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i
Abstra
t
The present thesis is a study on the 
-axis epitaxial growth and 
hara
terization for thin�lms of 
olossal magnetoresistive layered manganates. Along the 
-axis, the 
rystal stru
tureof these materials 
an be regarded as a sta
k of spin tunnel jun
tions. This feature endowsthe layered manganates with te
hnologi
ally attra
tive properties. For instan
e, it produ
espe
uliarly high magnetoresistan
e e�e
ts. Towards the extra
tion of these ideal spin tunneljun
tions for a detailed study of spin tunneling phenomena, this work studies the 
-axisepitaxial growth for layered manganate thin �lms. The grown �lms are 
hara
terized inorder to assess their quality and 
on�rm their appli
ability to the study of spin tunneling.The 
rystal stru
ture of the layered manganates is based on the perovskite stru
ture.Depending on the 
hemi
al 
omposition, these materials form in di�erent 
rystal stru
tures
alled the Ruddelsden-Popper series. In the La-Sr-Mn-O system, their general 
hemi
alformula is (La,Sr)n+1MnnO3n+1 (n, integer). In the 
ase of n =1, the 
hemi
al formula be-
omes (La,Sr)MnO3, and the 
rystal stru
ture is redu
ed to the simple perovskite stru
turewithout 
rystal anisotropy (LSMO113). When n � 1, the 
rystal stru
ture along the 
-axisbe
omes a sta
k of n LSMO113 magneti
 layers separated by a non-magneti
 insulating(La,Sr)O layer. This results in a highly anisotropi
 stru
ture. In the present study, be
auseof its intrinsi
 spin tunneling 
hara
teristi
, the layered manganate (La,Sr)3Mn2O7 of n = 2is the main resear
h subje
t. The epitaxial growth and 
hara
terization of LSMO113 �lms,however, is studied �rst be
ause it is of great value when analyzing and dis
ussing the prop-erties of LSMO327 thin �lms. Then, the 
-axis epitaxial growth of LSMO327 thin �lms isstudied. It is shown that in order to a
hieve the 
-axis epitaxial growth of layered man-ganate thin �lms, 
ontrol of the deposition rate is 
ru
ial (e.g., � 0:8 nm/min at 760 ÆC).The obtained 
-axis epitaxial thin �lms at this stage are 
hara
terized, and it is 
on
ludedthat they 
ontain about 40% of defe
ts typi
al to this system, i.e., intergrowths from theLSMO113 and LSMO214 (n = 1) phases. The quantitative method for 
hara
terizing theseintergrowths is also presented. Next, it is shown that partial substitution of Mn for Cu (Cudoping) is e�e
tive in improving the 
-axis epitaxial growth of layered manganate thin �lms.The e�e
t of Cu-substitution on the ele
troni
 properties is also studied. Finally, using anew sputtering 
on�guration, 
-axis epitaxial layered manganate thin �lms with an amountof intergrowths less than 20% are grown and 
hara
terized. These �lms have magneti
 andele
tri
al properties 
lose to those of the bulk. They are suitable for intrinsi
 spin tunneling



ii Abstra
tstudies su
h as those based on small mesa stru
tures fabri
ated on �lm's surfa
e.After giving some ba
kground on this study in Chapter 1 and explaining the used exper-imental methods in Chapter 2, the epitaxial growth and 
hara
terization of LSMO113 thin�lms is des
ribed in Chapter 3. The relation between the �lm growth and the sputtering
onditions is studied. The ele
tri
al and magneti
 properties of the �lms are 
hara
terizedand the optimal epitaxial growth 
onditions are determined. It is shown that epitaxialthin �lms grown at 820 ÆC have the best 
rystalline quality 
ompared with those grown atlower substrate temperatures. When these �lms are annealed in oxygen at 900 ÆC, theyshow magneti
 and ele
tri
al 
hara
teristi
s 
omparable to those of bulk single 
rystals.LSMO113 thin �lms thus grown show streaky RHEED patterns that indi
ate that theirsurfa
e is 
onsiderably smooth, and that they are suitable for multilayer �lm fabri
ation.Exploiting their full spin polarization property, LSMO113 epitaxial thin �lms, 
ombinedwith high-T
 super
ondu
tor thin �lms, are used to fabri
ate a spin-inje
tion devi
e.In Chapter 4, the 
-axis epitaxial growth and 
hara
terization for the layered manganate(La,Sr)3Mn2O7 are studied. It is shown that at 820 ÆC, only a-axis thin �lms 
an be grown.After re
onstru
tion of the heater blo
k, 
-axis thin �lms appear at substrate temperaturesabove 900 ÆC. However, their 
rystalline quality is very poor, and therefore, the depositionrate is de
reased in order to improve the 
-axis epitaxial growth. It is shown that the�lm quality is largely improved by de
reasing the growth rate from 25 to 0:8 nm/min. Themagneti
 and ele
tri
al properties are, however, far from the bulk ones and the surfa
e of the�lm shows many pre
ipitates be
ause the �lm 
ontains many intergrowths su
h as LSMO113and LSMO214. Then, a quantitative method for 
hara
terizing these intergrowths based onX-ray di�ra
tion (XRD) experiment and simulation is developed. The results indi
ate thatthe above 
-axis LSMO327 epitaxial thin �lms 
ontain about 40% of intergrowths. Basedon these results, the 
-axis epitaxial growth for the layered manganates and the propertiesof the grown �lms are dis
ussed.In Chapter 5, the e�e
ts of Cu-substitution of Mn on the 
-axis epitaxial growth and onthe properties of layered manganates are studied. Cu-substitution fa
ilitates the fabri
ationof sputtering targets for the manganates, but most importantly, it lowers their meltingpoint. Therefore, the atom's migration is fostered at the growing �lm surfa
e. This is of
ru
ial importan
e for the 
-axis epitaxial growth. It is shown that, as expe
ted, the 
-axisepitaxial growth is improved by introdu
ing Cu. This improvement and the e�e
t of Cu onthe ele
troni
 properties of layered manganates are dis
ussed.In Chapter 6, in order to grow better 
-axis epitaxial layered manganate thin �lms, anew sputtering 
on�guration is proposed. By pla
ing an intermediate plate between thesputtering target and the substrate, the high-energy parti
les that exist during sputteringare suppressed. Thus, it 
an be said that the �lm growth takes pla
e in a mild environmentfree from disturban
es. Using this 
on�guration, 
-axis epitaxial layered manganate thin�lms with intergrowth 
ontents less than 20% are a
hieved. The ele
troni
 properties ofthese thin �lms are 
lose to those of bulk single 
rystals.



iiiIn Chapter 7, the results obtained in this study are summarized with 
on
lusions.
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1
Chapter 1Ba
kground
1.1 Introdu
tionThe modern world relies on ele
troni
s in almost every aspe
t of life. One 
an hardlyimagine life without ele
tri
 light bulbs, mobile phones, or 
omputers, just to name a few.Most of our daily life is now based in a form or another on the work of ele
trons. Ele
troni
shas signi�
antly improved our life, and a signi�
ant part of the pri
e that we pay in returnis the produ
tion of ele
tri
al energy ne
essary for the operation of the ele
troni
 devi
es.Therefore, as the need for ele
troni
 fun
tions in
reases, so is the need for ele
tri
al energy.As su
h, ele
troni
 devi
es that 
onsume power as less as possible will be always soughtafter.Using the ele
tron's spin property is a way to redu
e energy 
onsumption and, at thesame time, to invent some new ele
troni
 fun
tions (still) using ele
trons. A general lookat ele
troni
s shows that almost all of the devi
es perform their fun
tions by 
ontrollingthe ele
tron 
ow, exploiting the ele
tron's 
harge property. As is known, the ele
tron isele
tri
ally 
harged with a negative 
harge of �e = �1:6�10�19 C. However, the ele
tronhas also another property, i.e., spin. Spin is purely a quantum-me
hani
al 
on
ept. One
an make an analogy between the ele
tron's motion around the nu
leus and the earth'smotion around the sun. As earth rotates around itself, the ele
tron also rotates arounditself, and for this spinning motion, quantum me
hani
s asso
iates a dis
rete value of themagneti
 moment (spin) � = �e�hs=m, where s 
an take only two values �1=2 [1℄. A
tually,ele
troni
s has been using this property, but indire
tly. Magneti
 materials have been usedin many ele
troni
 appli
ations, and it is the spin property of the ele
tron that produ
esthe material's magneti
 properties. For instan
e, for most of the ferromagneti
 materials,say, Fe, Ni, Co, their alloys, and also for the manganates studied in the present thesis, the
ontribution from the orbital magneti
 moment is negligible, and the 
ontribution of spinto magnetism is the most important [2℄. Ele
troni
s has only been using the spin without
ontrolling it. Re
ently, however, the 
ontrol of the 
ow of ele
trons using the ele
tron'sspin property has been demonstrated and established, as re
ently dis
overed using magneti




2 Chapter 1. Ba
kgroundmaterials or multilayer thin �lms [3{5℄.Using magneti
 materials is better than using, for example, semi
ondu
tors, be
ausemagnetization is not volatile. This leads to new devi
es with mu
h lower power-
onsumption
hara
teristi
s. It also leads to many new fun
tional devi
es su
h as the tunneling mag-netoresistive (TMR) devi
e [3{5℄. As shown in Fig. 1.1, the TMR devi
e 
onsists of twometalli
 and ferromagneti
 layers separated by a thin insulating non-magneti
 layer thatforms the tunneling barrier. As the resistan
e depends on the relative dire
tions of themagnetization of the ferromagneti
 layers, parallel and antiparallel dire
tions yield two dif-ferent resistan
es, whi
h 
an be asso
iated to the \0" and \1" bits. This has 
reated vitallyimportant ele
troni
 produ
ts. For example, hard-dis
 drives with high storage 
apa
itiesex
eeding 100 Gb/in2 are now 
ommon and have been possible thanks to high performan
esmall magneti
 read-heads based on TMR (Fig. 1.2) [3, 5{15℄. Developments in this �eldare reporting 100% in
rease in density every year. Another important appli
ation of TMRis the magneti
 random a

ess memory MRAM [3, 4, 16{18℄. A stru
ture of MRAM isshown in Fig. 1.3. As shown in Table 1.1, MRAM has all the advantages of other memories,namely, non-volatility, high density, and fast a

ess time. Therefore, it has the potentialto be
ome a universal memory. MRAM of 4 Mbits density is being 
ommer
ialized, andMRAM as large as 16 Mbits also has been produ
ed. Further developments are 
arried outin many major semi
ondu
tor 
ompanies.Many other spintroni
 appli
ations have been dis
overed. Magneti
 �eld sensors areanother appli
ation of spin-dependent devi
es. These devi
es have sensitivities of a ten and afew Gausses that 
ompete with Hall devi
es but they provide a larger output signal [3℄. Spin
urrents 
an also generate mi
rowave signals. This e�e
t was predi
ted in the 1990s, and wasre
ently 
on�rmed experimentally [19, 20℄. Spin 
urrents inje
ted into magneti
 multilayershave produ
ed signals in the GHz range with power in the range of pW with 
urrents inthe mA range inje
ted into stru
tures with about 7000 nm2 area. This has advantagesbe
ause it provides the possibility for nanos
ale mi
rowave sour
es that 
an be tuned byinje
ted 
urrents and by applied magneti
 �elds [21℄. Spin �eld e�e
t transistors also havebeen proposed, where the 
olle
tor and emitter are ferromagnets. This transistor usesthe 
hange due to spin-orbit 
oupling upon appli
ation of the gate voltage. Thus the spindire
tion is 
ontrolled by the gate voltage. Other variations like the all-metal spin transistorand the ferromagneti
 single ele
tron transistor have been suggested and experimentallystudied [3, 4, 22℄. Advantages of these devi
es in
lude their high speed operation be
ausethe 
ontrol of swit
hing magnetization is of the order of nanose
onds and the 
ontrol ofspin with gate voltage is estimated to be in the pi
ose
onds. Light emission devi
es (LED)that rely on the inje
tion of spin 
urrents have also been demonstrated in ferromagneti
semi
ondu
tor stru
tures [3, 23℄. Analysis of the polarization of the emitted light provides away to �nd the polarization of the inje
ted ele
trons and 
he
k the spin inje
tion eÆ
ien
y.There is also another important appli
ation of spin. As it de�nes the quantum state of aparti
le, the 
ontrol and manipulation of this quantum state provides a way to realize a
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BL1

BL2

BL3

DL1 DL2 DL3 WL3WL1 WL2 Ferromagnetic

layer

Insulator

Ferromagnetic

layer

Figure 1.3: Cell stru
ture of a magneti
 random a

ess memory (MRAM). BL: bit line,WL: word line, DL: digit line.
Table 1.1: Comparison of MRAM with other memory te
hnologiesa [25℄.SRAM DRAM FLASH FRAM MRAMRead Fast Moderate Fast Moderate Moderate-fastWrite Fast Moderate Slow Moderate Moderate-fastNonvolatile No No Yes Partiallyb YesEnduran
e Unlimited Unlimited Limited
 Limitedb UnlimitedRefresh No Yes No No NoCell size Large Small Small Medium SmallLow voltage Yes Limited No Limited YesaBold letters indi
ate undesirable attributes.bDestru
tive read and limited read/write enduran
e.
Limited write enduran
e.



