Control of atomic arrangement and magnetic 

properties in LaFe03-LaCrO~3 superlattices 



3.1 Ferromagnetism in LaCr03・LaFe03superlattices 

Ferromagnetic spin order has been realized in the LaCr03-LaFe03 superlattices. 

Ferromagnetic coupling between Fe3+ and C~+ through oxygen has long been expected 

on the basis of Anderson, Goodenough , and Kanamori rules. Despite many studies 

have been made on Fe-O骨Cr based compounds, randorn positioning of Fe3+ and Cr'l+ 

ions has frustrated the observation of ferromagnetic pro戸rties. By creating artificial 

superlattice of Fe3+ and Cr1+ layer along [111] direction, ferromagnetic ordering has 

been achieved. 

3.1-1 Introduction 

A magnetic interaction between two magnetic ions through a nonmagnetic ion (such 

as oxygen) was first proposed by Kramers [1] and was systematized by Anderson [2]. 

Later, this so-called supe陀xchange interaction, was refined by Goodenough [3] and 

Kanamori [4] at a level so that this theory can be appl冾d to various magnet兤 materials. 

According to their rules, we can estimate and pred兤t vvhether a magnetic interaction 

thorough superexchange interaction between two spins has a ferromagnetic (FM) or 

antiferromagnetic (AF) character. Many researchers have used this idea as a starting 

point for synthesizing ferromagnets. On the basis of these rules, the 180 0 

superexchange interaction in a metal dimer bridged via o:xygen that has a d3 _d5 electron 

state (ζM圃Oふ1=1800 ， M=Fe3\C~+etc) is predicted to have FM order [4]. The most 

typical and still unachieved combination is Fe-O-Cr systems [5]. 1t is expected that if 

Fe3+ and C~+ ions are introduced alternately in the B site of perovskite田type transition 
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metal oxides (AB03) , the synthesis of FM lnaterials can be achieved. Although sOlne 

a抗empts to synthesize such lnaterials have been made by sintering methods, the atomic 

order of Fe-O田Cr has not been achieved because such materials phase separate into Feｭ

oxide and Cトoxide phases [6]. As a result a FM ordered phase has not been obtained, 

and the materials shown to have an AF character [7, 8]. 

The single phase LaCr03 and LaFe03 have AF structures with both inter-and 

intralayer antiparallel spin alignments and Neel temperatures (T N) of 280K and 750K, 

respectively [9・ 11]. If an artificial superlattice of LaCr03-LaFe03 is synthesized by 

depositing altemating layers of LaCr03 and LaFe03 along the [111] direction, it may be 

possible to form films that have various magnetic properties by controlling the stacking 

periodicity. Ferromagnetism can occur especially in the case of one layer by one layer 

stacking on the (111) surface because Fe3+ and C~+ ions are bridged by oxygen ions 

alternately in the film (Fig. 3 . 1 ・ 1) .

We have synthesized a FM artificial superlattice by altemately stacking one unit layer 

of LaCr03 and LaFe03 on a SrTi03 (111) single crystal using a laser molecular beam 

epitaxy (MBE) (Fig. 3 . 1 ・ 1) . Such materials cannot be obtained in the conventional 

bulk phase because they are thermodynamically unstablt~ [6-8]. Furthermore, even if 

phase separation is avoided so that Fe3+ and Cr+ ions mix randomly, AF interactions are 

dominant in the material because F e知-O-Crl+ ordered phase could not be achieved 

statistically. An artificial superlattice is a powerful tool for synthesizing these new 

materials [12]. 

3.1 ・2 Experimental 

The magnetic superlattices were constructed as follo¥vs. The LaCr03 and LaFe03 



layers were stacked by multi target pulsed laser depositiol1 (PLD) (Fig. 3 . 1 ・ 1) Targets 

of LaCr03 and LaFe03 were synthesized by mixing L~03 with Cr20 3, and L~03 with 

α-Fe203 ， respectively at a lTIole ratio of 1: 1 and sintering them at ] 000 -1200 oC. 

An ArF excimer laser pulse is focused on the targets to induce ablationラ and the 

ablated atoms and ions are deposited on the SrTi03 (111) substrate. Atomic-scale 

control of the crystal growth could be achieved by conlbining the PLD method with 

reflection-high-energy electron diffraction (RHEED) observations [12, 13]. The 

distance between the Fe and Cr layers was varied from 2.3ﾂ (1 unit layer) to 16.1 ﾂ 

(7 unit layers), and the to凶 truckness of the superlattices was 600"-' 1100ﾂ. The 

films were formed at 580 -600 oC in an oxygenlozone (80/0) ambient p陀ssure of 

1mTorr. The deposition rate was 10 -15 ﾂ/min. AlJ magnetic measurements were 

performed using a SQUID magnetometer (Quantwn design MPMS・5S).

3.1-3 Results and Discussion 

X-ray difì合action measurements of LaCr03-LaFe03 superlattices in each stacking 

periodicity exhibit characteristics of arti白cial structures (Fig. 3 . 1 ・2). The distance of 

periodic layers (corresponding to the distance of Fe and Cr layer) is 2.29 Â， 加d 出eF凶l

Width of Half Maximum is 0.28"-'0.20
0 

,whìch �d�ates that our sample is well 

cons廿ucted as des�ed. The RHEED measurements of the LaCr03・LaFe03 art�icial 

superlattices on SrTiOi 111) substrate showed streaked pa口ell1S ， indicat�g that the 

films were formed epitaxially and highly crystall�ed up to the topmost s町face.

The telTIperature dependence of magnetization for the LaCr03・LaFe03 artificial 

superlattices with a stacking periodicity of 1/1 layer on SrTi03 (111) is shown � Fig. 
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3.1 ・3. 1n this case, a nlagnetic field of 0.1 T was applied parallel to the surface of the 

substrate. FM transition is apparent at 375K. The 1magnetization of the LaCr03-

LaFe03 superlattices increases with decreasing temperature. And, the saturation 

magnetization COlnes to "'-' 60 emuJg (which conesponds to about 3 Bohr magnetons 

(μB) at one site). From the theoretical estimation, the magnetization value of 4μ 

B/one-site vvould be expected due to the atomic order of Fe3+( d5)-O-C~+( d3) high spin 

state. Our experimental results are slightly less than the calculated one because of 

imperfections in the crystallinity and the atomic stacking sequence of the superlattices. 

The magnetization-temperature curve can be 自社ed with a relation of 

M/ 同 =α(平)β

where 恥~ is the saturated magnetization at T=O and T c is the Curie temperature, 

respectively. In the case of α= 1.09 and ﾟ =0.33 , the curve is well reproduced. 

The value of ﾟ =0.33 is similar to that for a standard Heisenberg-type spin-spin 

coupling. 

ln the case of artificial superlattice with larger (> 1 unit layer) stacking periodicity, the 

FM interactions are introduced in the interface between Fe and Cr layer. lndeed, for 

the 7/7 layer superlattice, FM character was also observed, and showed magnetization 

of about 1μB per site. The magnetic moment per site is obtained by assuming that 

the ferromagnetis1TI comes from the interfacial layers and that other inner layers that are 

not directly in contact wﾍth it do not contribute a spontaneous magnetization. This is 

further evidence of FM character of our superlattices. 

As a reference, the 1\ιT curve of the La(Feo.5CrO.5)03 solid solution filnl in 0.1 ・T field 
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(Fig. 3.1-3) differs from that ofthe LaCr03-LaFe03 (1/1) superlattice. A cusp shape is 

observed at 320K, which is a typical feature of antiferrolnagnetism. A ferrimagnetism 

lnight also explain for the M・T character of the LaCr03-LaFe03(l/1) superla仕lce .

However, the lnagnetization value of 3μ 。 per site is too large to attribute to a 

ferrimagnetic order. The dependence of magnetization on the magnetic field 

(hysteresis curve) of LaCr03-LaFe03 artificial superla口ice (1/1 sequence) on substrate 

(111) is shown in Fig. 3.1-4. Hysteresis was observed in the M-H curves in the 

temperature region from 6 to 350 K. The magnetization is saturated under the applied 

field above 5kOe (Fig. 3.1-4B). 1n the enlarged hysteresis curve (Fig. 3.1-4A), the 

remnant magnetization of the superlattices decreases with increasing temperature up to 

375K. Above a Tc of 375K, it shows a paramagnetic character. These features are 

typical of FM materials. Our results provide further evidence that the FM spin order is 

realized in the artificial lattice with a one by one layer stacking combination. 

3.1-4 Conc)usﾎons 

Fe汀omagnetic spin order has been realized in the LaCr03-LaFe03 superlattices 

formed on SrTi03 (111) substrates with 1/1 sequences. By creating artificial 

superlattice of Fe3+ and Cr+ layer along [111] direction, ferromagnetic ordering has 

been achieved for the 白rst time according to the basis of Anderson, Goodenough, and 

Kanamori superexchange theories. 
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3.2 Artificial control of spin order and magnetic properties in 

LaCr03 ・ LaFe03 superlattices 

Magnetic properties have been artificial1y controlled in LaFe03-LaCr03 superla抗lces

by arranging the atomic order of B site ions with changing the stacking direction of 

<100>，く110> and く111 > and stacking periodicity. When Fe and Cr layers are 

atomicalJy stacked along く111> direction, ferromagnetism appears. 1n the case of the 

superlattices formed along く100> direction, on the other hand, antiferromagnetic 

prope吋y appears and the Neel temperatures systematically change from 250K to >400K, 

corresponding to the stacking periodicity. 1n the case of the superlattices of <110> 

direction, antiferromagnetic property appears and the Neel temperatures change as the 

stacking periodicity increases. Though the total number of Fe and Cr ions are same in 

(100), (110) and (111) stacking, quite different magnetic character can be created in the 

artificial superlattices. 

3.2-1 Introduction 

Perovskite-type transition metal oxides (ABO)) exhibi1. various novel properties, such 

as feπoelectricity， ferromagnetism and high量Tc superconductivity. These materials 

can be grown layer-by-Iayer with atomic or molecular layer scale on subs廿ates because 

they have similar lattice constants. Materials with unique properties are constructed by 

creating artificial superJattices through the combination of different perovskite-type 

transition metal oxides. Previously, we demonstrated the creat卲n of new materials 

that have larger dielectric constants than (Ba, Sr)Ti03 film by introducing lattice strain 
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at the interface � artif��l superlattice made of ferroelectric BaTi03 and dielectric 

SrTi03 layers [1]. 

It is possible to apply the method of creating artificial superla抗ices to form new 

lnagnetic materials with various magnetic structures by cOlnbining different magnetic 

layers. As is demonstrated in this study, lnaterials with various spin structures can be 

constructed by the method of artificial superlattice with dlifferent orientations, lnaking it 

possible to develop artificial1y controlled magnetism. 

We have chosen LaCr03 and LaFe03 as starting lnaterials. Both LaCr03 and 

LaFe03 have G-type magnetic structures (inter-and intralayer spin coupling are 

antiparallel), and their Neel temperatures (T N) are 280K and 750K, respectively (Fig. 

3 . 2-1)[2・4]. If an artificial superlattice is synthesized by depositing one layer each of 

LaCr03 and LaFe03 alteπlately on (111) substrate, it is possible to fonn a threeｭ

dimensionally ordered structure of Fe3+ and C~+ ions at the B-site. Theoretical1y, the 

synthesis of ferromagnetic materials is predicted to be possible when Fe3+ and C~+ ions 

are introduced altemately in the B site of perovskite-type transition metal oxides [5 ・6].

Not only the conventiona1 superexchange mechanism but also our ab-initio molecular 

orbital (MO) calculations support these predictions, as will be described in this paper. 

Fe町omagnetism was observed in the artificial superlattice with one-layer by one-layer 

sequence (111) on the (111) plane for the first time [7]. 

On the other hand, when the artificial superlattice of LaCr03 ・ LaFe03 is synthesized 

on the (100) plane with a 1/1 sequence, the ferrolnagnetic spin-ordered structure ofFe3+-

0・C~+ is expected to form perpendicular to the substrate surface (along the direction of 

the c-axis). In contrast, in-plane (a-b plane) spins a陀 ordered antiferromagnetically. 

The total lnagnetic structure of the superlattice should become C-type antiferrOlnagnet 
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(interlayer spin coupling--parallel, intralayer spin coupIing--antiparallel). The larger 

the stacking periodicity, the higher the TN is expected due to the inCrelnent in the 

antiferromagnetic correlation. Therefore, the lowest Neel temperature is expected to 

be obtained in the 1/1 sequence superlattice on this (100) substrate. 

In the case of (110) superlattice with ] /1 sequence, lnaterﾍals with A-type lnagnetic 

structure (interlayer spin coupling--antiparallel, intralay町 spin coupling--parallel) can 

be obtained because the ferrOlnagnetic spin-ordered structure of Fe3+ -O-Cr+ is expected 

to form only in a-b plane and satne ions are aligned (Fe3+ -O-Fe3+ or Cr+-O・Cr+) along 

the c-以IS .

Based on this strate( " we control the spin order by arranging the atomic order in 

perovslOte superlattices. 

3.2・2 Experimental 

Magnetic artificial superlattices were constructed as follows. The LaCr03 and 

LaFe03 layers were stacked using multi target pulsed-laser deposition (PLD) technique. 

An ArF excimer laser pulse was focused on the targets to induce ablation, and the 

ablated atoms and ions were deposited on the substrates (SrTi03 (100), (110) and (111), 

and LaAI03 (l00)). The PLD technique is an excel1ent method that spatial and titne 

conditions can be con仕olled . An atomic scale control of crystal growth is possible 

with the PLD method cOlnbined with reflection high energy electron diffraction 

(RHEED) observations [1 , 8θ]. Targets of LaCr03 and LaFe03 were synthesized by 

mixing L~03 with Cr 20 3, and L~03 with α-Fe203 ， respectively, at a molar ratio of 1: 1 

and sintering them at 1200 oC with intermediate grindings. Solid solution 

LaCrO.5Feo.503 fihns were also formed as reference srunples. All the fihns were formed 
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at 580 ・ 600
0

C and an oxygenJozone (8%) pressure of 1 x ] 0・3 Torr. The deposition 

rate was 10 -20 ﾂhnin. The total thickness of the filn1 is 700 ・ 1000Â. Magnetic 

measurelnents were perfonned using a superconducting quantuln interference devices 

(SQUID) Inagnetometer (Quantum design 恥1PMS・5S) with the lnagnetic field applied 

paral1el to the film plane. Surface lnorphology was observed by atOlnic force 

lnicroscopy (AFM ~ Digital 1nstruments -Nanoscope lII). Molecular orbital (MO) 

calcu1ations were performed using the Gaussian 94 program. 

3.2-3 Results and DiscussioD 

The calculated results for the effective exchange integral (Job) of perovskite-type 

M2011 (M=F寸. Cr+) clusters are shown in Fig. 3 . 2・2 . When the Jab is positive, the 

magnetic interaction has ferromagnetic character, and when it is negative, the magnetic 

interaction appears to be antiferromagnetic. 1n our calculation, the distance between 

metal and 0勾'gen is fixed as 2.00 ﾂ. The unrestricted Hartree-Fock (UHF) and 

densi句 functional (B3L YP) method was employed to estilmate the Jab value. The basis 

sets used were Huzinaga's [10] supplen1ented by the 4p atomic orbital (AO) with the 

same exponent as that for 4s AO. The Jab values ¥vere calculated according to 

Yamaguchi et al. 's treatment [11]. 

From our calculation, the interaction of Fe3 ~ -0・Cf-! is estitnated to be ferromagnetic 

(J>O) within the bond angle range ( どM・O-M) from 150
0 

to 180
0 

[Fig. 3.2-2 (a)]. 

This range is reasonable for perovskite-type crystal structures. 1n the case of the Fe3+ｭ

O-Fe3+ calculation, on the other hand, Jab has a negative value in the same bond angle 

range [Fig. 3 . 2 四2 (b)]. These results are consistent with the theoretical predictions by 
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Kanamori [5] and Goodenough [6]. In both cases, however, the absolute value of Jllb 

increases with increase in the bond angle (from 150
0 

to 180
0 

) because the bandwidth 

of one electron is expected to increase as the bond angle is increased toward 180
0 

. 

Therefore, the superexchange couphng increases due to this tendency, which is in good 

agreelnent with the experﾎ111ental resu1ts for the Mn-O-Mn systeln reported by Hwang et 

a1. [12]. 

The crystal structures of the LaCr03・LaFe03 superlattices have been confirmed by Xｭ

ray dif合action (XRD). All the superlattices on the (100) substrate have a single phase 

c-axis orientation. Typical features of superlattices are observed in our superla抗lces .

1n the case of the 1/1 superla口ice， small peaks are obselved at 2 e =11.8
0 

and 36
0 

due to the long periodic feature [Fig. 3 . 2・3 (a)]. The intensity and difi合action angle are 

explained by the slnall differences in the scattering factor (several percent) between the 

Fe and Cr ions. The XRD pa抗ems of the 111 superlattice agree well with our 

calculated pa抗ems [Fig. 3 . 2・3 (b)]. 1n the XRD pa抗enls of superlattices with 13113 

sequences, superstruc印res were also observed as the cornbination of main peaks with 

satelli te pe山 [Fig. 3.2-3 (c), (d)]. The satel1ites prove 出e periodic structure and/or 

chemical modulation, with a modulation length of 90 ・ 100 ﾂ which well agree with 

the designed value (13113 sequence ""-' 1 02 ﾂ). The abs:ence of higher order satellites 

indicates the existence of f1uctuation of thickness of LaCr()3 and LaFe03 layers. 

ηle superlattice fonned on (1]]) plane with ] 11 sequence has a single phase and 

[1] 1] orientation, and small peaks are observed at 2 e =19.4
0 

and 60.8
0 

due to 出e

long periodic feature (Fig. 3.2・4) .

1n the case of superlattice formed on the (110) plane with 6/6 stacking periodicity, 

-30-



superstructures are also observed as the combination of 'main peaks with satellite peaks 

[Fig. 3.2・5(a)]. And specially, the peak due to the long periodic features observed at 2 

e =2.2
0 , that well agree with our designed stacking sequence (6/6 主 34Â). Our 

experimental XRD pa仕ems of the superlattice agree well with our calculated pa抗ems

[Fig. 3 . 2・5 (b)]. 

The RHEED pa抗ems show streaks indicating that the superlattices are epitaxially 

formed on the (100), (110) and (111) substrates up to the topmost surface [Fig. 3.2・6(b)，

7, 8]. 

AFM surface image are taken for LaCrO)-LaFeO) supeJrlattices on LaAI03 (100) (Fig. 

3.2-9) and SrTi03 (111) with a 5/5 stacking periodicity (Fig. 3.2・ 10) . The root-meanｭ

square roughness (RMS 1μm X 1 μ m) perpendic山 to the surface and average 

roughness is 2.0 ﾂ for the (100) superla口ice and 1.3 A. for the (111) superlattice (< 

1 unit layer), respectively. Surface morphology is very well and it is considered 出at

multilayered systems are constructed by good quality layers. 

These results of X-ray dif合action， RHEED pa仕erns and AFM images indicate that 

the LaCr03-LaFe03 superstructures are well constructed as desired. 

The temperature dependence of magnetization for Lacr03・LaFe03 artificial 

super1attices (111---13113 unit) and LaCrO.5Feo.503 films on LaAI03 (100) is shown in Fig. 