1.2. Magnetoresistan
e 5quantum 
omputer, whi
h is mu
h faster than all 
urrent 
lassi
al 
omputers. Use 
an bemade of ele
tron or nu
lear spin in semi
ondu
tor stru
tures be
ause of the large 
oheren
etime in semi
ondu
tors (of the order of ns). The states of spin 1=2 parti
les are two-levelsystems and form the quantum bits (qubits) [3, 9, 24℄.The present study is related to how ele
tron spin 
ontrols ele
tri
al resistan
e, i.e., mag-netoresistan
e, and is on materials that exhibit pe
uliarly high magnetoresistan
e values.Therefore, some ba
kground on magnetoresistan
e and on these materials, i.e., the man-ganates, is given in the following se
tions.1.2 Magnetoresistan
eMagnetoresistan
e (MR) is the 
hange of a material's ele
tri
al resistivity under the in
u-en
e of a magneti
 �eld. The MR e�e
ts have been dis
overed in a variety of materialssystems, and they o

ur by a variety of physi
al me
hanisms. The MR e�e
ts known so farare ordinary MR (OMR), anisotropy MR (AMR), giant MR (GMR), 
olossal MR (CMR),and tunnel MR (TMR).1.2.1 Ordinary Magnetoresistan
e (OMR)In almost every metal, some 
hange in ele
tri
al resistan
e when a magneti
 �eld is appliedis always seen (Fig. 1.4) [26℄. Ele
tri
al 
ondu
tion is 
arried out by ele
trons at the Fermisurfa
e, and these are a�e
ted by the Lorentz for
e 
reated by the magneti
 �eld. Thisa�e
ts the ele
tron's traje
tory and generally in
reases the material's resistan
e. Both themagneti
 �eld perpendi
ular and parallel to the 
urrent 
hange resistan
e, but the e�e
tof the former is larger. Appre
iable 
hanges are, however, observed for very 
lean samples,at low temperatures, and in high magneti
 �elds. Due to this, OMR has not yet foundte
hnologi
al appli
ations.1.2.2 Anisotropi
 Magnetoresistan
e (AMR)Anisotropi
 magnetoresistan
e o

urs only in ferromagneti
 metals [3, 4℄. As shown inFig. 1.5, the material's resistan
e depends on the dire
tion of the ele
tri
 
urrent relativeto that of the magnetization. Resistan
e is low when the two dire
tions are perpendi
ularto ea
h other, and it is high when they are parallel to ea
h other. The physi
al originof this anisotropy magnetoresistan
e (AMR) 
an be found in the asymmetri
 s
attering
ross-se
tion of the 
ondu
tion ele
trons (whi
h have unequal densities for ea
h spin type)due to the spin-orbit 
oupling. The magnitude of AMR in many ferromagneti
 metals andalloys is of a few per
ent at room temperature and in magneti
 �elds less than a few tensof Oe. This has immediately found te
hnologi
al appli
ations. For example, the indu
tiveread-heads used to measure the lo
al magneti
 �elds emanating from the re
ording media
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1.2. Magnetoresistan
e 7in hard-dis
 drives were repla
ed by those based on AMR �lms of permalloy. These headswere a signi�
ant improvement in size and 
ost.1.2.3 Giant Magnetoresistan
e (GMR)Giant magnetoresistan
e o

urs in multilayers 
onsisting of metalli
 ferromagneti
 layersseparated by thin non-magneti
 layers (Fig. 1.6). The e�e
t was dis
overed in 1988 byBaibi
h et al. [27℄ The physi
al origin of GMR 
an be qualitatively understood using thetwo-spin-
urrent model [3{5℄. The ferromagneti
 layers are fabri
ated so that they areantiferromagneti
ally 
oupled at 0 magneti
 �eld. In this state, both spin-up and spin-down ele
trons are frequently s
attered at the interfa
e. Therefore, the resistan
e in thisstate is high. When a magneti
 �eld is applied to align the magnetization dire
tion of theferromagneti
 layers, the majority spin-up 
ondu
tion ele
trons get more easily through thelayer interfa
es. As a 
onsequen
e, the resistan
e drops to a smaller value. Correspondingto these resistive states, both 
urrent-in-plane (CIP) and 
urrent-perpendi
ular-to-plane(CPP) 
on�gurations exist. With the dis
overy of GMR, AMR devi
es in many appli
ationswere repla
ed by devi
es based on GMR be
ause the e�e
t is more substantial. The AMRread-heads mentioned above were soon repla
ed by GMR read-heads sin
e 1997. GMR, asopposed to OMR and AMR, is not found in materials properties, but is an engineered e�e
t.1.2.4 Tunneling Magnetoresistan
e (TMR)The phenomenon of ele
tron tunneling through ele
tri
ally insulating barriers has beenknown sin
e the development of quantum me
hani
s. The e�e
t has been used in manybasi
 resear
h studies and also in te
hnologi
al appli
ations using semi
ondu
tors and su-per
ondu
tors. The 
ontrol of ele
tron tunneling using the ele
tron's spin state was ex-perimentally dis
overed in the 1970s using tunnel jun
tions made from super
ondu
torsand ferromagneti
 metalli
 ele
trodes [28℄. Spin-dependent tunneling in ferromagneti
 tun-nel jun
tions also had been studied, but a larger interest in this �eld had to wait for thebreakthrough a
hieved in 1995 by Moodera et al. [29℄ A qualitative explanation of TMR inthe 
ase of identi
al ferromagneti
 ele
trodes is as follows (Fig. 1.1). In the ferromagneti
state, the metal has two spin-dependent ele
tron densities at the Fermi level, N" for spin-upele
trons, and N# for spin-down ele
trons. As the tunneling probability t is proportional tothe density of state at both ele
trodes, t / N2" +N2# when the magnetizations are parallel.When these are antiparallel, t / N"N# +N#N" = 2N"N#. Be
ause t / N2" +N2# � 2N"N#,the resistan
e when the magnetization ve
tors are parallel is lower than its value when theyare antiparallel. It is 
lear that high spin polarizations and 
oherent interfa
es are ne
es-sary in order to obtain a substantial magnetoresistan
e e�e
t in these stru
tures. TMRperforman
e has signi�
antly improved. At present, TMR values ex
eeding 70% at roomtemperature are rea
hed, after taking some 
are of the interfa
e problem. Current TMR
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tor Materials 9appli
ations in
lude read-heads for hard-dis
 drives and magneti
 random a

ess memory(MRAM) as mentioned in Se
tion 1.1.1.2.5 Colossal Magnetoresistan
e (CMR)A mu
h larger, 
olossal, magnetoresistan
e e�e
t was dis
overed in mixed-valen
e man-ganates with a perovskite stru
ture, Re1�xAexMnO3 where Re is a rare earth ion and Aeis a divalent alkaline. In 1993, von Helmolt et al. observed an [�(7T )� �(0)℄=�(0) of 60%at room temperature in La0:67Ba0:33MnO3 thin �lms [30℄. In the following year, Jin et al.reported an MR e�e
t in ex
ess of a million per
ent at 77 K in a La0:67Ca0:33MnO3 thin�lm [31℄. Later, similar large MR e�e
ts were observed in other 
omplex oxides su
h as lay-ered perovskites (� 90% at 4:2 K) [32℄. The CMR e�e
t in Re1�xAexMnO3 o

urs mainlybe
ause of a 
lose 
orrelation between the magneti
 phase transition and the ele
troni
 phasetransition near the Curie temperature TC [33℄. A detailed des
ription of CMR me
hanismwill be given in the next se
tion. Be
ause the CMR e�e
t usually requires large magneti
�elds, typi
ally in the range of several teslas, the te
hnologi
al appli
ations of the CMRare largely limited so far. However, the 
ondu
tion ele
trons in CMR materials are knownto be nearly perfe
tly spin-polarized, and this is highly attra
tive for TMR stru
tures withhigh TMR values. This property is also used for spin inje
tion into other materials su
has super
ondu
tors in order to study their fundamental properties and to sear
h for newspintroni
 devi
es. Moreover, as dis
ussed later, the layered manganates 
an be 
onsideredas a sta
k of intrinsi
 tunnel jun
tions in the 
-axis dire
tion. These jun
tions, unlike theirarti�
ial 
ounterparts, are perfe
tly smooth. Therefore, the study of spin tunneling usingperfe
t tunnel jun
tions is possible using these materials.1.3 Manganates: Colossal Magnetoresistive and SpinInje
tor MaterialsThe manganates are manganese oxides. Be
ause of the magneti
 element Mn, the man-ganates are magneti
 materials that show antiferromagnetism or ferromagnetism. Resear
hinto the manganates started from the 1950s, when the 
orrelation between magnetism andele
tri
 
ondu
tion was dis
overed [34{39℄. It was of interest to the physi
s 
ommunitybe
ause in 
ommon ferromagneti
 metals, su
h as Ni or Fe, the ele
tri
al 
ondu
tivity doesnot 
hange between the normal state and the ferromagneti
 state. In the manganates, in
ontrast, the ferromagneti
 phase transition from a normal to a ferromagneti
 state is atthe same time a

ompanied by an ele
tri
al phase transition from a semi
ondu
ting statewith high resistivity to a metalli
 state with low resistivity. This phase transition, when
ontrolled by a magneti
 �eld, produ
es a large 
hange in ele
tri
al resistivity, i.e., \
olossalmagnetoresistan
e (CMR)" [33℄. The manganates are, unlike other ferromagneti
 metals,
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kgroundhalf-metalli
, as the 
ondu
tion band is formed from a single spin spe
ies. This is useful inspin-related studies.1.3.1 Crystal stru
tureThe main building blo
k of the manganates 
rystal stru
ture is, as in high-T
 super
ondu
tor
uprates, the perovskite stru
ture ABO3 shown in Fig. 1.7, where A is a rare earth elementand B is a transition metal element [33℄. In the super
ondu
ting 
uprates B = Cu, whilein the manganates B = Mn.Manganese perovskites show a series of 
rystal stru
tures 
alled the Ruddelsden-Popper series as shown in Fig. 1.8, depending on 
omposition. The general formula isAn+1MnnO3n+1, where n is an integer. AMnO3, in the 
ase of n =1, has an isotropi
 
u-bi
 perovskite stru
ture. From n � 1, the 
rystal stru
ture starts to show 
rystallographi
anisotropy, and it 
an be regarded as a sta
k of n 
onse
utive AMnO3 layers and an AOlayer along the 
-axis.1.3.2 Magneti
 propertiesWithout doping, the manganates are antiferromagneti
 insulators. Ele
tri
al 
ondu
tionappears in the ferromagneti
 state, and this is a
hieved by hole doping [33℄. In the presentstudy, the triply 
harged (A = La)3+ ion is partially substituted with the doubly 
hargedSr2+. Properties of La-Sr-Mn-O (LSMO) manganates relevant to this study are summarizedbelow.LSMO113 (n =1)Doping LaMnO3 with Sr (La1�xSrxMnO3) establishes a metalli
 and ferromagneti
 state inthe system as shown in the phase diagram of Fig. 1.9. The maximum Curie temperature isapproximately 370 K at doping levels near x = 0:3 [33℄. This temperature is above roomtemperature, whi
h is of importan
e in te
hnologi
al appli
ations.LSMO214 (n = 1)LSMO214 is antiferromagneti
 insulator irrespe
tive of doping levels [33, 40, 41℄. From thepoint of view of basi
 physi
s, this phase exhibits some interesting phenomena su
h as 
hargeand orbital ordering. These, however, are not treated in the present study, and therefore,will not be des
ribed in detail. To fabri
ate metalli
 and ferromagneti
 manganate thin�lms, attention should be paid so that the LSMO214 phase is not formed.
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Figure 1.7: Perovskite 
rystal stru
ture ABO3.
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An+1BnO3n+1, n = 2

An+1BnO3n+1, n = 1

ABO3 (ABO113) A2BO4 (ABO214) A3B2O7 (ABO327)Figure 1.8: Crystal stru
ture of the Ruddelsden-Popper series An+1BnO3n+1. The man-ganates form in both the isotropi
 (n =1) and the layered stru
tures (n � 1).
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kground

Figure 1.9: Ele
troni
, magneti
, and stru
tural phase diagram of La1�xSrxMnO3. Filled
ir
les: N�eel temperatures (TN), open 
ir
les: Curie temperatures (TC), �lled squares: stru
-tural phase transition temperatures (Ts). PI: paramagneti
 insulator, PM: paramagneti
metal, AFI: antiferromagneti
 insulator, FI: ferromagneti
 insulator, FM: ferromagneti
metal [33℄.



1.3. Manganates: Colossal Magnetoresistive and Spin Inje
tor Materials 13LSMO327 (n = 2)LSMO327 is the main subje
t treated in this study. Unlike LSMO214, LSMO327 be
omesmetalli
 and ferromagneti
 in the doping range 0:3 � x � 0:4, as shown in Fig. 1.10 [33, 40℄.Magneti
 and ele
tri
al properties relevant to this study are shown in Fig. 1.11.1.3.3 Me
hanism of ele
tri
al 
ondu
tion and 
olossalmagnetoresistan
eZener's double ex
hange model is 
onsidered to 
onstitute the main physi
s of ele
tri
al
ondu
tion in the manganates [33, 42℄. A

ording to this model, the ferromagneti
 inter-a
tion o

urs via the ex
hange of 
ondu
tion ele
trons between Mn ions through O ions.The amplitude of the e�e
tive ele
tron hopping between Mn3+ and Mn4+ (i and j sites) isexpressed as tij = t0ij 
os(�ij=2);where t0ij is the maximum hopping amplitude, and �ij the relative angle between the neigh-boring spins. tij depends both on the distan
e between Mn and O ions and on the Mn3+-O-Mn4+ angle (Fig. 1.12).In Mn, due to the ligand �eld, the ele
tron levels are split to a high-energy eg (
on-du
tion) ele
tron level and a low-energy t2g (
ore) ele
tron level. The levels are intera
tingthrough a strong Hund 
oupling that aligns their spin dire
tions. Therefore, all intra-siteele
trons have spins with a same dire
tion.Now, the me
hanism of 
olossal magnetoresistan
e is explained as follows (Fig. 1.12) [33℄.Taking the La-Sr-Mn-O system as example, the undoped parent 
ompound LaMnO3 isantiferromagneti
 and insulator be
ause all the sites are o

upied by eg ele
trons, andmoreover, these have opposite spins. When the material is doped with Sr, holes are 
reated,and the ferromagneti
 state is stabilized by maximizing the kineti
 energy of the 
ondu
tionele
trons eg. When temperature is near TC, the 
on�guration of the spins is dynami
allydisordered. Consequently, the e�e
tive hopping intera
tion is redu
ed on average, whi
h
auses the ele
tri
al resistivity to in
rease. When a magneti
 �eld is applied to align thespins, the 
u
tuations are suppressed, leading to an abrupt de
rease in resistivity. This iswhy 
olossal magnetoresistan
e happens in the manganates.1.3.4 Half metalli
ity and its appli
ation for spin inje
tionexperimentsBe
ause of the strong Hund intera
tion between the eg 
ondu
tion ele
trons and the 
oreele
trons, all the 
ondu
tion ele
tron spins are aligned in the metalli
 ferromagneti
 state.Therefore, the manganates are half-metals in this state, as shown in Fig. 1.13 [33, 43℄.
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Figure 1.10: Magneti
 phase diagram of La2�2xSr1+2xMn2O7 layered manganates [40℄.
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Figure 1.11: Temperature dependen
e of magnetization and ele
tri
al resistivity for single
rystals of La2�2xSr1+2xMn2O7 layered manganates [40℄.
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tri
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ondu
tion and 
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e in themanganate system La-Sr-Mn-O.
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Figure 1.13: A band model of the manganates at low temperatures, 
ompared with anotherfor Ni. In the metalli
 ferromagneti
 state, the spin polarization P of 
ondu
tion ele
tronsin the manganates is 100% [43℄.
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kgroundExperiments su
h as the one shown in Fig. 1.14 have also 
on�rmed the half-metalli
ity ofthe manganates [44℄.The full spin polarization of the 
arriers in the ferromagneti
 manganates makes themattra
tive for studies using spin-inje
tion experiments. Spin inje
tion, as is understoodtoday, started in the 70's with the important tunneling spe
tros
opy work of Tedrow andMeservey in ferromagnet/insulator/super
ondu
tor jun
tions [28℄. The tunneling 
ondu
-tan
e measures single-parti
le tunneling and has peaks at the singularities of the densityof states near the super
ondu
ting gap edge. For ferromagneti
 ele
trodes, unlike in the
ase of non-magneti
 ones, the tunneling 
ondu
tan
e is asymmetri
 about the voltage ori-gin V = 0. As the tunneling 
urrent is proportional to the density of states, analysis ofthe asymmetri
 
urrent{voltage 
hara
teristi
 
an determine the di�eren
e in spin-up andspin-down bands at the Fermi level. Thus, the spin polarization of 
ondu
tion ele
trons formany ferromagneti
 metals 
ould be known.Spin inje
tion 
an be used to study also issues related to the phenomenon of super
on-du
tivity. In the standard Bardeen-Cooper-S
hrie�er (BCS) model of super
ondu
tivity,the populations of spin-up and spin-down ele
trons are nearly equal. Lo
al magneti
 mo-ments asso
iated with magneti
 impurities, for example, are known to suppress stronglysuper
ondu
tivity. If a similar e�e
t 
ould be obtained using spin-polarized 
urrents, itwould deepen our understanding of super
ondu
tivity (espe
ially the not-yet understoodhigh-T
 super
ondu
tivity) and may generate new ele
troni
 fun
tional devi
es.Spin inje
tion is being studied also using semi
ondu
tors. The interest in semi
ondu
torswas triggered by the proposal to fabri
ate a spin inje
ted �eld e�e
t transistor (spin FET)using a ferromagneti
 sour
e and a similar drain [3, 22℄. Many other spin-inje
tion studiesusing semi
ondu
tors have been 
arried out, as mentioned in Se
tion 1.1.1.3.5 Layered manganates: 
olossal magnetoresistan
e andintrinsi
 spin tunnelingThe manganates with the n = 2 layered stru
ture are known to show intrinsi
 ele
trontunneling, su
h as that known in high-T
 super
ondu
tors [32, 40, 45{53℄. As shown inFig. 1.15, the ferromagneti
 MnO2 bilayers are separated by the non-magneti
 insulatinglayers (La,Sr)O, forming a sta
k of magneti
 tunnel jun
tions along the 
-axis. The in-terfa
es in these intrinsi
 tunnel jun
tions are 
onsidered to be atomi
ally smooth, as insimilar intrinsi
 Josephson jun
tions in Bi2Sr2CaCu2O8+Æ (BSCCO) high-T
 super
ondu
-tor. Owing to this property and to full spin polarization, pe
uliarly large magnetoresistan
evalues have been observed in layered manganates [32, 40, 40℄. In layered manganates, ifthe inter-bilayer 
oupling is antiferromagneti
, spin tunneling and ele
tron transport areprohibited. When magneti
 �elds are applied to align the bilayer magnetization ve
tors,an abrupt de
rease in resistivity o

urs be
ause spin tunneling be
omes possible, leadingto large values of magnetoresistan
e. In general, be
ause of its spin tunneling 
hara
ter,
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Figure 1.14: Spin-resolved photoemission spe
tra for a La0:7Sr0:3MnO3 thin �lm withTC = 350 K at (a) T = 40 K and (b) T = 380 K [44℄.
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1.4. Aim and Overview of this Thesis 21magnetoresistan
e in layered manganates does not fade away below the Curie temperature,unlike the 
ase in isotropi
 manganates.At present, spin tunneling as a phenomenon is attra
ting interest not only be
ause ofits su

essful appli
ation to magneti
 re
ording, but also be
ause of other newly dis
overede�e
ts su
h as emission of mi
rowaves and magnetization reversal by 
urrent inje
tion [3℄.Other new phenomena also may be dis
overed in the future.Half-metalli
ity and the ideal intrinsi
 spin tunnel jun
tions that exist in layered man-ganates are ideal 
onditions for the study of spin tunneling phenomena.1.4 Aim and Overview of this ThesisBe
ause it provides the opportunity to study spin tunneling in the intrinsi
 tunnel jun
tionsof LSMO327, 
-axis epitaxial growth of thin �lms for these layered materials is the obje
tiveof this study. This study uses sputtering for thin �lm growth, whi
h has not been used yetfor 
-axis layered manganate epitaxial thin �lms. It also establishes a quantitative methodto 
hara
terize intergrowths in these layered materials. This method and other experimentalanalysis are used to 
hara
terize the obtained thin �lms in order to assess their quality and
on�rm their appli
ability to the study of spin tunneling.The organization of the present thesis is as follows. After a des
ription of the usedexperimental methods in Chapter 2, the epitaxial growth and 
hara
terization for LSMO113thin �lms is des
ribed in Chapter 3. The relationship between epitaxial thin �lm growthand sputtering 
onditions is studied. The ele
tri
al and magneti
 properties of the �lmsare 
hara
terized and the optimal epitaxial growth 
onditions are determined. Exploitingtheir full spin polarization property, LSMO113 epitaxial thin �lms, 
ombined with high-T
super
ondu
tor thin �lms, are used to fabri
ate a spin-inje
tion devi
e.In Chapter 4, the 
-axis epitaxial growth and 
hara
terization for the layered manganate(La,Sr)3Mn2O7 are studied. The importan
e of 
ontrolling the deposition rate is explained.The magneti
, ele
tri
al, and magnetoresistive properties of the thin �lms are also 
har-a
terized. Intergrowths su
h as LSMO113 and LSMO214 are easily in
orporated into thestru
ture of layered manganates, and therefore, a quantitative method of 
hara
terizingthese intergrowths based on X-ray di�ra
tion (XRD) experiment and simulation is devel-oped. Based on these results, the 
-axis epitaxial growth for the layered manganates andthe properties of the grown �lms are dis
ussed.In Chapter 5, the e�e
ts of Cu-substitution of Mn on the 
-axis epitaxial growth andthe magneti
, ele
tri
al, and magnetoresistive properties of layered manganates are studied.The results are analyzed and dis
ussed.In Chapter 6, in order to grow better 
-axis epitaxial layered manganate thin �lms withsmall intergrowth amounts, a new sputtering 
on�guration is proposed. The advantages ofthis 
on�guration are explained. The 
rystal stru
ture of the grown 
-axis epitaxial �lms
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kgroundis 
hara
terized. The magneti
, ele
tri
al, and magnetoresistive 
hara
teristi
s are alsomeasured, followed by a dis
ussion of the obtained results.Finally, in Chapter 7, the results obtained in this study are summarized with 
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Chapter 2Experimental Methods
2.1 Method of Thin Film Growth2.1.1 rf Magnetron sputteringIn sputtering (Fig. 2.1), positive ions su
h as Ar+ ions are produ
ed and a

elerated to thenegatively biased target (
athode). Su
h gas ions exist in the plasma of the same gas, whi
h
an be produ
ed using high voltages (� 1 kV). The positive ions possess high energies of afew 100 eV, and therefore, are able to sputter atoms from the surfa
e of the target. Mostmaterials have a binding energy of a few eV. The sputtered atoms di�use until they rea
ha heated substrate where they rea
t and form the �lm. In order to in
rease the plasmadensity for low operation pressures and high deposition rates, magnets are usually used to
reate magneti
 �elds to trap ele
trons and in
rease the ionization probability. The 
athodeis often driven by high frequen
y ele
tri
 �elds so that sputtering of ele
tri
ally insulatingmaterials is also possible [1, 2℄.rf Magnetron sputtering is the method used to grow �lms in this study. The a
tualapparatus is shown in Fig. 2.2. An ANELVA SPF-210H on-axis rf magnetron sputteringapparatus was used (13:56 MHz, 1 kW). This apparatus uses sputtering targets of a 
ylin-dri
al form with � 7 mm in height and � 100 mm in diameter. During sputtering, thetarget was 
ooled with 
ir
ulating 
old water at 10 ÆC. Substrates up to 30� are mount-able. The distan
e between the target and the substrate was maintained at about 5 or7:5 
m. A Kanthal wire of 0:7 mm in diameter and with resistan
e of about 23 
 was usedto raise the temperature of the substrate up to 1000 ÆC. A type K thermo
ouple (Alumel-Chromel) was inserted in a stainless steel plate of the heater blo
k, near the pla
e wherethe substrate is pla
ed with a quartz glass plate beneath it. The substrate temperature,then, was raised by thermal radiation from the heater, 
arrying a 
urrent of a few amperesgenerated from a d
 
urrent sour
e (Kikusui ele
troni
s Co., 160 V, 7 A). In this study, thesubstrate temperature is de�ned as the value measured by the above thermo
ouple beforestarting the sputtering pro
ess. The sputtering 
hamber is eva
uated by a rotary pump
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iple of magnetron sputtering.
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Figure 2.2: S
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 and image of the rf magnetron sputtering apparatus used in thisstudy.



2.1. Method of Thin Film Growth 27and an oil di�usion pump, typi
al base pressures being around 4� 10�6 Torr. For plasmaprodu
tion, high purity gases of Ar and O2 (Ar: 99:999%, O2: 99:8%) were introdu
ed intothe 
hamber. The gas 
ow rate was 
ontrolled using a 
orresponding mass 
ow 
ontroller(STEC In
.).2.1.2 Fabri
ation of the sputtering targetThe basi
 pro
ess for fabri
ating sputtering targets in this study is summarized in Fig. 2.3.Targets were prepared by the solid rea
tion te
hnique. Appropriate molar quantities of highpurity La2O3, SrCO3, and Mn2O3 powders (99:9%, Kojundo Chemi
al Laboratory Co.)were thoroughly mixed and then 
al
ined at 1200 ÆC for 12 hours in air, using an ele
tri
furna
e (Motoyama, Super-Burn 2025D). The mixture was then ground and 
al
ined fora few times with the same 
onditions in order to ensure homogeneity. After this pro
ess,the 
al
ined powder was reground and mixed with 4% of Polyvinyl Al
ohol (PVA), passedthrough a sieve with 420 �m 
ells, and �nally pressed into a disk with a diameter of 100 �110 mm under a uniaxial pressure of � 0:7 MPa (Riken, Co.). The disk was then sinteredat 1450 � 1500 ÆC for 8{100 hours in air. The result of 
al
ining or sintering in 
owingoxygen atmosphere, with the 
owing rate �xed at 1 `/min, was not mu
h di�erent from theone obtained with air when the number of regrinding times is in
reased.The above pro
ess produ
ed relatively easily stable LSMO113 targets that 
ould be usedfor �lm growth experiments. It was not, however, suÆ
ient to produ
e stable LSMO327targets. As shown in Fig. 2.4, a residual La2O3 phase was found in the target after thispro
ess, whi
h 
auses spontaneous destru
tion of the target be
ause of the strong waterabsorption 
hara
teristi
s of La2O3. Stable LSMO327 targets were su

essfully fabri
atedby modifying the above pro
ess. First, the target with a diameter of 98 mm is pressed fortwo times in a hydrauli
 (oil) pressure appli
ator at 180 MPa (Riken, Co.). The pressingwas 
arried out after inserting the target inside an air-eva
uated and sealed plasti
 bag.Besides, one of the following is 
arried out:1. Mn-addition to the stoi
hiometri
 target. La1:4Sr1:6Mn2:2O7 and La1:4Sr1:6Mn2:45O7were fabri
ated su

essfully. By in
reasing Mn, the 
han
e that a La2O3 phase remains
an be made small (Fig. 2.5).2. Cu-substitution of Mn in the stoi
hiometri
 target. Targets of La1:4Sr1:6Mn2Cu0:3O7,La1:4Sr1:6Mn1:8Cu0:2O7, and La1:4Sr1:6Mn1:7Cu0:2O7 have been fabri
ated su

essfully.It is presumed that the high mobility of Cu improves the 
hemi
al rea
tion, andtherefore, results in the rea
tion of all La2O3 (Fig. 2.6).3. Use of a two-step fabri
ation pro
ess. This newly developed pro
ess 
onsists of prepar-ing La2MnO4 and Sr2MnO4 separately, �rst. The 
al
ining pro
ess is the same asabove but repeated at least �ve times. Then the two 
ompositions were mixed with theaddition of Mn2O3 to a
hieve the desired target 
omposition. The mixture is pressed
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Weighing and mixing of La2O3, 
SrCO3, and Mn2O3 powders