3.2・ 11(a). The cusp which co汀esponds to TN appeared at 250 K for the 111 

superlattice, around 400 K for the 2/2 superlattice, > 400 }C for the 5/5 superlattice (T N 

cannot be observed due to the limitations of the instrument. ) and 330 K for the 13/13 

superlattice. 1n the cases of 111 "-' 5/5 sequence, TN ]s lowered as the stacking 

periodicity is decreased. 1n the superlattice with a 1/1 sequence, the Neel temperature 
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appears to be at the lowest temperature compared with those of other superlattices 

because one-third of the interactions are replaced with ferrOlnagnetic interactions [see 

Fig. 3 . 2・ 11 (b)]. In the 2/2 sequence, 1/7 of antiferromagnetic interactions are replaced 

[Fig. 3 . 2 ・ 11 (c )], and in the 4/4 sequence, 1115 are replaced. After all , the Neel 

telnperature (T N) is lowered as the stacking periodicity is decreased, that is, as the 

volume of ferromagnetic interaction increases. After all , the Neel temperature (T N) 

is lowered as the stacking periodicity is shortened, that is, as the volume of 

ferromagnetic interaction increases. The relation between the total magnetic 

interactions (J,0181) and the stacking periodicity can be gene:ral1y expressed as follows, 

Jα (2s -1). (J Fe-Fe + J Cr-Cr ) +β J Fe-Cr 
lal - 一一 (1) 

4s-1 

where S indicates the stacking periodici句， of artificial superlattices, and J Fe-Fe, JCr-Cr and 

JFe-Cr represent the magnetic interactions between Fe3+ -Fe3+, C~+ -C~+ and Fe3+ -C~+ ions, 

respectively. The variable αand ﾟ is the parameter for the effect of interfacial 

mixing and roughness and/or some other effects. The considerations of the interfacial 

imperfection effect are very important for thinking of the physical properties of artificial 

superlattices. The effect of weakening the magnetic interactions at the interface for the 

interfacial roughness and mixing is introduced in quotation (1) by this operation. 

1n the 13/13 sequence, TN appears at 330 K. The tendlency of this film is different 

from that of other fihns that have shorter periodicities because the properties of LaCr03 

and LaFe03 appear independently in the superla抗ice with longer periodicity. However, 

the T N of these films appears at a temperature different frorn that of the original LaCr03 

phase (T N=280 K). Since the thickness of one layer in the 13113 sequence is less than 
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the BJoch waJl, the magnetic interactions do not behave :in the same lnanner as that in 

the original LaCr03・

One T N originating from the nature of the superla抗ice i s observed when the stacking 

periodicity is short (1/ 1 ・5/5) . On the other hand, two TN's originating from each single 

phase (LaCr03 and LaFe03) lnay exist when the stacking periodicity is large (13/13). 

(We can only observe one T N which originates from the LaCr03 phase. TN that 

originated from LaFe03 is not confirmed due to the limitations of our instrument 

because TN of LaFe03 is much higher than the measurablle telnperature (bulk TN : 750 

K).) These behaviors agree with the results of CoO/ﾌ'JiO superlattices reported by 

Abara et al. [13] and ofFeF/CoF2 superlattices by Ramos et al. [14]. 

ln contrast, the temperature dependence of the magnetization and hysteresis curve 

併H curve) of the LaCr03-LaFe03 artificial superlattice (1/1 sequence) grown on the 

(111) substrate exhibits characteristic of ferromagnetic (or ferrimagnetic) materials [Fig. 

3 . 2・ 12]. The saturation magnetization (Ms) is estimated to be 60 elnu!g ( 主 2 . 5μB/site)

合om the hysteresis c町ve measured at 6 K. It is considered that the material is 

ferromagnetic because the value of Ms is too large to attribute to ferrimagnetic order 

(theoretically estimation : 1 μB/site for Fe3+-0・C~+ ferrimagnetic interaction). The 

decrease of our Ms from the theoretical estimation ( 4μB/Site for Fe3+ -O-C~+ 

ferromagnetic interaction) is considered to be due to the imperfection at the interface. 

In the case of super1attices constructed on (110) planes, all the superlattices (1/1, 2/2, 

6/6) show antiferromagnetic behaviors (Fig. 3.2-12). The cusp which co汀espond to 

the Neel temperaれlre appeared at 320 K (1/1), 320 K (2/2) a.nd 340 K (6/6), respectively. 

The cusp changed systematically as stacking periodicity increases. 
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These resuJts suggest that the controI of the growth direction of the superlattices 

actually govem the lnagnetic properties as proposed in Fig. 1. 

3.2-4 Conclusion 

In summaηf， we demonstrated that artificial control of rnagnetic properties is possible 

by changing the stacking periodicity and direction in LaCr03-LaFe03 superlattices. 

Antiferromagnetic behaviors are observed in all the films deposited on (100) and (110) 

substrates. An札 the T N changed systematically as the stacking periodicity changed. 

On the other hand, the film with 111 periodicity on a (111) substrate exhibits 

ferromagnetic character. Though the total number ofFe and Cr ions are same in (100), 

(110) and (111) superla抗ices ， quite different magnetic character can be created in the 

artificial superla抗lces .
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Fig. 3.2・2 : Calculations of effective exchange integral (Jab) of (a) 

FeCr011 and (b) Fe2011 cluster derived by ,m ab-initio MO  

method (l疋王F -fiUed circle and B3L YP -open circle : see text ). 

-37-



(a) 

s z 
ぽコ

亡 11 

一E 

.f2 ，Eコ吋コ旬、
. 

，、iS6.コ4 ，ノ

(b) 』bE C 『 L

10 20 30 40 50 60 

2 e (deg.) 

Fig. 3.2-3 : The X-ray diffraction (XRI)) pa口ems of 

LaFe03-LaCr03 superlattices on LaAl()3 (100) plane with 

(a) one by one layer (1/1) sequence andl (b) calculated XRD 

pa仕ems of 1/1 superlattice with ideal crystal structure. 

-38-



.
a
s∞
 

.
S
E∞
 (

問
。
。
)

(
刊
。
。
)

(
ヨ
ヨ
ロ.A
H悶
)
と
吋
8
3
2

(c) 

60 50 30 40 

2 (J (deg.) 
20 10 

(
∞
吉5.
S
H句
)
と
一
2
3
2

(d) 

52 

Fig. 3.2-3 : The XRD pattems ofLaF'e03-LaCr03 on 

LaAI03 (100) with (c) 13/13 sequence. (d)The high 

angle XRD pattern for 13/13 superlattices. lndices in 

the figures show the position of the lth satellite peak 
around the fundamental (002) peak. 

50 46 48 

2 (J (deg.) 
44 42 

-39-



(
閣
制
吋
国
=
・

S
』
伺

)
h
2
2
M
S
岡
山
間

20 30 40 50 60 70 

2 () (deg) 
80 90 

Fig. 3.2・4 : The X田ray diffraction CXRD) patterns of 
superlattices on the (111) plane with 1/1 sequence. 

-40-



(a) 

、
E
E
/

h
U
 

i
-
-、

(
日
Z
E
E
-
S』
伺

)k内
判
明
明
白

ω
恒
国
同

。 20 30 40 50 

2 (J (deg.) 
70 80 60 10 

o 10 20 30 40 50 ~f) 0 70 80 
2 B (deg.) 

Fig. 3.2-5 : The (a) experimental a1t1d (b) simulated 

X-ray diffraction (XRD) pa抗erns of superlattices on 

the (110) plane with 6/6 sequences. 

-41-



一一ーム一一一一一一一面言語戸車薗面画面薗扇面薗園画面画面圃E

(a) 

(
Z
E
E
-
a

』
偲

)
k
m
一
三
回
四
回

ω
恒
国
同

。 20 30 40 

2 f) (deg.) 
60 50 10 

\
‘
，F
ノ

h
u
 

/
'
E
¥
 

省
且0

0
 

0
0
 

0
リ
一

O

牟
l
.

咽
且

Fig. 3.2-6 : The (a) XRD and (b) ref1ection high energy 
electron diffraction (RHEED) patterns of superlattices 

formed on the SrTi03 (100) plane with 8/8 sequence. 

-42-



一一→一一ー一一一一一一一画面詰E宣言置直面画面置薗 圃ー

•• [110] 

Fig. 3.2-7 : The ref1ection high energy electron diffraction 
(RHEED) pattems of superlattices on tJhe SrTi0

3 
(111) 

plane with 5/5 sequence. 

-43-



•• [001] 

•• [110) 

Fig. 3.2-8 : The reflection high energ:~ electron diffraction 

(RHEED) pattems of superlattices on the SrTi03 (110) 

plane with 6/6 sequence. 

-44-



J一一一一 一日置戸量一蓋面面量画面画面画面画面薗面扇面画面薗薗薗 圃圃圃圃

(a) B 

A 

、
，
ノ

L
U
 

/
'
E
¥
 

1.5 nm 

A B 

-1.5 420 
nm 

Fig. 3.2-9 : The (a) AFM surface image (scanning 
area, 0.5 x 0.5μm) and (b) cross四sectional image for 
LaCr03-LaFe03 superlattices 011 LaAI03 (100) 
substrate with 5/5 sequence. 

-45-



(a) 

A 

| 審jf:f h;ド下.
l iT;議ベ...
IJい1 ・. .'-噛ダ.)ÄI了.-

|慌怠 : 1J ttVV:トシ久IよムI
--一一一 冒

?民、 . 〆 Iぷtデ紅訂ぎてIぐ\ :5弘ζ:え九包.
!μ包〉νI 二 =濯護J 起 1 

1 虚よ 針二イ_.
B 

、
，
ノ

h
u
 

/
'
E、
、、

- B 

ハ
U

唱
E
A

0.50 
μ ロ1

1.00 

Fig. 3.2-10 : The (a) AFM surface ilnage (scanning 
area, 1 x 1μm) and (b) cross田sectional images for 

SrTi03 (111) substrate with 5/5 stacking 
periodicity. 