The mixture is calcined at 1200 OC 
in air or oxygen (repeated a few times 
with intermediate regrinding)

Regrinding and mixing with 4 %
of polyvinyl alcohol (PVA)

The powder is passed through a 
420 µm sieve, and pressed into
a disc 

The disc is sintered at 1450~1500 OC  
for 8~100 h in air or oxygenFigure 2.3: Basi
 pro
ess of fabri
ation for the sputtering target.
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2.1. Method of Thin Film Growth 31and sintered at 1500 ÆC for 48 h. With this pro
ess, stable stoi
hiometri
 targets ofLa1:4Sr1:6Mn2O7 were su

essfully fabri
ated. The Mn-de�
ient La1:4Sr1:6Mn1:5Oz andLa1:52Sr1:48Mn1:33Oy 
ould also be fabri
ated (Fig. 2.7).Before use, the targets were ba
ked with a 
opper plate using a sili
one bond (TorayCo., Dow Corning Sili
one, JCR6101 ). To obtain ele
tri
al 
onta
t between the target andthe 
opper 
athode plate, it was ne
essary to harden the bond by heating in va
uum, at240 ÆC and for 8 h.The dis
 size is 
hosen to yield shrunk targets of � 100 mm in diameter. The targetshould be 
at and no greater than 7 mm in height or thi
kness. Table 2.1 is a list of the
ompositions of some su

essfully fabri
ated targets, and Fig. 2.8 shows photographs ofsome used targets.
2.1.3 SubstratesThe kind of material for the substrate and its surfa
e stru
ture are imperative in epitaxial�lm growth. The surfa
e should have a 
rystal stru
ture similar to that of the materialbeing grown in order to ensure its growth along that dire
tion. Moreover, mismat
hes inlatti
e 
onstants and thermal expansion 
oeÆ
ients between the �lm and the substrategenerally indu
e stru
tural 
hanges su
h as strains. In this study, single 
rystals of SrTiO3(STO) (100) were used as substrates for the growth of manganate epitaxial thin �lms. STOshares the 
ommon perovskite stru
ture with the manganates, and is suitable for epitaxialgrowth of these materials. The latti
e 
onstants and thermal expansion 
oeÆ
ients ofLa0:7Sr0:3MnO3, La1:4Sr1:6Mn2O7, and STO are shown in Table 2.2.Sapphire substrates (�-Al2O3, (1102)) were also used, but mainly for 
omposition anal-ysis. In the 
ase of La-Sr-Mn-O �lms on STO substrates, 
omposition analysis using theenergy-dispersive X-ray spe
tros
opy (EDX) method is diÆ
ult for the following reasons.First, the spe
tral line of Sr element represents not only Sr 
ontained in the �lm, but alsosome of that 
ontained in the STO substrate. Se
ond, the spe
tral line of La element nearly
oin
ides with that of Ti. This renders a reliable 
omposition analysis diÆ
ult. To getrid of these problems, La-Sr-Mn-O �lms were sputtered on sapphire substrates when EDXanalysis was 
ondu
ted. The 
rystal stru
ture of sapphire is mu
h di�erent from that of themanganates, and as a result, all the �lms grown on sapphire were poly
rystalline.Before use, the substrates were inserted in an organi
 detergent (SCAT 20X-N) and
leaned using an ultrasound 
leaner (SHARP UT-105) to remove surfa
e 
ontaminants.A typi
al image of the substrate surfa
e 
leaned in this way, taken by an atomi
 for
emi
ros
ope (AFM), is shown in Fig. 2.9.
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Table 2.1: Composition of some su

essfully grown targets.La0:7Sr0:3MnO3+Æ La0:7Sr0:34Mn1:27O7+Æ La1:4Sr1:6Mn2:2O7+ÆLa1:4Sr1:6Mn2:45O7+Æ La1:4Sr1:6Mn2O7+Æ La1:4Ca1:6Mn2O7+ÆLa1:52Sr1:48Mn1:33O7+Æ La1:2Sr1:8Mn2O7+Æ La1:4Sr1:6Mn1:5O7+ÆLa1:4Sr1:6Mn1:7Cu0:2O7+Æ La1:4Sr1:6Mn2Cu0:3O7+Æ La1:4Sr1:6Mn1:8Cu0:2O7+Æ

Figure 2.8: Photos of some targets used in this study.
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Table 2.2: Latti
e 
onstants and thermal expansion 
oeÆ
ients of SrTiO3, La0:7Sr0:3MnO3,and La1:4Sr1:6Mn2O7. SrTiO3 La0:7Sr0:3MnO3 La1:4Sr1:6Mn2O7Latti
e 
onstant a (nm) 0:390 0:388 0:387Thermal expansion
oeÆ
ient (10�6/K) 11:1 11 NA
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Figure 2.9: Atomi
 for
e mi
ros
opy (AFM) image of the 
leaned surfa
e of a STO (100)substrate.
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edure of thin �lm growthBefore �lm deposition, the 
hamber was eva
uated to a base pressure of approximately4 � 10�6 Torr. Meanwhile, the substrate was heated to the desired temperature. Then,when the substrate temperature be
omes stable, high purity argon and oxygen gases wereintrodu
ed into the 
hamber with the aimed proportion. When the plasma is produ
ed,the 
hamber pressure is adjusted to the desired value, and the target was presputteredfor 15 � 20 minutes. Then, the shutter was removed, and the �lm growth pro
ess wasstarted. After sputtering, the heater power was turned o�, and the �lm was 
ooled to roomtemperature.Post-annealing was 
arried out ex-situ in an atmosphere furna
e at temperatures near900 ÆC for several hours in 
owing oxygen (1 `/min). Further details on the �lm treatmentafter deposition are indi
ated in the experimental des
riptions in
luded in ea
h 
hapter.2.2 Film Chara
terization Methods2.2.1 Thi
kness measurementThe �lm thi
kness was determined with a stylus pro�lometer at a step edge made by 
hem-i
al et
hing. The used et
hant was a mixture of H2O, HCl, and HNO3 (1:2:2).2.2.2 Composition analysis: energy-dispersive X-rayspe
tros
opy (EDX)When a beam of suitably a

elerated ele
trons hit the �lm surfa
e, it ionizes the atoms. Inthe pro
ess, ele
trons in the inner shells are expelled, and the va
an
y is then �lled with anele
tron of outer shells. These ele
trons have higher energies than the inner shell ele
trons,and therefore, release the remaining energy by emitting X-rays (Fig. 2.10). These X-raysare 
hara
teristi
 to the atoms present in the �lm. Therefore, by measuring the intensityof the spe
i�
 X-rays generated, the quantity of ea
h element in the �lm 
an be 
al
ulated.In EDX, this is used to analyze the 
hemi
al 
omposition of the �lm [3, 4℄.The apparatus used in this study was an EDX analyzer mounted in a s
anning ele
tronmi
ros
ope. The ele
tron a

eleration voltage was �xed at 20 kV. EDX was performed on�lms grown on sapphire (R-plane) substrates for the reasons mentioned in Se
tion 2.1.3.For quantitative 
omposition analysis, the ZAF method was used. In prin
iple, thismethod is a

urate only for suÆ
iently thi
k spe
imens, and therefore, 
orre
tions for thin�lms are ne
essary [3, 4℄. In this study, the as-observed 
omposition for �lms thinner than300 nm needed to be 
orre
ted. The data used for the 
orre
tion is shown in Fig. 2.11.
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Figure 2.10: Prin
iple of energy-dispersive X-ray spe
tros
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ture analysis: X-ray di�ra
tion (XRD)When X-rays are in
ident on (hkl) planes (h, k, l are integers) of a 
rystal, they interfere
onstru
tively when the Bragg relation holds (Fig. 2.12) [5℄. Namely,2dsin� = n�; (n : integer) (2.1)where d is the distan
e between su

essive (hkl) planes, � is the angle between the 
rystalplane and X-rays, and � is the wavelength of the X-rays. Therefore, strong X-rays signalsare observed at the � angles that satisfy Eq. (2.1). By s
anning � and determining its valueat the XRD peaks, the value for d and the orientation of the �lm are determined.In the 
ase of poly
rystalline materials, � s
ans yield all the XRD peaks for all 
ombi-nations of (hkl). Therefore, the 
rystal stru
ture of the material 
an be determined. Su
hpowder XRD experiments were 
arried out for bulk samples, su
h as sputtering targets, inorder to identify their 
rystal stru
ture and to 
he
k if they in
lude other impurity phases.In this study, a Rigaku X-ray di�ra
tometer apparatus was used (RINT-2200VHF). Thepower used for the XRD experiments was 1:2 kW.2.2.4 Surfa
e analysis: high resolution s
anning ele
tronmi
ros
opy (HRSEM)The prin
iple of surfa
e analysis 
ondu
ted in this study using s
anning ele
tron mi
ros
opyis shown in Fig. 2.13. High-energy ele
trons intera
t with the �lm surfa
e and generate manyother se
ondary ele
trons. These ele
trons are attra
ted by a positively biased dete
tor thatmeasures the quantity of the generated ele
trons. Only those se
ondary ele
trons that areprodu
ed within a very short distan
e from the surfa
e are able to es
ape from the sample.At edges on the sample surfa
e, the quantity of the produ
ed se
ondary ele
trons in
reases,and therefore, is used to generate an image of the surfa
e morphology [6℄.Be
ause ele
trons impinge inside, the 
harge a

umulates in samples that have lowele
tri
al 
ondu
tivities. Therefore, the surfa
e 
an not be observed 
learly with SEM. Inthis 
ase, about 7 nm of Au was evaporated onto the �lm surfa
e.In this study, a high resolution �eld emission s
anning ele
tron mi
ros
ope (JSM-6500F,JEOL Co.) was used. Magni�
ations as high as �50; 000 were routinely rea
hed.2.2.5 Magnetization measurementMagnetization measurements were made with a super
ondu
ting quantum interferen
e de-vi
e (SQUID) magnetometer (Magneti
 Property Measurement System, MPMS5, QuantumDesign Co.). A measurement is made by moving a sample through super
ondu
ting dete
-tion 
oils. As the sample moves through, the magneti
 moment of the sample indu
es anele
tri
 
urrent in the 
oils. Be
ause these 
oils, the 
onne
ting wires, and the SQUID
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oil form a 
losed super
ondu
ting loop, any 
hange of magneti
 
ux in the dete
tion
oils produ
es a 
hange in the persistent 
urrent in the dete
tion 
ir
uit. This 
hange isproportional to the 
hange in magneti
 
ux. Sin
e the SQUID 
ir
uit fun
tions as a highlylinear 
urrent-to-voltage 
onverter, variations in the dete
tion 
oil's 
urrent produ
e 
orre-sponding variations in the SQUID output voltage, whi
h are proportional to the magneti
moment of the sample (Fig. 2.14) [7℄.The sensitivity of the instrument is approximately 1 � 10�8 emu. In this study, themagnetization measurements were 
arried out under applied magneti
 �elds of 0:5 � 1 T,parallel to the �lm surfa
e. The sample was �xed on the up-down sweeping holder with anadhesive (Insulating Varnish and Adhesive, General Ele
tri
 Co.). The 
ontribution fromthe substrate was subtra
ted based on dummy measurements.For the samples showing a ferromagneti
 transition, the Curie temperature TC wasdetermined by the M2�T method. A

ording to the mean �eld theory of ferromagnetism,M2 / TC � T at temperatures 
lose to TC [5℄. Therefore, M2 is plotted against T and TCis determined from the point of interse
tion of the T axis and the tangent to the plot nearTC.2.2.6 Resistivity and magnetoresistan
e measurementThe d
 resistivity was measured by the four probe method. Ag leads with 50 �m in diameterwere pla
ed on the surfa
e of the sample using a 
ondu
ting paste (Epoxy Te
hnologyCo., H20E part A, B). The lead 
onta
ts were subsequently hardened at 350 ÆC in air for15 min. The measurements were 
arried out in a Physi
al Property Measurement System(PPMS, Quantum Design Co.) that is automatized with a Labview software (Fig. 2.15).The experiments were 
arried out in the 10{300 K temperature range in the presen
e ofmagneti
 �elds ranging from 0 to 9 T. Temperatures as high as 400 K were also a