-46-



(a) 
3.0 

2.5 

2.0 

1.5 

0.5 

(
ω
\
E
S
S
E
 

0.0 
100 400 350 3,00 250 

T(K) 

200 150 

Fig. 3.2-11 : (a) Temperature dependence of 
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formed on SrTi03 (111) with 1/1 sequence in the 

magnetic field of 0.1 T and (b) the 11ysteresis curve 

measured at 6K in the magnetic field of -1 T ,-._, 1 T. 
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Chapter 4 

Atomic arrangement and magnetic properties of 

LaFe03・LaMn03 artificial sllperlattices 
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Artificial superlattices of LaFe03・LめtIn03 were formed on SrTi03 (1 11), (100) and 

(110) substrates with various stacking periodicity using a pulsed laser deposition 

technique, and their magnetic properties were control1ed by altering the ordering of 

lnagnetic ions (Fe or Mn). For superlattices constructed on the (111) plane, al1 the 

superlattices showed ferromagnetic (or ferrimagnetic) behaviors and the same Curie 

temperatures (T c) at 230 K. The lnagnetization was reduced as the stacking periodicity 

of the superlattices decreased. On the other hand , in the case of superlattices forrned 

on (110) and (100) substrates, the increase ofthe spin frustration effect at the LaFe03-

LaMn03 interface with decreasing the stacking periodicity caused a reduction of T c and 

magnetization. ln particular, spin glass like behavior was observed in superla抗ices of 

Iess than 3/3 stacking periodicity. 

4-1 Introduction 

Materials that do not exist in nature can be created artificially using the method of 

depositing superlattices with the layering of different rnaterials on an atomic or 

molecular scale. The lnethod can be applied to a wide range of fields such as the 

fabrication of new superconductors, magnetic and ferroelectric materials, etc.. New 

materials with unique physical properties are constantly being created [1 ・3]. However, 

the atomic order can only be controlled in the direction parallel to the fihn plane (i .e., 

one-dimensional control), and current techniques do not support three-dimensional 

control of the atomic order. 

ln an earlier study, we demonstrated that the control of the alTangement of magnetic 

ions, i.e., the spin order could be controlled by constructing artificial superla仕ices with 
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various stacking directions and period兤ity [4田5]. Pseudo three-dimensional control of 

the atom兤 order was ach冾ved by the method. 

1n this chapter, LaMn03-LaFe03 artificial superla抗ices ¥¥rere formed on SrTi03 (111), 

(100) and (110) planes with various stacking periodicity, and their magnetic properties 

were controlled by lnanaging the ordering of the Mn and Fe ions. LaFe03 is 

antiferromagnetic (F e3-i ・0・Fe3 + superexchange interaction) and has a G-type magnetic 

structure (inter-and intralayer spin coupling are antiparallel) [6・7]. On the other hand, 

LaMn03 films exhibit ferrolnagnetic behavior with a Curie temperature of 130 K for La 

deficiency (La1 ・ óMn03) [8]. ln this chapter, the ferromagnetic Lal_ b Mn03 is noted as 

LaJ\企10~ ・

For artificial superlattices constructed on the (111) plane, ferromagnetic interactions 

should be introduced at the Mn-Fe interface because the Fe3+ -0-Mn3+ superexchange 

interaction is considered to be ferromagnetic according to the theory of Goodenoughｭ

Kanamori [9・ 10]. As a result, ferromagnetism should appear in the superlattice with 

one-layer by one-layer (1/1) stacking periodicity (see Fig. 4・ 1).

On the other hand, for superlattices constructed on (100) and (110) planes a spin 

frustration effect occurs at the LaMn03・LaFe03 interface because the LaMn03 film is 

fe汀olnagnetic [8] and LaFe03 is antiferromagnetic with a G-type spin structure [6・7]

(Fig. 4-1). The spin frustration e白èct increases as the stacking periodicity decreases. 

The spin frustration effect of (110) superlattiαs becomes larger than that of (100) 

superlattices in terms of their spin structure. This mc:!thod even allows a spin 

frustration effect to be introduced artificially into the system. The LaMn03・LaFe03

artificial superlattices were formed according to these concepts. 
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4・2 ExperimentaJ 

Magnetic artificial super1attices were constructed by stacking LaMn03 and LaFe03 

layers on (111), (100) and (110) SrTi03 substrates using a multi-target pulsed laser 

deposition (PLD) technique [4・5]. LaMnO) and LaFe03 targets were prepared using 

standard ceraluic techniques. All the fi)ms were form(~d at 590 -600 oC in an 

oxygen/ozone (8 %) ambient pressure of 1 x 10・3 Torr with an energy density of 0 . 5 ・ l

mJ/cm2. The deposition rate was 10 -20 ﾂ/min. The total thickness of the films 

was 800 -1000 ﾂ. The thickness of individual layers were controlled by the number 

of laser pulses (The deposition rate from LaFe03 and La恥1n03 targets were calibrated 

against the number of laser pulses). The structure of the l.attices was characterized by 

X-ray diffraction (2 e -e scan) using a Cu-K α source (Rigaku RINT 2000). 

Surface morphology was observed by atomic force microscopy (AFM Digital 

Instruments-Nanoscope III). Magnetic measurements were performed using a 

commercial superconducting quantum interference device (SQUID) magnetometer 

(Quantum design MPMS・5S) with the magnetic field applied parallel to the film plane. 

4-3 Results and Discussion 

The crystal structures of the LaMn03-LaFe03 superlattices on SrTi03 (111), (100) 

and (110) were studied using X-ray diffraction. All the films showed a single phase 

and had a preferred orientation normal to the surface of the substrate. Typical features 

of superlattices were observed. 1n particular, for a supe:rlattice formed on a (111) 

substrate with one-layer by one-Iayer (111) stacking perlÎodicity, small peaks were 

observed at 2 e = 19.8
0 

and 61.6
0 

due to the double perovskite featuresσig. 4-2). 
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The RHEED pa仕ems show streaks which also indicate that the superlattices are 

epita氾ally fonned on the (11]), (100) and (110) surfaces. The resu1ts of the X-ray 

diffraction and reflection high-energy electron diffraction (RHEED) measurelnents 

indicate that the LaMn03-LaFe03 superstructures were sufficiently well formed. 

ln addition, the morphology of the superlattice on the (111) substrate was observed 

using an AFM. The average roughness (Ra) and mean squa陀 roughness (RMS) of the 

fihn surface (area : 1μmXlμln) were found to be 1.7 and 2.2ﾂ (i.e. , less than one 

layer), respectively, indicating that the artificial superlatt兤e was well formed at the 

atomic level (Fig. 4-3). 

Magnet立ation versus temperature curves (M-T curves) ()f LaMn03・LaFe03 artificial 

superlattices (111-30/30 sequence) on SrTi03 (111) are shown in Fig. 4-4 (a). A 

lnagnetic field of 0.1 T was applied parallel to the film surface. The magnetic property 

ofthe 30/30 superla抗ice resembles that of the original LaMn03 film. The properties of 

LaMn03 and LaFe03 can be observed independently in superlattices with stacking 

periodicity greater than a 30/30 sequence, and the proper1ty of LaMn03 was strongly 

apparent in the temperat1江e 5 ・ 400 K because the magnetization of LaMn03 is much 

larger than that of LaF e03 ・

For the 111 ・ 9/9 sequences, the magnetization increases as the stacking periodicity 

decreases. It must be noted that all the superlattices show the same Curie temperatures 

(T c) of 230K. The change of magnetization and the salne Tc value may be explained 

as follows. Fig. 4-4 (b) shows that the ratio of spins which contribute to the nlagnitude 

of magnetization increases as the stacking periodicity decreases, i.e. , an increase of the 

number of Fe-Mn interfaces, because the spins of the magnetic ions (Fe3+ or Mn3+) on 

each (111) planes are aligned in the same direction. As a result, the magnetization 
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increases when the stacking periodicity is reduced. Ferronlagnetic (or ferrimagnetic) 

behavior in particular is observed in the 111 superlattice. The saturation magnetization 

ゆ1s) of the super1attice was measured to be about 30 emLvg (主 1. 3μB/site) 合om the 

hysteresis curve measured at 6 K (Fig. 4・5 (a)). However, the value ofMs is estimated 

to be 103 emulg (= 4 .5μ B/site) for the Mnμ(d4)-0-Fe3+( d5) state theoretically. The 

measured value, therefore, is relatively small compared with the above estimation. We 

suppose that the reduction ofMs is caused by the complex e任ect arising 合om the partial 

displacement between Fe and Mn ions, charge separation between Fe and Mn as seen in 

LaMno.5Co 0.503 (or LaMllo.5N i 0.503) ordered perovskites [11-12] and the deviation 仕om

stoichiometry due to La andlor oxygen deficiency. 1n the first case, a 10% 

displacement of Fe by Mn ions causes the value of Ms to be 800/0 of the theoretical 

value. When charge separation between Fe and Mn ions (Fe3++Mn3+• Fe2++Mn4+) 

occurs, as described in the second case, Ms becomes 80 emulg (=3 .5μB/site ). 

Annealing of the 1/1 superla口ice was perfonned at 500
0
C (less than deposition 

temperature) with O2 f10wing to remove the 0勾rgen deficiency. The magnetic 

behavior after annealing did not change from that seen before. 

The Curie temperat町e of superlattices with 111 ・ 9/9 sequences is constantσig. 4-4 

(a)). The fixed T c of 230 K can be explained based on the t瀋t that T c is determined 

by the average of all magnetic interactions. For a superlattice with 3/3 sequence, the 

total magnetic interaction (Jtolul) is expressed by the following relation because JFe-Fe, JMn-

Mn and J Fe-Mn each accounts for one骨third of a11 the magnetic interactions (see Fig. 4 (ゆb)).