essiblebut in 0 magneti
 �eld only, using a 
ustom-made warmable assembled system that in
ludesa Pt resistan
e for the temperature measurement. Typi
al inje
ted 
urrents were 0:1{10 �Afor all the resistivity measurements. The system used 
ould measure resistan
es up to 1 M
.The magnetoresistan
e was 
al
ulated as ���=�0 = �[�(B) � �(0)℄=�(0), where � is theresistivity and B is the magneti
 �eld.Referen
es[1℄ K. Wasa and S. Hayakawa, Thin Film Te
hnology (Kyoritsu Publishing, Tokyo, 2002).[2℄ B. Chapman, Glow Dis
harge Pro
esses (John Wiley & Sons, In
., New York, 1980).[3℄ J. I. Goldstein, D. I. Newbury, P. E
hlin, D. C. Joy, C. Fiori, and E. Lifshin, S
anningEle
tron Mi
ros
opy and X-ray Mi
roanalysis (Plenum Press, New York and London,1981).
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al Ele
tron Mi
ros
opy (Plenum Press, New York, 1979).[5℄ N. W. Ash
roft and N. D. Mermin, Solid state physi
s (Saunders College, 1976).[6℄ JSM-6500F High Resolution S
anning Ele
tron Mi
ros
ope: User's Manual, JEOL Cor-poration.[7℄ Magneti
 Property Measurement System (MPMS5): User's Manual, Quantum DesignCorporation.
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Chapter 3Epitaxial Growth andChara
terization of La1�xSrxMnO3Thin Films
3.1 Introdu
tionThis study fo
uses on the bilayer manganates (La,Sr)n+1MnnO3n+1 with n = 2. In general,the layered manganates have 
rystal stru
tures that are more 
ompli
ated than the non-layered LSMO113 (n =1). In fa
t, LSMO113 is the most stable stru
ture in the manganatesystem and forms easily under a wide range of 
onditions [1, 2℄. An understanding of theproperties of LSMO113 would be helpful when one will analyze the 
hara
teristi
s of otherstru
tures. This turns out to be the 
ase as will be 
lear in the following 
hapters. Itis mainly from this perspe
tive that the study of LSMO113 epitaxial thin �lms has beenundertaken, and it is the main subje
t of the present 
hapter.La1�xSrxMnO3 also shows full spin polarization of the 
ondu
tion ele
trons [1℄.This property 
an be exploited to make ele
troni
 spin devi
es su
h as the ferromag-neti
/super
ondu
tor spin inje
tion devi
e. A devi
e of this type has been also fabri
atedand is dis
ussed in Se
tion 3.5.3.2 Epitaxial Growth of La1�xSrxMnO3 Thin FilmsThe epitaxial growth of any material 
an be guided by the following three prin
iples.Namely, stoi
hiometry of the 
hemi
al 
omposition must be a
hieved in order to obtainthe phase 
on
erned. Then, an appropriate substrate temperature must be provided sothat the 
hemi
al rea
tion between the di�erent spe
ies to o

ur. Finally, a substrate withan orientation and a small latti
e-mismat
h must be 
hosen in order to a
hieve the desireddire
tional growth [3℄.
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terization of La1�xSrxMnO3...For LSMO113 in the present study, the doping level x = 0:3 is targeted be
ause it showsa Curie temperature of � 370 K, the highest in the system [1℄.3.2.1 Conditions of thin �lm growthLa-Sr-Mn-O �lms were grown by on-axis rf-magnetron sputtering on SrTiO3 (100) (STO)substrates at temperatures Tsub between 650 and 820 ÆC. 820 ÆC is the maximum temper-ature rea
hed in the sputtering apparatus before the heater re
onstru
tion made when thegrowth of LSMO327 was undertaken. Sputtering targets of stoi
hiometri
 La0:7Sr0:3MnO3and Mn-ri
h La0:7Sr0:34Mn1:27O3 were used. They were prepared by the simple solid staterea
tion method des
ribed in Chapter 2. The sputtering atmosphere was maintained at(Ar 70%, O2 30%) with a total pressure of 1:3 � 10�2 Torr for the stoi
hiometri
 target,or 8� 10�2 Torr for the Mn-ri
h target. The rf power was set at about 3 W/
m2, and thesubstrate-target distan
e �xed at 4:5 
m. The �lm thi
kness was 180 nm for all �lms. Thedeposition rate is estimated to be around 25 nm/min. Post-treated �lms have been either
ooled in 700 Torr of oxygen immediately after growth, or annealed for 2 hours in 
owingoxygen at 900 ÆC.3.2.2 Dependen
e of �lm 
omposition on sputtering 
onditionsThe results of EDS 
omposition analysis performed on LSMO113 thin �lms grown on sap-phire substrates are summarized in Table 3.1. It is seen that �lms sputtered from thestoi
hiometri
 target at the pressure 80 mTorr su�er from a Mn de�
ien
y in ex
ess of20%, while La and Sr 
ontents are almost the same as the target values. This de
rease inMn 
ontent 
an be explained by an asymmetri
 s
attering of the sputtered atoms by theAr gas parti
les, the lighter Mn being more strongly s
attered than La and Sr. Indeed,de
reasing the 
hamber pressure resulted in more Mn in
orporation into the �lms. At thepressure of 13 mTorr, the Mn 
ontent was nearly stoi
hiometri
 within the analysis error.We have also found that the 
ation (La, Sr, and Mn) 
ompositions of �lms grown at di�erenttemperatures are almost identi
al. Films with nearly the stoi
hiometri
 
omposition weregrown at 80 mTorr also using the Mn-ri
h target La0:7Sr0:34Mn1:27O3 to 
ompensate for theMn de�
ien
y. Similar results were obtained for both kind of �lms.3.2.3 Chara
terization of 
rystal stru
tureFigure 3.1 shows a typi
al XRD pattern for the LSMO113 epitaxial thin �lms grown inthis study. The pattern shown is for a stoi
hiometri
 �lm grown at Ps = 80 mTorr andTsub = 820 ÆC. Only the (`00 ) di�ra
tion peaks are seen, whi
h indi
ates that the �lmsgrew with the [100℄ dire
tion perpendi
ular to the substrate plane. The �lm surfa
e is alsosmooth as revealed by the streaky pattern observed in the RHEED image of the �lm, shownin Fig. 3.2.
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omposition and the sputtering pressure Ps fordi�erent target 
ompositions.Sputtering target Chamber pressure Film 
ompositionLa0:7Sr0:3MnO3 80 mTorr La0:73Sr0:27Mn0:78O3�ÆLa0:7Sr0:3MnO3 13 mTorr La0:7Sr0:3Mn0:95O3�ÆLa0:7Sr0:34Mn1:27O3 80 mTorr La0:7Sr0:3MnO3�Æ
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Figure 3.1: Typi
al XRD pattern for La0:7Sr0:3MnO3�Æ epitaxial thin �lms grown in thisstudy. The pattern shown is for a �lm grown at Ps = 80 mTorr and Tsub = 820 ÆC.

Figure 3.2: Observed RHEED pattern for a La0:7Sr0:3MnO3�Æ epitaxial thin �lm grownat Ps = 80 mTorr and Tsub = 820 ÆC on STO.



44 Chapter 3. Epitaxial Growth and Chara
terization of La1�xSrxMnO3...The out-of-plane latti
e 
onstant, as 
al
ulated from the position of the XRD peaks usingthe Nelson-Riley method, depended on the substrate temperature at whi
h the �lm wasgrown. The results are shown in Fig. 3.3. The latti
e 
onstant is seen to drop proportionallyas the substrate temperature is in
reased. At 650 ÆC, its value was 0:391 nm, and at 820 ÆC,it de
reased to 0:387 nm, whi
h is nearly equal to the bulk value of 0:388 nm for theLa0:7Sr0:3MnO3 bulk. Be
ause the latti
e 
onstant of the manganates depends sensitively onmany fa
tors, a pre
ise explanation of this result is diÆ
ult. However, possible explanationsare as follows. First, as no 
hange in the 
ation 
ontent 
ould be dis
erned, the observedvariation in latti
e 
onstant with growth temperature 
annot be explained in terms ofa 
hange neither in the doping level (Sr 
ontent) [4℄ nor in the Mn 
ontent [5℄. Next,the possibility of a 
hange in the oxygen 
ontent is 
onsidered. It has been reported [6℄that the latti
e 
onstant of a manganate �lm de
reases rapidly with in
reasing amountof the in
orporated oxygen. However, this possibility is very improbable in the present
ase, be
ause the oxygen 
ontent would normally de
rease when the growth temperature israised. Finally, the above results 
an be explained by a de
rease in the density of 
rystaldefe
ts, su
h as sta
king faults, with in
reasing growth temperature. This is similar to somereported results obtained for high-T
 super
ondu
tor �lms [7℄.3.3 Magneti
, Ele
tri
al, and MagnetoresistiveChara
terization3.3.1 Temperature dependen
e of magnetization and ele
tri
alresistivityThe magnetization of the grown LSMO113 �lms was measured in the presen
e of a 0:5 T�eld applied parallel to the �lm plane. Figures 3.4 and 3.5 show the temperature dependen
eof magnetization and ele
tri
al resistivity for �lms grown at di�erent temperatures. It isseen that the e�e
ts of the substrate temperature during �lm growth on the ele
tri
al andmagneti
 properties are large. Films grown at temperatures as low as 700 ÆC have smallmagnetization and TC, and their resistivities show semi
ondu
ting behavior in the wholetemperature range measured. In 
ontrast, �lms grown at higher temperatures have lowerresistivities and improved ferromagnetism with higher Curie temperatures. Above Tsub =770 ÆC, the ferromagneti
 transition appears also as a sudden de
rease in the ele
tri
alresistivity 
hara
teristi
s.At this point, the LSMO113 �lms grown at 820 ÆC, however, showed resistivities aboutone order of magnitude higher than those of La0:7Sr0:3MnO3 single 
rystals, with Curietemperatures smaller than the bulk value by more than 100 K. The magnetization at lowtemperatures is also found to be approximately 20% smaller than the value expe
ted fromfull polarization of Mn ions (3.7 �B/Mn). This is 
onsidered to be a 
onsequen
e of oxygen
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ien
y in the as-grown �lms [1℄.3.3.2 E�e
t of annealing in O2In manganates, the oxygen ion 
onstitutes the medium over whi
h ele
tron hopping betweenneighboring sites takes pla
e [1℄. Therefore, the oxygen 
ontent in the �lms plays a de
isiverole in their ele
troni
 properties. To remove oxygen de�
ien
y, �lms were annealed at900 ÆC for 2 hours in 
owing oxygen (1 `/min). Figures 3.6 and 3.7 show magnetization andele
tri
al resistivity 
hara
teristi
s for su
h annealed �lms. A large de
rease in resistivitywith a mu
h higher Curie temperature is 
learly observed. The �lms grown at 13 or 80 mTorrat 820 ÆC showed similar 
hara
teristi
s. TC of both �lms was around 330 K, whi
h is stillbelow the bulk value of � 370 K. The resistivity of these �lms, however, are of the sameorder as the single 
rystal value. Moreover, the magnetization at low temperatures is 
loseto 3.7 �B/Mn, whi
h is the value expe
ted for full alignment of magneti
 moments of Mnions.In
reasing O2 partial pressure ratio during sputtering to 50% and in situ 
ooling in700 Torr of oxygen immediately after growth were also tried. However, the results obtainedwere not superior to those des
ribed above.3.3.3 Magnetoresistan
eWhen magneti
 �elds were applied, a de
rease of ele
tri
al resistivity was obtained as seenin Fig. 3.8. Data is for an as-grown �lm with a low TC of approximately 250 K. In LSMO113,magnetoresistan
e is signi�
ant only in temperatures 
lose to TC, and therefore, 
ould notbe fully measured for annealed �lms be
ause they have TC's above 300 K, whi
h was themaximum temperature rea
hed in the measuring instrument. The MR 
hara
teristi
 of the�gure indi
ates that the magnetoresistan
e value for the as-grown �lm, �[�(B)��(0)℄=�(0),rea
hed the maximum value of 78% at 230 K.With de
reasing temperature, the magnetoresistan
e value also de
reased as shown inFig. 3.8. This behavior is typi
al for LSMO113 epitaxial �lms and single 
rystals. It is alsounderstood from the me
hanism of 
olossal magnetoresistan
e in these materials mentionedin Se
tion 1.3 [1, 2℄.3.4 Dis
ussionThese results des
ribed above 
an be understood in terms of the double ex
hange modelof Zener known to 
onstitute the main physi
s of ferromagnetism and ele
tron transport inthe manganates [8℄. A

ording to this model, the ferromagneti
 intera
tion o

urs via theex
hange of 
ondu
tion ele
trons. The amplitude of the e�e
tive ele
tron hopping between



48 Chapter 3. Epitaxial Growth and Chara
terization of La1�xSrxMnO3...

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

M
a

g
n

e
ti
z
a

ti
o

n
 (

µ
Β
/M

n
)

4003002001000

Temperature (K)

As-grown
Annealed

820°C

820°C

770°C

770°C

Figure 3.6: Temperature dependen
e of magnetization for annealed LSMO113 epitaxialthin �lms.