3/3 : J 

where JFeかe-F平Fωeυ， JM陥n-M陥n a n d J Fhe令州'判M陥n r陀epresen凶t the magr伊letiにc ln飢lte引ra俄ctions between Fe3+-Feぷ3+¥ , 
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Mn3+_Mn3+ and Fe3+-Mn3+ ions, respectively. For superlattices with 5/5 and 7/7 

stacking periodicity, the total magnetic interactions are g咩en as follows based on the 

same concept. 

5/5 : J10凶=[2(JFe-Fe+JMn-Mn)+ JFe-Mn]/5 

7/7 : Jω=[3 (JFe-Fe+ JMn州)+J Fe-Mn]/7 

From these results, the total magnetic interactions can be generally expressed as a 

function of the stacking periodicity as follows : 

[(N -l)(J Fe-Fe +仏-Mn)+ 2JFe-λJ 
N爪J :Jfofal = ι 

2N 
、
、
，
，
，

唱
E
i

〆
'
E
、

where N indicates the stacking periodicity of artificial superla抗lces .

Factors that weaken superexchange interactions, such as interfacial imperfections 

characteristic of artificial superlattices [13-15] , and oxygen and La deficiency, must be 

considered in order to ca1culate the values of the magnetic interaction precisely. 

The parametersαand ﾟ are added to Equation (1) to take these effects into account. 

Equation (1) is transformed into Equation (2) by the procedure. 

JtotaL 一 [(N -1)α(J Fe-Fe + J Mn-Mn) + 2β J Fe-lvfn] -

2N 
(2) 

The experimental J values were applied to this equation. The experimental J values 

were calculated using me初日eld approximation (nearest neighbor interactions were 

only considered). Withα =0 . 5 and ﾟ = 1, the experiment:al values were successfully 

reproduced, suggesting that the interactions between Fe-Fe and Mnゐ111 ions are 
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weakened lTIOre significantly than the interactions between Fe-Mn at the interfaces. 

Only one T c is observed when the stacking sequence is: short (1/ 1 ・9/9)， and tbe Tc 

originating from the single LaMn03 phase is observed when the staking periodicity is 

large (30/30). (The TN originating frOlTI LaFe03 in the superlattice w咜h larger 

sequence is not confirmed because of tbe temperature liruitation of our instrument.) 

The behavior of these superlattices agree well with the results 合om Abara et al. [16] on 

CoOlNiO superlattices and those ofRamos et al. [17] on FeFiCoF2 superla抗ices .

Furtbermore, unusual behaviors was observed in the hysteresis curve with 5/5 

stacking periodicity (Fig. 4・5 (b)). Broad hysteresis with a coercive field (Hc) at 0.15 

T was observed in a superlattice with 111 stacking periodicity (Fig. 4-5 (a)). The 

hysteresis curve for LaMn03 (Fig. 4・5 (c))、 on the other hand, shows the slim shape 

characteristic of soft magnetic materials. The superlattic<~ of 5/5 stack匤g periodicity 

exhibits a complex hysteresis curve such as that product~d when the properties of a 

superlattice with 111 stacking periodicity and LaMn03 are n1ﾌxed. The hysteresis curve 

was considered to ref1ect the properties of both the Fe-Mn interface and LaMn03 ・ The

reason for such unique hysteresis is as follows. 

Mn layers are p匤ned by the Fe-O-Mn superexchange interaction at the interface, and 

the layers become magnetical1y harder. The effect of the Fe-Mn interaction can reach 

only the nearest or second-nearest adjacent layers because the magnetic interaction is 

short range, with the other layers retaining the original LaM:n03 characteristics. 

From these results, the length for conveying the interactions at the interface, i.e., 

correlation length of the spin, is supposed to be less than two layers. 

The magnetization versus temperature curves for LaMn03・LaFe03 artificial 

superlattices (2/2 , 3/3, 11111 sequence) on SrTi03 (100) and on Lめt1nO~ film (LMO) as 



a reference salnple are shown in Fig. 4-6 (a). The 匤set shows the magnetization 

versus telnperature curves of 2/2 super1attices on (100) substrate with d凬ferent cooling 

(zero-field cooling (ZFC) and field cooling (FC)) processes and different magnetic 

fields. For superla抗íces fonned on (100) and (110) substrates, the magnetic propert冾s 

differed significantly from those of (] ] 1) due to the spin frustration effect. For 

super1attices of larger stacking periodicity, the properties of LaMn03 and LaFe03 are 

highly distinct. The properties of LaMn03 appear strongly in the temperat町e range of 

5 ・ 400 K because LaMnO) shows a larger magnetization than the antiferromagnetic 

LaFe03 ・ In contrast to the results froln superlattices on SrTi03 (111) substrates, the 

magnetization and T c of superlattices on (100) substrates decreases as stacking 

periodicity decreases, and the magnetization becomes unsat:urated. The ferromagnetic 

properties of La恥1n03 are weakened by the neighboring LaFe03 layer because the spin 

frustration effect occurs at the Mn-Fe interface. To explain this behavior, 

magnetization versus temperature curves were measured for a 2/2 superlattice at 

different applied magnetic fields (0.005 and 0.1 T) using different cooling processes 

(see inset of Fig. 4-6 (a)). The magnetic behavior differs depending on whether the 

sample is cooled with σC) or without (ZFC) an applied field. A sharp cusp at about 

65 K is observed in the ZFC sample when the applied field is 0.005 T, but this cusp 

loses its sharpness and becomes a broad maximum, and moves to a lower temperature 

when the applied field is increased to 0.1 T. This behavior is one of cIear evidences 

for the spin glass state. The increased spin frustration etTect caused by the reduced 

stacking periodicity leads to the formation of a spin-glass-like phase. This is caused 

by the competition between ferromagnetism in Fle-Mn and Mn-Mn, and 

antiferromagnetism in Fe-Fe. 
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The superlattice formed on (110) substrates with 2/2 stacking periodicity also shows 

spin-glass-like behavior (Fig. 4-6 (b )). The magnetic field was applied parallel to the 

[001] direction in the (110) and (100) superlattices to avoid the magnetic anisotropy 

effects. The magnetization at the glass temperature (Tg) is about 1/3 that ofthe (100) 

superla口ice. This is caused by the larger frustration effect than that of (100) 

superlattices as shown in figure 4・ 1 . The number of bonds where the spin frustration 

effect occurs in the (110) superla口ice is twice as large as that in the (100) superla口lce

per eight-metal unit cell (Fig. 4-1), which correlates well with the suppression of the 

magnetization (112"'_' 113). ln the case of (110) superlattices, the spin frustration effect 

is twice as great as that ofthe (100) superlattice 

(LaFeo.5Mno.503 so1id solution fihn) 

LaFeo.5Mno 503 solid solution film was formed by PLD method as a reference sample. 

The XRD pa口ems for LaFeo.5MnO.503 film formed on SrTi03 (111) substrate are shown 

in Fig. 4・7 . The film showed a singJe phase and had a prefeπed orientation nonnaJ to 

the surface of the substrate. And, two peaks a]so obsen/ed at 19.7 0 and 61.5
0 , 

respectively. It is considered that it is due to the long per10dic features , that is double 

perovskite features (Fe and Mn ions ordered) of LaFeo.5!¥t1nO.503 film. The RHEED 

pa口ems also show streaks indicating that the film is epitaxially fonned on the substrates 

up to the topmost surface (Fig. 4-8). 

The results of n1agnetic measurements are shown in Fig. 4-9. The abrupt increase of 

lnagnetization, which co打esponds to the Curie telnperature (T c), observed in the film at 

about 380 K and the magnetization increased as temperature decreased (Fig. 4・9 (a)). 

On the other hand, the bulk material had no clear phase transition in the temperatl汀e
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range from 50 to 400 K. The clear hysteresis with the coercive field (Hc) of 500 Oe 

was observed at 6 K (Fig. 4・9 (b)). The saturation magnetization (Ms) 仕om the 

hysteresis curve was estimated to be about 1.5μ 。/site ( ー 33 emu/g). It is too small if 

it is due to the ferromagnetic interactions between Fe3+-O-Mn3+ (theoretical estimation 

4 .5μ B/Site) and too large [01' ferrimagnetic interactions (theoretical estimation 0 .5μ 

B/site). It is considered that this is due to the partial ordering of Fe and Mn ions 

(because there are no signs for phase separation in 沼U) pattems) and the b叫K

LaFeo.sMno.s03 has no ordering. The sﾏlnulation of )武D patterns for ordered 

LaFeo.sMno.s03 film was performed and the intensity and positions of superla口ice peaks 

were estimated. The simulated intensity of the superlattice peak as compared with the 

(111) peak (ISd~ l) ))) was 0.8 % and our experimental result was 0.33 %. The ratio of 

ordering of Fe and Mn ions are estimated to be 41.25 %, and Ms is estimated to be 1.86 

μB/Site (=4 . 5μB/site*4 1.25%) from the result. The esti'mation agree well with the 

results of magnetization measurements (Ms . . 1 . 5μ B/Site ). 

The reasons for ordering of Fe and Mn ions in LaFeo.sMnlo.s03 film are considered as 

follows. The reasons for ionic ordering in other wel1 known bulk double perovskite 

(AB'B"03 type-LaMno.sCoO.S0 3, SrFeo.sMoo.S03 etc. : the order ofB' and B" ions in the 

(111) direction occurred naturally) are considered as follow:s. One reason is that large 

difference of ionic size between B' and B" ions and that the other is charge separation 

between B' and B" ions (B '3++B"3+→B時+B"2+ etc.). The first one is omitted 

because the ionic size of Fe and Mn ions are almost the same. The XPSοιray 

photoemission spectroscopy) measurelnents of the films were perfonned to detemline 

the valence number of Fe and Mn ions. The valence number of Mn ions is 3+ and 4ヘ
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and the relative intensity is 2: 1 for 3+: 4ヘ respectively. The valence number ofFe ions, 

is 3+ and 2+, and the relative intensity is 2: 1 for 3+:2+, re:spectively. 1 think that the 

Mn4+ ions appeared for the doping effect for La deficiency [8] and Fe2+ ions appeared 

for the lower oxygen pressure to fonn the films than those in bulk materials. The 

Ellingham diagraln for Mn and Fe oxides are shown in Fig. 4・ 10 . The mixed valence 

state ofFe3+ and Fe2+ are appeared in the conditions around 10・3 Torr (P02) and 600 oc 

(conditions to film formation). It is thought that the charge separation between Fe and 

Mn ions (Fe3++Mn3+• Fe2++Mn4+) cause the partial ordering of Fe and Mn ions. The 

process of film formation stabilize the metastable state. 