3.4. Dis
ussion 49

10
-4

10
-3

10
-2

10
-1

10
0

10
1

R
e

s
is

ti
v
it
y
 (

Ω
 c

m
)

3002001000

Temperature (K)

820°C

770°C

As-grown
Annealed

770°C

820°C

bulk

Figure 3.7: Temperature dependen
e of ele
tri
al resistivity for annealed LSMO113 epi-taxial thin �lms.



50 Chapter 3. Epitaxial Growth and Chara
terization of La1�xSrxMnO3...
10000

8000

6000

4000

2000

R
e
s
is

ta
n
c
e
 (

Ω
)

3002001000

Temperature (K)

0 T

7 T

2 T

5 T

100

80

60

40

20

M
a
g
n
e
to

re
s
is

ta
n
c
e
 (

%
)

3002001000

Temperature (K)

7 T

3 T

5 T

Figure 3.8: Typi
al magnetoresistan
e seen in LSMO113 epitaxial thin �lms.



3.5. A Spin Inje
tion Devi
e: Fabri
ation and Chara
terization 51Mn3+ and Mn4+ sites (i and j) is expressed as:tij = t0ij 
os(�ij=2)where t0ij is the maximum hopping amplitude, and �ij the relative angle between the neigh-boring spins. tij depends also on both the distan
e between Mn and O ions and the Mn3+-O-Mn4+ angle. The fa
t that higher Tsub's improve the magneti
 property and lower theele
tri
al resistivity indi
ates that the double ex
hange intera
tion is improved with in
reas-ing 
rystal quality of the �lm. The e�e
t of annealing in O2 is also a

ounted for using thesame model as des
ribed above.Even after annealing, TC was short of � 40 K from the bulk value. This is probably dueto a tensile strain exerted by STO substrate, whi
h is manifested by the observed de
reasein the out-of-plane latti
e 
onstant of these �lms (0:385 nm), 
ompared with the bulk value0:388 nm. This is 
onsistent with reported results on strain e�e
ts in studies of manganateepitaxial thin �lms [2, 9℄.3.5 A Spin Inje
tion Devi
e: Fabri
ation andChara
terization3.5.1 Introdu
tionNon-equilibrium e�e
ts in high-T
 super
ondu
tors have been a subje
t of interest re
entlybe
ause they are in intimate relation with the me
hanism of super
ondu
tivity, whi
h isnot fully understood yet. They also o�er a possibility of te
hnologi
al appli
ations whi
hhave not been a

essible so far [10, 11℄. A major method for studying these non-equilibriume�e
ts 
onsists of inje
ting a spin-polarized 
urrent into a super
ondu
tor through a tunnelbarrier, as mentioned in Se
tion 1.3.4.In su
h experiments, the interfa
e between the di�erent layers should be sharp enoughto produ
e the intrinsi
 e�e
ts. Therefore, epitaxial �lms with a 
at surfa
e morphology areneeded. For high-T
 super
ondu
tors, the ferromagneti
 manganates are the most suitablebe
ause they have the same perovskite stru
ture and fairly 
lose latti
e 
onstants, as shownin Fig. 3.9. Moreover, they are preferable to 
onventional metals in that they show 100%spin polarization [1℄.In this study, epitaxial thin �lms for La0:7Sr0:3MnO3 (LSMO113) and La1:85Sr0:15CuO4(LSCO) have been grown, and spin inje
tion using these materials has been studied.3.5.2 Devi
e fabri
ationLa0:7Sr0:3MnO3 (LSMO113) and La1:85Sr0:15CuO4 (LSCO) epitaxial thin �lms have beengrown by o�-axis multi-target sputtering on SrTiO3 (STO) (100) substrates. The fra
tional
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ture of the manganate LSMO113 and that of the high-T
 super-
ondu
tor La1�xSrxCuO4 (LSCO).



3.5. A Spin Inje
tion Devi
e: Fabri
ation and Chara
terization 53ratio of O2 in the mixed sputtering gas was �xed at 25%. During the growth of LSMO113�lms, the substrate temperature and the deposition rate were 860 ÆC and 1:1 nm/min,respe
tively. For LSCO both on STO and LSMO113, these parameters were adjusted to830 ÆC and 0:55 nm/min, respe
tively. The targets used had 
hemi
al 
ompositions ofLa0:7Sr0:3MnO3 and La1:85Sr0:15Cu1:05O4. They were prepared by 
al
ining a mixture ofappropriate powders at 900{1200 ÆC for 12 h in air, and then sintering at 1000{1500 ÆC for20 h in 
owing O2.LSCO/LSMO113 stru
tures were fabri
ated by photolithography and ion-milling. The
on�guration used in the spin-inje
tion experiments is shown in Fig. 3.10. The area ofthe stru
ture was 30� 30 �m2, and the �lm thi
kness was 156 and 250 nm for LSCO andLSMO113, respe
tively. The spin 
urrent 
ows from the top Au ele
trode into LSMO113through LSCO.
3.5.3 Devi
e 
hara
terizationAs seen in Figs. 3.11 and 3.12, 
-axis epitaxial �lms of LSCO and LSMO113 were obtained.The �lms had a 
omposition of La1:85Sr0:15CuO4+Æ and La0:7Sr0:3MnO3+Æ, respe
tively. TheLSCO and LSMO113 �lms, whi
h had a thi
kness of 125 and 250 nm respe
tively, show asmooth surfa
e morphology as seen in the SEM images of Figs. 3.11 and 3.12. The surfa
eof the �lms had a roughness of approximately 4:3 and 1:5 nm for LSCO and LSMO113,respe
tively, as determined by atomi
 for
e mi
ros
opy (AFM).For the LSCO �lms, typi
al values for the onset of the super
ondu
ting transition tem-perature T
 were around 35 K as indi
ated in Fig. 3.11. For the present LSMO113 �lmsgrown, resistivities and transition temperatures 
lose to the bulk value (� 370 K ) have beenobtained, as seen in Fig. 3.12. When LSCO �lms were grown on LSMO113, an in
reasedsurfa
e roughness was observed as seen in Fig. 3.13 (A roughness of 5:7 nm was observedby AFM). These �lms showed also a lower super
ondu
tivity T
, as seen in the same �gure.Figure 3.13 shows resistivity data obtained for the LSCO/LSMO stru
ture. When the
urrent was in
reased from 1 to 10 �A, the super
ondu
ting transition temperature de-
reased as seen in Fig. 3.14. This de
rease in T
 is 
onsidered to be due to the non-equilibrium e�e
t indu
ed by spin-
urrent inje
tion. From the large roughness value, it isinferred that the LSCO �lms 
ontain many grain boundaries, where spin s
attering o

urs.In this 
ase, spin polarization is redu
ed when the 
urrent is inje
ted into LSCO, leadingto the suppression of the non-equilibrium e�e
t to a 
ertain degree. As seen in Fig. 3.14, anegative resistan
e has been re
orded. The reason for this is not suÆ
iently 
lear at present,but it may possibly be due to super�
ial e�e
ts 
oming from the stru
ture measured. Moreanalysis and optimization of the spin-inje
tion stru
ture, therefore, are needed �rst.
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Figure 3.10: Stru
ture of the spin-inje
tion devi
e fabri
ated in this study.
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3.6. Summary 593.6 SummaryEpitaxial thin �lms of LSMO113 manganates have been grown by sputtering on SrTiO3(100) substrates at temperatures in the range 650� 820 ÆC. The �lms have been 
hara
ter-ized using energy dispersive spe
tros
opy (EDS), re
e
tion high energy ele
tron di�ra
tion(RHEED), x-ray di�ra
tion (XRD), resistivity, and magnetization measurements. Filmsgrown at 820 ÆC exhibited a streaky RHEED pattern indi
ating a smooth surfa
e morphol-ogy. It has been found that the ele
tri
al and magneti
 properties of LSMO113 epitaxialthin �lms are improved as the growth temperature is in
reased. When post-annealed in anoxygen atmosphere, �lms grown at 820 ÆC exhibited ele
tri
al resistivities at low temper-atures 
omparable to those of the bulk, and have magnetization values re
e
ting the fullspin alignment of Mn ions and 
ondu
tion ele
trons.Epitaxial thin �lms of LSMO113 have been also used as ele
trodes in a spin-inje
tion ex-periment for the (La,Sr)2CuO4 high-T
 super
ondu
tor. A de
rease in the super
ondu
tingtransition temperature T
 has been obtained when the inje
ted spin-
urrent is in
reased,whi
h suggests the o

urren
e of the non-equilibrium e�e
t.Referen
es[1℄ Y. Tokura (Ed.), Colossal Magnetoresistive Oxides (Gordon and Brea
h, 2000).[2℄ W. Prellier, P. Le
oeur, and B. Mer
ey, Cond-mat/0111363.[3℄ K. Wasa and S. Hayakawa, Thin Film Te
hnology (Kyoritsu Publishing, Tokyo, 2002).[4℄ A. Urushibara, Y. Morimoto, T. Arima, A. Asamitsu, G. Kido, and Y. Tokura, Phys.Rev. B 51, 14103 (1995).[5℄ M. Kitagawa, K. K. Choi, K. Nakano, and Y. Yamazaki, J. Magn. So
. Japan 22, 1090(1998).[6℄ N. Sengoku and K. Ogawa, Jpn. J. Appl. Phys. 35, 5432 (1996).[7℄ C. Blue and P. Bool
hand, Appl. Phys. Lett. 58, 2036 (1991).[8℄ C. Zener, Phys. Rev. 82, 403 (1951).[9℄ F. Tsui, M. C. Smoak, T. K. Nath, and C. B. Eom, Appl. Phys. Lett. 76, 2421 (2000).[10℄ V. A. Vas'ko, V. A. Larkin, P. A. Kraus, K. R. Nikolaev, D. E. Grupp, C. A. Nordman,and A. M. Goldman, Phys. Rev. Lett. 78, 1134 (1997).[11℄ S. Takahashi, H. Imamura, and S. Maekawa, Phys. Rev. Lett. 82, 3911 (1999).
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61
Chapter 4

-Axis Epitaxial Growth andChara
terization of BilayerManganate Thin Films
4.1 Introdu
tionThe MnO2-bilayer perovskite manganate system La2�2xSr1+2xMn2O7 (LSMO327) has beenstudied intensively in the past ten years be
ause it shows 
olossal magnetoresistan
e (CMR)and intrinsi
 spin tunneling magnetoresistan
e, whi
h are very attra
tive in many appli
a-tions [1{7℄. In order to study this intrinsi
 spin tunneling and its appli
ations, 
-axisepitaxial �lms of bilayer manganates are required.Studies on the bilayer manganate La2�2xSr1+2xMn2O7 have been mostly performed onbulk samples. Only a few studies were 
ondu
ted on 
-axis epitaxial �lms. Furthermore,the 
-axis �lms were grown only by pulsed laser deposition (PLD). By sputtering, on theother hand, only a-axis �lms were grown [8{11℄.In Se
tion 4.2, 
-axis epitaxial thin �lm growth for the bilayer manganate LSMO327by on-axis rf-magnetron sputtering is studied. In order to a
hieve 
-axis epitaxial growth,the importan
e of 
ontrolling the deposition rate is explained. The magneti
, ele
tri
al,and magnetoresistive properties of the grown 
-axis epitaxial thin �lms are 
hara
terized inSe
tion 4.3. Intergrowths su
h as LSMO113 and LSMO214 are found to be in
orporatedeasily into the stru
ture of the layered manganates, and therefore, a quantitative method of
hara
terizing these intergrowths based on X-ray di�ra
tion (XRD) experiment and simula-tion is developed (Se
tion 4.4). Finally, the obtained results on the 
-axis epitaxial growthfor the layered manganates and on the properties of the grown thin �lms are dis
ussed inSe
tion 4.5.