The magnetic properties of LaFeo.sMnos03 solid solution film and LaFe03・LaMn03

formed on SrTi03 (111) with 1/1 sequence show different behaviors in spite of the 

similarity of crystal structures. The T c of the superla抗ice (1/1) and LaF向井1no. 503

solid solution film was appeared at about 230 K and 380 K, respectively. 1 think this is 

because the valence number of Fe ions are quite di釘erent in these materials. But, we 

need detailed measurements ()仁PS etc.) to compare the vale:nce state ofFe ions in these 

materials. 

4-4 Conclusion 

To summarize, LaMn03・LaFe03 artificial superlattices 'were constructed on SrTi03 

(1 11), (100) and (110) substrates using PLD methods and their magnetic properties 

were evaluated. The lnagnetization of superlattices constructed on 白e (111) plane 

increased as the stacking periodicity decreased, and the superlattice with 1/1 stacking 

periodicity exhibited ferromagnetic (or ferrimagnetic) behavior. For (100) and (110) 

super1attices, on the other hand, the spin 合ustration effect increased with lower stacking 

-62-



periodicity and spin-glass-1ike behaviors was observed in superlattices with a stacking 

periodicity of less than 3/3 
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Fig.4・ 1 : Schematic models of spin structures in LaMnOγLaFe03 
artificial superlattices grown on (111), (100) and (110) surfaces. In 
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1/1 sequences. 
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ofthe LaMn03-LaFe03 superlattice on the (111) plane 
with 17/17 sequences. 
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Fig. 4-4 : (a) Temperature dependence of Magnetization for LaMn03・LaFe03
superlattices formed on SrTi03 (111) with various stacking periodicity (1/1 ・・ ，
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Chapter 5 

Low dimensional magnets in (110) superlattices 
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5.1 Control of the magnetic and electric properties of low dimensional 

SrRu03-BaTi03 superla“Îces 

Artificial superlattices of SrRu03 and BaTiOj were formed on SrTiOi 110) substrates 

with various stacking periodicity, and their magnetic and electric properties were 

examined. The ferromagnetic Curie temperature and magnetization of the 

superla抗ices decreased as stacking periodicity decreased. Especially, the 

antiferromagnetic behaviors and anisotropy of resistivity were observed in the 2/5 

superlattice. The low dimensional e釘ects appeared remarkably in the 2/5 superlattice. 

5.1-1 Introduction 

Many important researches have been perfoロned on the systems in which the 

magnetic interactions are restricted in one-or two-dimension, that is, the low-

dimensional qu如何m spin system. 1n the system, many quantum effects such as spin-

Peierls transition [1] , Haldane-gap [2], etc. appear remarkably, and these e汀ects have 

attracted many researchers. A lot of studies have been devoted to clari今 the physical 

properties of low dimensionaL quantum spin system, but there still remain unknown 

subjects 
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Especially, the one-dimensional (lD) system is veηinteresting because of their 

quantum properties. There are a few materials which have lD spin structure naturally 

because they have peculiar types of cηstal structures. They are limited to some metal 

oxides such as CuGe03 [3] , NENP [4] , NaV20S [5] , etc. and organic materials such as 

TTF-CuBDT [6] , 1\在EM-(TCNQ)2 [7] , etc.. The control of the carrier densit)ら spln

number, magnitude of the exchange interaction, etc. are a]so not easy in these materials. 

It is thought that the method that allow us to make lo~v dimensional struc印res and to 

control the number of carriers, spin number, etc. of the system 仕切ly brings very large 

impact on the study of low dimensional spin system. The method of the artificial 

superlattice in perovskite-type oxides (AB03) is one of the candidates to satis今 the

demand. The materials with various electronic states, that is, various spin states can be 

formed by the selection of proper A-site and B-site ions in perovskites and the crystal 

structures remain almost unchanged to the substitution of A-site and B-site ions. The 

low dimensional magnetic materials with various spin states can be formed by 

depositing magnetic and nonmagnetic layers altemately with an atomic or molecular 

scale using the method of the artificial superlattice in perovskite type 0氾des (Fig. 5 ・ 1). 

The control of the dimensionality is possible by changing the number of layers of the 

magnetic material, that is, the thickness of the magnetic layer. 
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Such a抗empts had been already performed. 1n these studiesラ the low dimensional 

spin structures were constructed by the c0111bination of magnetic and norunagnetic 

layers epitaxially formed on SrTi03 (100) substrates [8・ 10]. However, the method 

allows us to form two-dimensional spin structure at rnost because the SrTiOl100) 

surfaces have the isotropic feature (we can not make one-dimensional magnets by the 

method). The path composed by B-site ions and oxygen (B・O-B・o chain) exist two 

dimensionally in the (100) surface (Fig. 5-2 (a)). However, it on1y exists in one 

direction on the (110) surface (Fig. 5-2 (b)). The two-dimensional feature of (100) 

surfaces and one-dimensional features of (110) is called isotropic and anisotropic, 

respectively in this study. 

In this study, 1 paid attention to the anisotropy of perovskite (110) surfaces and tried 

to form one-dimensional magnetic materials by the magnetic-nonmagnetic artificial 

superla出ces formed on SrTiOl11 0) substrates. 

The SrRu03 and BaTi03 were selected as starting materials. The SrRu03 is one of 

the ferromagnetic materials with the Curie temperature (T c) of 140 ・ 150 K and show 

metallic behaviors [11 ・ 13]. It has a low spin structure (S=1) due to its relatively weak 

correlating interaction. The BaTi03 is one of well known ferroelectric material , that is, 

nonmagnetic insulator [14]. 1t used as the spacer layer of SrRu03 ・ The reduction of 
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the dimensionality of SrRu03 layer by the formation of magnetic-nonlnagnetic 

super1attice is expected to affect both electric and magnetic properties. 

These are the concepts of the material design to make one-dimensional magnetic 

materials. Artificial superlattices with various stacking sequences were also fonned to 

determine the region where the low dimensional effects appeared, and their physical 

properties are examined simultaneously. 

5.1 ・2 Experimental 

Artificial super1attices were fonned on SrTi03 (110) substrate by stacking SrRu03 

and BaTi03 layers using a multi-target pulsed laser deposition (PLD) technique [15 ・ 16].

The SrRu03 and BaTi03 targets were prepared by standard ceramic techniques. Al1 

the films were formed at 720 ・ 750 oC in an oxygenlozone (8%) ambient pressぽe of 1 

X10・3 Torr with an energy density of 1 ・ 2 J/cm2. The deposition rate was 10 -20 ﾂ 

/min. The total thickness of the films was 800 ・ 1000ﾂ. The thickness of individual 

layers were controlled by the number of laser pulses (The deposition rate were 

calibrated against the number of laser pulses combined with ref1ection high energy 

elec甘on di飴action (RHEED) measurements). The structぽe of the lattice was 

characterized by X-ray diffraction (2 e ・ e scan) using a Cu-Kαsource (Rigaku 



RINT 2000). Surface morphology was observed by atolnic force lnicroscopy (AFM : 

Digital Instruments-Nanoscope III). Magnetic lneasure1ments were perfonned using a 

commercial superconducting quantum interference device (SQUID) magnetometer 

(Quantum design :MPMS植5S) with the magnetic field applied parallel to the film plane. 

Resistivity measurements were carried out using the standard four probe technique. 

5.1-3 Results and Discussion 

The crystal structures of the SrRu03 and BaTi03 on SrTi03 (110) substrates were 

studied using 2 e ・ e X-ray di飴action (XRD) (Fig. 5 ・3 ). All the films showed a 

single phase and had a preferred orientation normal to the surface of the substrate 

(く110> direction). 

The results of magnetic and electric measurements of SrRu03 single phase film 

formed on SrTi03 (110) are shown in Fig. 5-4. The abrupt increase in magnetization 

vs. temperature (M-T) curve and the cusp in resistivi~y vs. temperatぽe (R-T) cぽve

appeared at about 140 K, which considered to be the Curie temperature (T c). The T c 

of 140 K is almost the same with that of bulk SrRu03 [11 ・ 12].

The superlattices of SrRu03 and BaTiO) were formed on SrTi03 (110) substrates with 

various stacking periodicicy (5/5 : five-layers by five-layers, 11111 , 25/25). The crystal 



struct町es of the superlattices were examined by )伎D lneaSぽements (Fig. 5-5). 

TypicaI features of the superlattice were observed in the superlattices. SateIIite peaks 

can be observed adjacent to the lnain (110) and (220) peaks, indicating the chemical 

nlodulation and/or strained interfacial profile of the superIattice structures. From the 

position of the peaks, the lnodulation wave length of the superlattices was estimated to 

be 32, 60 and 138ﾂ for 5/5, 11111 and 25/25 superla抗ices， respectively, which agree 

well wﾎth 0ぽ designed sequence (5/5 for 28Â , 11/11 for 62Â , 25/25 for 140ﾂ). The 

absence of higher order satellites indicates the existence of thickness variation of 

SrRu03 and BaTi03 layers. 

The reflection high energy electron di飴action (RI-ffiED) measurements show 

streaked pattems indicating that 白e superlattices are formed epitaxially on 出e

substrates up to the topmost surface (Fig. 5-6). These results of X-ray diffraction and 

RHEED pa抗ems indicate that the SrRu03-BaTi03 superlattices are well constructed as 

desired. 

The AFM surface image and cross-sectional view is taken for SrRu03-BaTi03 

superlattices with a 5/5 stacking periodicity (Fig. ふ7). The root-mean-square 

roughness perpendicular to the surface (scanning area. 1μmXlμm) and the 

average roughness is 0.7 and 0.5 A (less than 1 unit layer), respectively. Surface 
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morphology is very good and it is considered that lnultilayered systelTIS are constructed 

by good quality layers. 

The M-T curves of the superlattices with various stacking periodicity (two-layer of 

SrRu03 and five-layer ofBaTi03・2/5 ， 5/5, 11 / 11 , 25/25 and 45/45) are shown in Fig. 5・8 .

The magnetic field of 0.2 T were applied in <001> direction for the 5/5, 11111 , 25/25 

and 45/45 superlattices and 1 T for the 2/5 superla抗ice . The magnetization and the T c 

(140 圃 150K) of 45/45 and 25/25 superlattices, which have larger stacking periodicity, 

was almost the same with those of the SrRu03 single phase film. In the case of 5/5 and 

11/11 superlattices, which have smaller stacking periodicity, the magnetization and the 

T c decreased as stacking periodicity decreased. EspeciaUy, in the M-T curve of the 2/5 

superla口ice， the cusp feature appeared at around 250 K, which is considered to be 

antiferromagnetic Neel temperature (TN) (Fig5-8 inset). These results are due to the 

reduction of dimensionality of the magnetic SrRu03 layers. These antiferromagnetic 

behaviors of the 2/5 superla口ice agree well with those of Sr2Ru04 and Sr3Ru207 (layered 

perovskite-type oxides) which have naturallow dimensional perovskite structure [17]. 

The R-T cぽves ofthe superlattices (5/5, 11111 , 25/25 and 45/45) are shown in Fig. 5-

9 (a), and the enlargement ofthe R-T curve of 11111 superlattice is shown in Fig. 5 ・9 (b). 

In 45/45 and 25/25 superlattices, the metallic features -w'ere observed and the anomaly 
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appeared at around 150 K. These behaviors resemble with those of SrRu03 single 

phase film (Fig. 5-4 (b )). The ferromagnetic and metal1ic features remains almost 

perfect1y in 45/45 and 25/25 superlattice. On the other hand, the 5/5 superla枕lce

shows semiconductive behaviors, and the 11111 superlattice shows behaviors from 

metallic to semiconductive at around 150 K. These results of magnetic and elec甘lC

measurelnents show that the ferromagnetic and metallic properties of SrRu03 begins to 

collapse from around the 11 layers, that is, the thickness of around 30 A because of 

the reduction of dimensionality of the magnetic layer. 

The R-T curves of 2/5, 5/5 and 45/45 superlattice along く001> and < 11 0> directi ons 

are compared (Fig. 5 ・ 10). In the case of the 5/5 and 45/45 superlattice, the R-T curves 

along く001 > and く 110> directions were almost overlapped. This means that the 

conductivity are almost isotropic. The anisotropy of conductivity appeared in the 2/5 

superlattice. The resistivity along く 110> direction is one order larger than that along 

く001> direction. The anisotropy is caused by the reduction of dimensionality of the 

SrRu03 layer and appeared remarkably in the 2/5 superlattice. 

The effects of lattice strain were also considered because the lattice mismatch 

between SrRu03 and BaTi03 is relatively large (主1. 5 0/0). The lattice constants and Tc 

against the number of SrRu03 layers of the superla口ices are plotted in Fig. ふ 11. It 
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seems that the behaviors of lattice constants and T c well correlated and that the sudden 

decrease of T c around 11 layers 﨎 caused by the increase of lattice constantsヲ that is, 

lattice strain effects. 

These results were compared with those of the layered perovskite [17] and SrRu03・

SrTi03 superlatt兤es formed on SrTi03 (100) [8・9] which has little lattice mismatch (主

0.6010). In these studies, the ferromagnetism of SrRu03 collapsed 合om 3 ・ 4 unit cell 

layers, that is the film thickness of 12 -15 A. In OU1 system, the ferromagnetism 

collapsed from 11 layers, that is the film thickness of about 30 A. 1 cons冝er this 

early breakdown of ferromagnetism is mainly due to the lattice strain effects. The 

formation of SrRu03-SrTi03 superlattices on SrTi03 (110) is needed to clari今 the

effects of the lattice strain. 

5.1-4 Conclusions 

The artificial superlattices of SrRu03 and BaTi03 were formed on SrTi03 (110) 

substrates w� various stacking periodicity and their magnetic and electric properties 

were examined. The ferromagnetic and metallic features of SrRu03 began to collapse 

from 11 layers. Especially, the antiferromagnetic behaviors and anisotropy effects of 

resistivity were observed in the 2/5 superlattice. It is thought that these behaviors are 
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due to both the reduction of dﾌll1ensionality of the SrRu03 layer and lattice strain 

between the interfaces of SrRu03 and BaTi03 ・
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6 General Conclusion 

The artificial superlattices of perovskite-type transition lnetal oxides (AB03) have 

been fonned by a pulsed laser deposition (PLD) technique combined with the control of 

the stacking direction by the selection of the surface of the substrate [(1 00), (111) (110)]. 

Their physical properties can be control1ed by managing the a汀angement of B-site ions 

in my works. Especially, magnetic super1attices have been well studied in lny works. 

1n chapter 3, the a口elnpt to construct new magnetic materials (LaFe03-LaCr03 

superlattices) using the method of the artificial superlattice combined with the control of 

stacking directions was described. Antiferromagnetic behaviors were observed in al1 

the films deposited on (100) and (110) substrates and the T N changed systematically as 

the stacking periodicity changed. The superlattice on a (111) substrate with 1/1 

sequence, on the other hand, exhibited ferromagnetic character. Though the total 

number of Fe and Cr ions are same in (l 00), (110) and (111) superlattices, quite 

different magnetic character can be created in the artificial superlattices. 

In chapter 4, the concept of artificial introduction of spin frustration was proposed. 

The artificial superlattices of ferrolnagnetic LaMn03 and antiferromagnetic LaFe03 

were constructed on SrTi03 (111), (100) and (110) substrates and their magnetic 
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properties were cOlnpared. The magnetization of superla口ices constructed on the (111) 

plane increased as the stacking periodicity decreased, and the superlattice with l/l 

stacking periodicity exhibited ferromagnetic (or ferrimagnetic) behavior. In the case of 

the superlattices formed on the (100) and (110) surfaces, on the other hand, the spin 

frustration was introduced by the spin cOlnpetition at the interface of ferromagnetic 

LaMn03 and antiferromagnetic LaFeO) layers. And spin-glass-like behaviors was 

observed in superla抗ices with a stacking periodicity of less than 3/3. The control of 

the strength of the spin frustration is possible by the control of stacking sequence and 

direction. In the case of (110) superlattices, the strength of the spin frustration e任ect

was about roughly twice as large as that of the (100) superlattice. 

In chapter 5, the proposal for its formation of low dimensional (one-d�ensional) 

perovskite-type lnagnetic materials by means of the artificial superlattice on (110) 

substrate was given. The artificial superla抗ices of ferrolnagnetic SrRu03 and 

nonmagnetic BaTi03 were formed on SrTiO) (110) substrates with various stacking 

periodicity and their magnetic and electric properties were exalnined. The 

ferromagnetic and metallic features of SrRu03 collapsed from 11 layers. Specially, the 

antiferromagnetic behaviors and anisotropy of resistivity were observed in the 2/5 

superla口ice. It is thought that the behaviors are due to the complex effect of low 
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dimensionality of SrRu0
3 
layers and lattice strain effects the interfaces of SrRu03 and 

BaTi03 ・ 1 believe the low-dimensional lna伊etic lnater:ials will be fonned by this 

lnethod freely in the near future. 

1n lny studies, various types of perovskite-type magnetic superlattices were fonned 

using PLD method combined with the con甘01 of staking di.rection. The concept of the 

control of the staking direction has never been performed in perovskite-type 

superlattices in the previous repo口s . The variation of materials design in the field of 

perovskite-type superlattices have been enlarged by the method. It is thought that the 

novel materials with various atOInic a汀angelnents and phy:sical properties are fabricated 

by the method successively. 

-104-



Chapter 7 

Appendix 

-105 ・



7.1 Coexistence of ferroelectricity and ferromagnetism in BiFe03・

BaTi03 thin films at room temperature 

(Bio.7 Bao.3) (FeO.7 Tio.3)03 fihns have been constructed on Nb-doped SrTi03 (100) by 

the pulsed-laser deposition technique, and their physical properties have been examined. 

The films exhibit both ferroelectricity and ferromagnetisln (weakferromagnetism) with 

Pr=2 . 5 μ C/cm2 and Mr=0.2 emulg at room temperature. The film-thickness 

dependence of their lnagnetic and electric properties (size effect) is also discussed 

simultaneously. The dielectric constants of the films decrease with reducing filmｭ

thickness below 1000 A. The magnetic Curie ten1perature of the films , on the other 

hand, does not change at all down to 250 A. 

7.1-1 Introduction 

Perovskite type transition metal oxides have treasure boxes for variety of physical 

properties. Pb(Zr, Ti)03' BaTi03, etc. have been well known for their fe汀oelectricity

and used as nonvolatile memory applications. On the other hand, (La, Sr)Mn0 3, 

T12Mn20 7, etc. have well studied for their colossal magne:toresistance (C~尽) properties. 