62 Chapter 4. 
-Axis Epitaxial Growth and Chara
terization of Bilayer...4.2 
-Axis Epitaxial Growth of La2�2xSr1+2xMn2O7Thin Films4.2.1 Conditions of thin �lm growthLSMO327 layered manganate thin �lms were grown by on-axis rf-magnetron single targetsputtering on sapphire (1102) and SrTiO3 (STO) (100) substrates. The fra
tional ratio ofO2 in the mixed sputtering gas was �xed at 30 or 50%. The sputtering pressure Ps wasmaintained during the �lm growth at a �xed value from 60 to 120 mTorr. The substrate washeated to temperatures up to 900 ÆC. The target used had a stoi
hiometri
 
ompositionof La1:4Sr1:6Mn2O7. The substrate{target distan
e was 4:5 
m. Films were annealed at900{1000 ÆC for 12{24 h in 
owing oxygen.In general, the deposition rate depends on sputtering 
onditions, i.e., the anode voltageVa, the sputtering pressure Ps, the sputtering gas mixed ratio rO2, and the substrate tem-perature Tsub. Depending on these parameters, the deposition rate 
ould be 
hanged from0:8 to 25 nm/min. The former value was attained when Va = 0:8 kV, Ps = 120 mTorr, andrO2 = 50%, while the latter was attained at Va = 1:8 kV, Ps = 80 mTorr, and rO2 = 30%.Eventually, the deposition rate was found to be very important to 
ontrol the 
rystallo-graphi
 orientation of LSMO327 epitaxial �lms, as des
ribed below.4.2.2 Dependen
e of �lm 
omposition on sputtering 
onditionsFigure 4.1 shows the dependen
es of the 
ompositions [Mn℄/([La℄+[Sr℄) and [Sr℄/([La℄+[Sr℄)on substrate temperature Tsub, sputtering pressure Ps, and anode voltage Va. It is generallyseen that [Sr℄/([La℄+[Sr℄) is almost 
onstant, while the behavior of [Mn℄/([La℄+[Sr℄) is
ompli
ated. The atomi
 ratio [Mn℄/([La℄+[Sr℄) depends strongly on Tsub and Ps, while itremains nearly 
onstant against the 
hange in Va. At low pressures (below 10 mTorr), the�lms have about 25% of Mn in ex
ess, while their Sr 
ontent is 
lose to the target value.As Ps in
reases above 10 mTorr, [Mn℄/([La℄+[Sr℄) de
reases, and [Sr℄/([La℄+[Sr℄) be
omesslightly larger than that of the target by about 8%. The de
rease in the Mn 
ontent within
reasing Ps is expe
ted sin
e the lighter Mn atoms are s
attered more strongly than Laand Sr atoms. The anode voltage dependen
e of �lm 
omposition was found to be weakboth for [Mn℄/([La℄+[Sr℄) and [Sr℄/([La℄+[Sr℄), as seen in Fig. 4.1.From the above results, it follows that the Mn 
ontent tends to in
rease in ex
ess athigh temperatures where the epitaxial growth takes pla
e. It was also found that Mn-ri
h
omposition 
auses the nu
leation of the LSMO113 phase quite easily, so that it is essentialthat the �lm is stoi
hiometri
 or a little Mn-de�
ient. Therefore, Ps was in
reased in orderto suppress the in
rease in the Mn 
ontent and to attain stoi
hiometry.However, the range of available 
onditions for the stoi
hiometri
 �lm growth is signif-i
antly redu
ed when Ps is high. In this study, �lm 
ompositions 
lose to stoi
hiometry



4.2. 
-Axis Epitaxial Growth of La2�2xSr1+2xMn2O7 Thin Films 63

0.7

0.6

0.5

0.4

0.3

[S
r]

 /
 (

[L
a

]+
[S

r]
)

2.01.81.61.41.2
Anode voltage (kV)

0.7

0.6

0.5

0.4

0.3

[S
r]

 /
 (

[L
a

]+
[S

r]
)

12080400
Sputtering pressure (mTorr)

0.9

0.8

0.7

0.6

0.5

[M
n
] 
/ 
([

L
a
]+

[S
r]

)

12080400
Sputtering pressure (mTorr)

0.9

0.8

0.7

0.6

0.5

[M
n
] 
/ 
([

L
a
]+

[S
r]

)

2.01.81.61.41.2
Anode voltage (kV)

0.7

0.6

0.5

0.4

0.3

[S
r]

 /
 (

[L
a

]+
[S

r]
)

900800700
Substrate temperature (°C )

0.9

0.8

0.7

0.6

0.5

[M
n
] 
/ 
([

L
a
]+

[S
r]

)

900800700
Substrate temperature (°C )

Figure 4.1: Dependen
e of �lm 
omposition on substrate temperature, sputtering pressure,and anode voltage. The dotted line indi
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omposition La1:4Sr1:6Mn2O7.
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-Axis Epitaxial Growth and Chara
terization of Bilayer...were attained when Tsub was 
lose to but below 920 ÆC and the growth rate was high, i.e.,typi
ally 25 nm/min at Va = 1:8 kV. However, at the lowest rate 0:8 nm/min, attainedunder the 
onditions of Va = 0:8 kV, rO2 = 50%, and Ps = 120 mTorr, the in
rease inthe Mn 
ontent with in
reasing Tsub was signi�
ant and the �lms be
ame Mn-ri
h. In this
ase, stoi
hiometry was attained only for Tsub � 760 ÆC. A typi
al �lm thus obtained had a
omposition of La1:25Sr1:75Mn2O7+Æ.4.2.3 Thin �lm growth at high deposition rates |25 nm/min|Fig. 4.2 shows XRD patterns for stoi
hiometri
 �lms grown at the high deposition rate of25 nm/min on STO substrates at Tsub in the range 760� 920 ÆC. It is seen that at the lowersubstrate temperatures, the thin �lms grew in the a-axis growth mode. The 
-axis growthappears only in the highest temperature Tsub = 920 ÆC, but the broad and low-intensityXRD peaks indi
ates that it is still very poor. Films grown on the sapphire substrate werepoly
rystalline, as shown in Fig. 4.3 for a �lm grown at Tsub = 760 ÆC.Figure 4.4 shows HRSEM images for the above �lm. The �lms grown on STO substratesshow smooth surfa
es, while those grown on sapphire have a rough and grained surfa
e.4.2.4 Thin �lm growth at low deposition rates |0.8 nm/min|When the deposition rate was lowered to 0:8 nm/min by adjusting the sputtering parametersto Va = 0:8 kV, Ps = 120 mTorr, and rO2 = 50%, the �lm growth on STO depended onTsub as shown in Fig. 4.5. For �lms grown of sapphire, a typi
al XRD pattern is shownin Fig. 4.6, obtained from a thin �lm grown at Tsub = 760 ÆC. As shown in Fig. 4.7, a
ontinuous 
hange from the a-axis to the 
-axis growth was observed when Tsub was loweredfrom 760 to 630 ÆC. At Tsub = 760 ÆC, 
-axis epitaxial thin �lms with 
lear XRD peaks wereobtained. On the sapphire substrate, the �lms were poly
rystalline and had probably somepreferred orientation along the 
-axis, although its signal was barely dete
ted by XRD.Films grown on STO, thus, exhibited distin
tly di�erent two patterns depending on thedeposition rate. X-ray di�ra
tion analysis indi
ated the a-axis growth for �lms grown at25 nm/min, while it indi
ated the 
-axis growth when the rate was de
reased to 0:8 nm/min.Therefore, the 
ontrol of deposition rate is 
ru
ial for the 
-axis epitaxial �lm growth ofLSMO327. The 
-axis growth was observed when the deposition rate is lower than 2 nm/minat Tsub = 760 ÆC; at a deposition of 2 nm/min, the 
-axis growth was absent and the a-axis growth appeared. Furthermore, it was also found that the 
-axis growth is obtainedwhen Tsub � 670 ÆC. When the �lm growth rate was high, say, at 25 nm/min, 
-axis �lmswere obtained only when Tsub � 920 ÆC. However, their XRD 
-axis patterns were verypoor as shown earlier. From these results, it is 
on
luded that the 
onditions for the 
-axis�lm growth are represented by low growth rates of below � 0:8 nm/min, and substratetemperatures of above � 760 ÆC. In the following se
tions, we fo
us on the 
-axis �lms
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Figure 4.7: HRSEM surfa
e images for �lms grown at 0:8 nm/min on sapphire (1102) andSTO (100) substrates.



4.3. Magneti
, Ele
tri
al, and Magnetoresistive Chara
terization 69grown under these 
onditions unless otherwise noted.Figure 4.7 shows HRSEM images for obtained as-grown �lms on sapphire and STO at0:8 nm/min. For �lms grown on sapphire substrates, 
rystallites with 
lear 
rystal fa
etswere observed on the surfa
e. This surfa
e morphology is di�erent from that observedfor �lms grown at 25 nm/min, and suggests some preferred 
rystalline orientation. Filmsgrown on STO substrates show smooth surfa
es. It is seen, however, that the �lm grown at0:8 nm/min, 
ompared with that grown at 25 nm/min is smoother and shows 
oales
en
eto a greater degree.The 
-axis latti
e 
onstant for the LSMO327 
-axis epitaxial �lms was evaluated to be2:006 nm from the position of the main peak (0010). This value is slightly smaller thanthe bulk value of 2:020 nm. The positions of the other (00`) peaks are shifted largely(� 0:04 nm when 
onverted to the latti
e 
onstant) from ea
h position expe
ted from theabove 
-axis latti
e 
onstant. This shift o

urs both in the negative and in the positivedire
tion depending on ea
h di�ra
tion peak. Also, the �lms show large values for the fullwidth at half maximum (FWHM), ranging from � 0:5Æ for the di�ra
tion peak (0010) to� 3:0Æ for (008). These 
hara
teristi
s are likely due to the intergrowth of other phases,e.g., LSMO113 or LSMO214 of the Ruddelsden-Popper series, as dis
ussed later.4.2.5 E�e
t of annealing in O2To 
ompensate for a possible oxygen de�
ien
y and to release residual strain, �lms wereannealed at 900 ÆC for 24 h in 
owing oxygen. By this annealing, the latti
e 
onstantde
reased as shown in Fig. 4.8. For the 
-axis epitaxial �lm, 
 de
reased from 2:006 nm to1:976 nm.After annealing, the surfa
e of all the �lms was degraded irrespe
tive of the kind ofsubstrate material, showing many pre
ipitates as seen in Fig. 4.9. EDS results showed thatthese pre
ipitates are Mn de�
ient, from whi
h it is inferred that they are probably of theLSMO214 (n = 1) phase.4.3 Magneti
, Ele
tri
al, and MagnetoresistiveChara
terization4.3.1 Temperature dependen
e of magnetizationFigure 4.10 shows magnetization measurements for �lms as grown at 0:8 nm/min on STO(100) and sapphire (1102), together with the 
hara
teristi
s for annealed �lms. The valuesfor magnetization per Mn atom were 
al
ulated from the observed magneti
 moment of thesamples, by assuming that the �lms are 
omposed of the LSMO327 phase only. As 
an beseen, the magnetization for as-grown �lms shows a relatively weak temperature dependen
e.In 
ontrast, the magnetization for annealed �lms shows an abrupt in
rease around 350 K
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Figure 4.8: XRD patterns for annealed �lms grown at two di�erent deposition rates, 25and 0:8 nm/min, on STO (100) substrates. Annealing was 
ondu
ted at 900 ÆC for 24 h in
owing oxygen.
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Figure 4.9: HRSEM surfa
e images for annealed �lms grown at 25 and 0:8 nm/min onsapphire (1102) and STO (100) substrates.
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4.3. Magneti
, Ele
tri
al, and Magnetoresistive Chara
terization 73as T is de
reased. Also, after annealing, the magnetization at low temperatures is higherthan that of as-grown �lms, and is about 1:40 �B per Mn atom. This value is, however,mu
h smaller than the theoreti
al value of 3:625 �B expe
ted from full spin polarization.Upon annealing in O2, all the 
-axis XRD peaks shifted to the high-angle dire
tion,indi
ating a de
rease in the 
-axis latti
e 
onstant as shown in Fig. 4.8. This de
reaseis assumed to o

ur as oxygen va
an
ies in the 
rystal stru
ture are �lled substantially.This is be
ause the anion O2� present in the latti
e fun
tions to redu
e the ele
trostati
repulsion between the 
ation spe
ies (here La3+, Sr2+, and Mn3+ or Mn4+), whi
h otherwisetends to stret
h the stru
ture. A de
rease in the latti
e 
onstant with in
reasing O 
ontentwas 
on�rmed experimentally [12℄. Considering that a relief of strain is also possible afterannealing, the annealing e�e
t on the magnetization of the �lms 
an be explained similarlyas follows. A

ording to Zener's double ex
hange model [13℄, the ferromagneti
 intera
tiono

urs via the ex
hange of 
ondu
tion ele
trons between Mn ions through O ions. Theamplitude of the e�e
tive ele
tron hopping between Mn3+ and Mn4+ (i and j sites) isexpressed as tij = t0ij 
os(�ij=2);where t0ij is the maximum hopping amplitude, and �ij the relative angle between the neigh-boring spins. tij depends both on the distan
e between Mn and O ions and on the Mn3+-O-Mn4+ angle. Therefore, the Curie temperature TC is redu
ed in LSMO �lms whi
h 
ontain alarge amount of O va
an
ies and strain. When as-grown �lms are oxygenated by annealing,TC is expe
ted to in
rease sin
e tij in
reases.It is also seen from Fig. 4.10 that the magnetization for as-grown �lms is quite largewhen 
ontrasted with those for annealed �lms. For the reason for this result, it may be
onsidered that the ferromagneti
 intera
tion still remains in oxygen-poor as-grown �lms.In that 
ase, a large magnetization might be indu
ed in the presen
e of a magneti
 �eld ofB = 1 T even if TC is diminished. However, it appears anomalous that the magnetizationis still large even at 400 K, whi
h is higher than TC = 370 K for LSMO113, and the reasonfor this has yet to be known.For the annealed �lms, the Curie temperature TC was about 350 K and 330 K for �lmson STO and sapphire substrates, respe
tively. These values are mu
h higher than that forthe bulk (� 115 K) [3℄, and they represent, supposedly, TC values for the intergrowth phase.4.3.2 Temperature dependen
e of ele
tri
al resistivityFigure 4.11 shows ele
tri
al resistivity measurements for the annealed �lms on STO andsapphire substrates. For both �lms, the temperature dependen
e of resistivity has a peakthat indi
ates a metal-insulator (MI) transition at 237 K and 142 K, respe
tively. Thesetemperatures are lower than the 
orresponding TC's determined from the magnetization,espe
ially for the poly
rystalline �lm on sapphire substrates. The resistivity of poly
rys-talline �lms grown on sapphire (1102) had a resistivity more than one order of magnitude
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e of ele
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al resistivity for annealed �lms grown at0:8 nm/min on sapphire (1102) and STO (100) in the presen
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 �elds.