Unfortunately, however, these materials have been studied independently so far. The 

ferroelectric and ferromagnetic materials are very interesting not only for applications 

but also fr01n the view point of material science. It will be expected to fonn a new 

type melTIory by combination of ferroelectric and ferrOlnagnetic materials. For 

example, it is possible to lnake the lnemory device in which the magnetic properties 
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changed by lattice strain effect of ferroelectric materials. 

It has been reported that perovskite type bulk materials, such as BiFe03 [1] , shows 

fe汀oelectricity and fe汀omagnetism (ferrimagnetism, weakferromagneti sm) 

siInultaneously [2・3]. But, a few results on thin films which shows both 

ferromagnetism and fe汀oelectricity have been reported. Fujii et al. formed the solid 

solution film of BiFe03, which shows both weakferr01nagnetism and ferroelectricity, 

and BaTi03 (or Pb(Zr, Ti)03)' one of typical perovskite type ferroelectric lnaterials, and 

examined physical properties of the film [4・5]. As deposited BiFe03-BaTi03 solid 

solution film was amorphous like and the film becalne polycrystalline after annealing 

treatInent. Coexistence of ferromagnetisln and fe汀oelectricity was observed in the 

film. Fe203・Bi203-PbTi03 solid solution alnorphous films were formed by the same 

group and the coexistence of both ferrolnagnetism and feπoelectricity was also 

confirmed [6-7]. But, these films are amorphous like and the origin of ferromagnetism 

and fe汀oelectricity is not distinct for uncleamess of their crystal structures 

In this study, (001) oriented (Bio.7 Bao.3) (FeO.7 Tio.3)03 films were fonned on Nb doped 

SrTi03 (100) substrates by the pulsed-laser deposition technique and their physical 

properties were examined. Materials with crystalline phase such as oriented films are 

desirable to clarifシ the origin of ferromagnetic and ferroelectric properties. And, the 

film-thickness dependence of dielectric and lnagnetic properties (size effect) was also 

studied. 

7.1 ・2 Experimental 

All the fihns were fonned on Nb-doped (0.5 wt%) SrTi03 (100) substrates by the 

pulsed-laser deposition technique. The laser was operated in ArF excﾌ1ner 
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(wavelength : 193 nm) with an energy density of 0.5 J/c1m2
. (Bio.7 Baa.3) (FeO.7 Tio.3)03 

targets were synthesized by mixing proper molar ratio of Bi20 3, Fe203 and BaTi03 

powders (10・lno1 % of Bi203 wjth respect to bislnuth in BiFe03 was supplemented to 

compensate the evaporation 10ss) and sintering at 670
0

C for 24 hours with intennediate 

grinding. BaTi03 powder was added into BiFe03 to redluce a leakage current of fihns. 

Al1 films were fonned at 570
0

C in an oxygen/ozone (8%) alnbient press町e of 3mTorr 

with the deposition rate was 10・20 A/min, and post annea1ed at 4500

C for 1 hour under 

flowing O2 ・ The lattice parameters of the films were measured using 2 e ・ e X-ray 

dif:企action and four circle X-ray difì合action methods. Electric properties, such as 出e

dielectric constant and 10ss tangent, were measured using impedance analyzer (Hew1ett 

Packard; 4194A). Nb-doped SrTi03 (l00) substrates are used as bottom electrode and 

the upper Ag electrode was fonned by vacuum evaporation. Ferroelectric hysteresis 

100ps were observed using Sawyer-Tower circuit of our own made. Magnetic 

lneasぽements were perfonned using a SQUlD magnetorneter (Quantum design 恥1PMS・

5S) with the magnetic field applied parallel to the film plane. 

7.1-3 Results and Discussion 

Figure 下1 shows X-ray diffraction pole fi別re scan and φ-scan for ( 111) planes of a 

(Bio.7 B~.3) (FeO.7 Tio.3)03 film with 1000 A in thickness. Only four sharp peaks are 

observed showing the film has very good in-plane variaﾜon. 

The frequency variation (100 Hz to 1 孔任Iz) of the dielectric constants ( E r) and loss 

tangent (tan � ) of the (Bio.7 BaO.3) (FeO.7 Tio.3)03 fihn (2000A) are shown in Fig. 7-2. 

The E r and tan � do not show remarkable change in the whole 合equency range and 
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show ahnost constant va)ue of 56 and 1.5 %, respectively. 

Figure 7・3 (a) shows the dielectric hysteresis loop of (Bio.7 Bao.3) (FeO.7 Tio.3)03 film 

(3000 A) at rOOln telnper剖ure . Clear hysteresis behavior indicates ferroelectric 

character ofthe film. The remanant polarization (Pr) is 2 .5μ C/cm2 and coercive field 

(Ec) is 533 kV/cm. (Ferroelectric properties of the BaTi03 film, prepared using the 

same technique to confirm the adequacy of the large Ec, were measured to be one-fifth 

of that of (Bio 7 Bao.3) (FeO.7 Tio.3)03 film. BiFe03 films also show clear hysteresis, and 

Pr is 4 .0μ C/cm2 and Ec is 20 kV/cm, respectively [8].) The observed Ec is very large 

compared to other ordinary perovskite-type ferroelectric materials such as BaTi03 

though the (Bio.7 Bao.3) (FeO.7 T~.3)03 films have good crystallinity and no impurity phase. 

Therefore, it is speculated that the large Ec is caused by following two reasons. One is 

that the Ec of ferroelectric mater僘ls including Pb or Bi are general1y large, and the other 

is that the increasing of the number of ferroelectric dornain boundaries which restricts 

reversing of polar坥ation. 

Magnetic hysteresis curve of the film is shown in Fig. 7・3 (b). Clear hysteresis is 

observed at room temperature, too. The saturation magnetization (Ms) of the film is 

estimated to be 2 emulg ( '.0 . 1μß/site) from hysteresis curve measured at 6 K. The 

origin of small Ms is unclear. 

It was tried to find the valence numbers ofB-site ions ,such as Fe and Ti, using the X同

ray photoelectron spectroscopy (XPS) measurements. The valence nU1nber of Ti ions 

was found to be almost 4+ (binding energy : 458.4 eV). Two kinds ofvalence numbers, 

2+ (binding energy : 709.4 eV) and 3+ (binding energy : 710.9 eV), were observed for 

Fe ions. 1t seelllS that Fe ions have two different valence numbers because of the 
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oxygen deficiency. 

There are two possible explanations for the origin of spontaneous magnetization 

below 380K One is magnetic interactions between Fe3+ -Fe2
+ and the other is 

weakferromagnetism of BiFe03. But, more experiments are needed to clari今 the

origin of ferromagnetisln. 

The results described above show that fe汀oe1ectricity and ferromagnetism 

(weakferromagnetism) coexist simu1taneously in the film at room temperature. 

Coexistence of fe汀oelectricity and ferromagnetism in the same material give us the 

possibility to form a new type memory. Furthermore , we can discuss the physical 

properties such as fe汀oelectricity and ferromagnetism at the same tirne. 

Thickness dependence of the ferroelectric and ferromagnetic properties (size effect) 

was also measured in the (Bio.7 Baω) (FeO.7 Ti0.3)03 fihns. The thickness of the film is 

varied 合om 250 to 3000 ﾂ . The dielectric constants ( E r) and magnetic Curie 

temperaωres (T c) of the films with different thickness (250・3000 ﾂ) were compared 

and the a and c-axis lattice constants were estimated frorn the X-ray measurements (2 e 

・ e scan and φ-scan). These results are exhibited in Fig. 7-4. The E r decreases 

remarkably with reducing the thickness when the film-thickness becomes thinner than 

1000ﾂ (Fig. 7-4(a)). On the other hand, the ferromagnetic Tc keeps almost constant 

values in the whole thickness range (Fig. 7-4(b )). The a-axis lattice constant decrease 

and c-axis lattice constant increase with decreasing the thickness (Fig. 7-4(c)). 

The size effect of ferroelectric films such as BaTi03 etc. were studied by many 

researchers from theoretical and experimental points of view [9-12]. Some possible 

explanations were proposed such as the lattice stress effects due to the lattice mismatch 
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in the interface [13] and the layer effects between a substrate and a filrn which has a low 

dielectric constant [14]. In bismuth-based layer-structured ferroelectric system, we 

have reported that the size effects also exist even in the case when the above-rnentioned 

two effects were relnoved [15]. It was elnphasized 1that the surface effect is also 

irnportant in the paper. 

In this letter, the size effect of ferroelectricity and fe汀omagnetism has been 

interpreted lTIainly froln the viewpoint ofthe lattice stress effect. But, we think that the 

decreasing of E r and constant value of the rnagnetic Curie ternperatures are originated 

from the both lattice stress and surface effect 

Yano et al. said that the size effect ofBaTi03 thin filnrl is caused by two-dimensional 

stress due to the lattice mismatch between substrate and 'film [13]. Behaviors of E r in 

our systern are very sirnilar to their results. We also 出i此 that the uniaxial lattice 

stress cause the size effect for E r" On the other hand, as for magnetic interactions, the 

effect for decrease of lattice constant a and increase of c are alrnost cancelled out and T c 

show almost constant values. 

7.1-4 Conclusion 

In summary, we have fabricated (Bio.7 Bao.3) (FeO.7 Tio.3)03 solid solution films by 

pulsed-laser ablation technique. The films exhibit both fe汀oelectricity and 

ferromagnetislTI (weakferromagnetism) above room temperature. Clear ferroelectric 

and ferrornagnetic hysteresis loops were observed. The Pr is 2 . 5μC/cln2 and Ec is 

533 kV/cm, and the residual magnetization (~) is 0.2 emulg and coercive field (Hc) is 

200 Oe, respectively. Film-thickness dependence of electric and rnagnetic properties 
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(size effect) is also exatnined. The dielectric constants of the film decreases with 

reducing the film-th兤kness and the magnet兤 Curie temperature is almost constant 

independent of the film-thickness. 
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