4.4. Intergrowth Chara
terization by XRD Simulation 75larger than that for �lms on STO (100), presumably due to grain boundary s
attering.4.3.3 Magnetoresistan
eWhen magneti
 �elds were applied, a de
rease of resistivity was seen in the whole tem-perature range measured, as seen in Fig. 4.11. The MR 
hara
teristi
s of the same �gureindi
ate that the magnetoresistan
e value, �[�(B) � �(0)℄=�(0), was 16 and 33% for the�lms grown on STO and sapphire at 7 T at the MI transition temperature of 237 K and142 K, respe
tively. These values are mu
h smaller than a reported value of, say, 98% at7 T observed for 
-axis �lms grown by pulsed laser deposition [8℄.With de
reasing temperature, the magnetoresistan
e values remained almost 
onstantdown to low temperatures. This behavior has been seen in layered manganate single 
rys-tals [3℄. However, as dis
ussed later, this behavior observed here and the observed lowmagnetoresistan
e values are probably related to intergrowth phases 
ontained in the �lms.4.4 Intergrowth Chara
terization by XRD Simulation4.4.1 Introdu
tionThe XRD patterns for the 
-axis LSMO327 epitaxial �lms showed broad peaks that wereshifted as dis
ussed in 4.2 and as indi
ated in Fig. 4.12. Moreover, the surfa
e of the�lms after annealing was degraded, showing many pre
ipitates as was shown in Fig. 4.9.This is supposedly due to the presen
e of intergrowths su
h as LSMO113 and LSMO214.The 
rystal stru
ture of these phases is similar to that of LSMO327 and they di�er onlyin 
omposition. Therefore, lo
al 
omposition deviations also 
an indu
e the growth ofphases other than the bilayer manganate phase. In order to �gure out this possibility, XRDpatterns from intergrowth-in
luded LSMO327 stru
tures were numeri
ally 
al
ulated usingXRD simulations with an appropriate model to reprodu
e the observed 
hara
teristi
s. By
omparing the 
al
ulation with the experimental results, the amount of intergrowth in thegrown �lms was evaluated.4.4.2 Simulation methodIn this study, the one-dimensional kinemati
 X-ray di�ra
tion model developed for super-latti
es by Fullerton et al. was used for XRD simulation [14℄. The intergrowth phases
onsidered were the 
ubi
 LSMO113 and the layered LSMO214 (n = 1). These and the
rystal stru
ture units used in the simulation are shown in Fig. 4.13. As 
an be seen, theLSMO113, LSMO214, and LSMO327 blo
ks 
onsist of (La,Sr)O-MnO2, (La,Sr)O-MnO2-(La,Sr)O, and (La,Sr)O-MnO2-(La,Sr)O-MnO2-(La,Sr)O sta
ks, respe
tively.Our 
-axis �lms were modeled as a sta
k of 50 blo
ks 
onsisting of LSMO327 and the in-tergrowth phases LSMO113 and LSMO214. In the simulation, they were sta
ked randomly,
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-axis epitaxial layered manganate thin �lm, showing theshift of the XRD peaks from their positions 
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LSMO113 LSMO214 LSMO327Figure 4.13: Crystal stru
ture of LSMO113 (n =1), LSMO214 (n = 1), and LSMO327(n = 2). For ea
h phase, the 
rystal stru
ture blo
k used in the simulation is indi
ated bythe dashed frame.



4.4. Intergrowth Chara
terization by XRD Simulation 77and the 
al
ulations were averaged over 100 random stru
tures.Let F113, F214, and F327 be the stru
ture fa
tors of the LSMO113, LSMO214, andLSMO327 blo
ks, respe
tively. Then the stru
ture fa
tor of the whole sta
k 
an be writtenas [15℄: Ftotal = 50Xj=1F�(j) exp 4�isin(�)� Dj! ; (4.1)where �(j) = \113"; \214"; or \327" depending on the phase of the j-th blo
k. Dj is thedistan
e from the �rst to the j-th blo
k, and is 
al
ulated as Dj = Dj�1 + 
�(j�1)(D1 = 0).
113 is the latti
e 
onstant of LSMO113. 
214 and 
327 are half the latti
e 
onstants ofLSMO214 and LSMO327, respe
tively. � is the in
iden
e angle, and � is the wavelength forCu K�1 X-rays.The stru
ture fa
tor for ea
h blo
k is:F113 = (f(La;Sr) + fO) + (fMn + 2fO) exp 4�isin(�)� s! ; (4.2)F214 = (f(La;Sr) + fO) + (fMn + 2fO) exp 4�isin(�)� s!+ (f(La;Sr) + fO) exp 4�isin(�)� 2s! ;(4.3)F327 = (f(La;Sr) + fO) + (fMn + 2fO) exp 4�isin(�)� s!+ (f(La;Sr) + fO) exp 4�isin(�)� 2s!+(fMn + 2fO) exp 4�isin(�)� 3s!+ (f(La;Sr) + fO) exp 4�isin(�)� 4s! ; (4.4)where fMn and fO are the atomi
 s
attering fa
tors for Mn and O, respe
tively. f(La;Sr)is taken as the average atomi
 s
attering fa
tor 
orresponding to the La:Sr ratio in the
hemi
al 
omposition of the �lm. s is the distan
e between the (La,Sr)O plane and theneighboring MnO2 plane. The anomalous s
attering 
orre
tions are in
luded. The a
tualnumeri
al values 
an be found in [16℄.The X-ray s
attering intensity for the whole �lm is thus given by FtotalF �total, where F �totalis the 
omplex 
onjugate of Ftotal. The average of this value over 100 random sta
ks wastaken as the simulated X-ray s
attering intensity for the 
orresponding �lm.4.4.3 Simulation resultsFigure 4.14 shows the dependen
e of the XRD pattern on the intergrowth phase and itsamount. In the results shown , the atomi
 s
attering fa
tors were set equal among thedi�erent elements for the sake of simpli
ity. The real values were pre
isely taken intoa

ount in the quantitative results mentioned later. The simulation shows that, as theamount of intergrowth in
reases, the di�ra
tion peak positions systemati
ally shift. It isseen that, as the intergrowth of LSMO113 in
reases, the (004), (008), and (0010) peaksshift to higher angles, while the (006) and (0012) peaks shift to lower angles. In the 
ase of
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attering fa
tors were set equal among the di�erentelements for the sake of simpli
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4.4. Intergrowth Chara
terization by XRD Simulation 79the LSMO214 intergrowth, (004), (006), and (008) peaks shift to higher angles, while the(0010) and (0012) peaks shift to lower angles. Therefore, the (006) and (0010) peaks shiftin the di�erent dire
tions depending on the kind of intergrowth.Figure 4.15 shows the equivalent latti
e 
onstant shift for several di�ra
tion peaks,where the equivalent latti
e 
onstant shift for a given peak indi
ates the 
hange in thelatti
e 
onstant 
 from the value given by the (0010) peak when 
al
ulated from that peak'sposition via the Bragg equation. The atomi
 s
attering fa
tors are now set to their realvalues. It is seen that the dire
tion and the magnitude of the shift depend strongly onea
h XRD peak and on the intergrowth 
rystal stru
ture. This was used to 
hara
terizequantitatively intergrowths in the grown 
-axis epitaxial thin �lms of layered manganates.
4.4.4 Quantitative evaluation of intergrowths in 
-axisLa2�2xSr1+2xMn2O7 epitaxial thin �lmsThe dashed lines in Fig. 4.15 show the equivalent latti
e 
onstant shift for the peak 
on-sidered observed in the as-grown 
-axis epitaxial thin �lms. When the intergrowth 
onsistswholly of LSMO214, the dire
tion and the magnitude of the 
al
ulated shifts deviate sig-ni�
antly from the observed values, as seen in the left panel of the �gure. In 
ontrast,good 
oin
iden
e is obtained when the intergrowth 
ontent is about 30% of LSMO113,as seen in the right panel of the same �gure. Furthermore, an addition of up to 10% ofLSMO214 phase yielded a better XRD pattern in view of relative peak intensities withthe shift almost un
hanged. We estimate, then, that the grown �lms 
ontain about 40%of intergrowth (30% from the LSMO113 phase and 10% from the LSMO214 phase). Thesimulated pattern for this amount of intergrowth is shown in Fig. 4.16. It is seen that thesimulated result reprodu
es the experimental XRD pattern pretty well, in
luding the largebroadening of the XRD peaks, even in the above simpli�ed XRD model. As for FWHM, thesimulation result ranges from � 0:25Æ for (0010) to � 3:5Æ for (008), whi
h are 
omparablewith the experimental results.We have also estimated the amount of LSMO113 intergrowth in the �lms after annealingusing the above simulation. From the experimental XRD pattern for the annealed �lmshown in Fig. 4.8, it was found that the equivalent latti
e 
onstant shift for the peaks(006) and (0012) are 0:065 nm and 0:066 nm, respe
tively. In Fig. 4.15, this 
orrespondsroughly to an LSMO113 intergrowth amount of 40%. Therefore, it turns out that theLSMO113 intergrowth in
reases from 30% to about 40% by annealing. The free energy forthe layered 
rystal stru
tures of the manganates (Ruddelsden-Popper series) are probablyquite similar, whi
h leads to the formation of intergrowths during �lm growth or annealing,as in the present 
ase.
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e 
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al
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-Axis Epitaxial Growth and Chara
terization of Bilayer...4.5 Dis
ussion4.5.1 Deposition rate and 
-axis epitaxial growthThe bilayer manganate La2�2xSr1+2xMn2O7 has a layered stru
ture and is stronglyanisotropi
. In su
h a stru
ture, the 
rystal growth rate is generally slow in the 
-axisdire
tion. To grow 
-axis �lms, therefore, a suÆ
iently low deposition rate is ne
essarywhen the growth rate in the ab-plane dire
tion is limited as in the present 
ase [17℄. Inthe experiments, it is found that the maximum deposition rate is � 0:8 nm/min for theLSMO327 
-axis growth at 760 ÆC. The 
ru
ial role of the deposition rate has also beenknown in the 
rystal growth of layered materials. For example, large single 
rystals of theBi2Sr2Ca2Cu3O10 (Bi2223), a CuO2 triple layered high-T
 super
ondu
tor, had not beengrown until very low growth rates were a

essible [18℄.4.5.2 Magneti
 and magnetotransport propertiesAmong the intergrowth phases 
onsidered, LSMO214 is an antiferromagneti
 insulator(TN < 130 K) or a spin glass depending on Sr 
ontent [3, 19, 20℄. Therefore, its 
on-tribution to the magnetization 
an be negle
ted. LSMO113 is, in 
ontrast, known to showmetalli
ity and ferromagnetism with a high TC of 370 K [19℄. It is likely that this LSMO113intergrowth phase raises TC to 350 K, whi
h is mu
h higher than that for LSMO327, in
onsisten
e with the results of Se
tion 4.3.The existen
e of many intergrowth phases in the �lms suggests that the �lms are, mostprobably, 
omposed of many ferromagneti
 and non-ferromagneti
 regions. This proba-bly explains the magnetization value 2:2 �B shy of the full polarization observed in theexperiments (Fig. 4.10). It also gives a qualitative explanation of the observed low magne-toresistan
e values and their temperature dependen
es, sin
e the 
ondu
tivity for LSMO113is mu
h larger than that for LSMO327 and dominant to give large magnetoresistan
e. Thepersistent magnetoresistan
e at low temperatures is probably due to spin-dependent tun-neling between the ferromagneti
 grains, indi
ating that even the epitaxial �lms on STOare poly
rystalline in the present experiment.4.6 Summary
-Axis epitaxial thin �lms of a layered manganate La2�2xSr1+2xMn2O7 have been grown onSrTiO3 (100) substrates by on-axis rf-magnetron sputtering. It was shown that the �lm
hemi
al 
omposition is sensitive to the deposition parameters, and that a small deviationof 
omposition or deposition 
ondition 
auses nu
leation of the (La,Sr)MnO3 stru
ture. Itis found that the deposition rate is 
ru
ial for the 
-axis �lm growth; stoi
hiometri
 
-axis La2�2xSr1+2xMn2O7 �lms have been grown under limited 
onditions of a low rate of
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Chapter 5
Improved 
-Axis Epitaxial Growth ofBilayer Manganate Thin Films byCu-Substitution
5.1 Introdu
tionIn order to study the intrinsi
 tunneling found in layered manganates and its potentialappli
ations, it is ne
essary to grow layered manganate 
-axis epitaxial thin �lms. However,the 
-axis epitaxial growth for these layered materials is not ne
essarily easy, as dis
ussedin Chapter 4. Therefore, a te
hnique that fa
ilitates the 
-axis growth is desired. Expe
tingsu
h a te
hnique, the e�e
t of substituting Mn with Cu on the 
-axis epitaxial growthfor LSMO327 has been explored. The results are des
ribed in the present 
hapter. Thiste
hnique is parti
ularly of a pra
ti
al value if Cu-doping does not a�e
t the magneti
properties of the bilayer manganates as has been reported for some isotropi
 manganates(Fig. 5.1) [1℄.Cu-substitution lowers the melting point of the manganates. Therefore, the atom'smigration is fostered at the growing �lm surfa
e. This is of 
ru
ial importan
e for 
-axisepitaxial growth [2℄, as dis
ussed in Se
tion 4.5. It is, then, expe
ted that the 
-axis epitaxialgrowth is improved when Mn is partially repla
ed with Cu. Cu-substitution fa
ilitates alsothe fabri
ation of sputtering targets for the manganates, as des
ribed in Se
tion 2.1.2.A quantitative 
omparison between 
-axis epitaxial �lms of Cu-doped and non-dopedbilayer manganates is 
arried out in Se
tion 5.2. The enhan
ement of 
-axis growth byCu-doping found therein is dis
ussed. The e�e
t of Cu-doping on the magneti
 and mag-netoresistive properties for La2�2xSr1+2xMn2�yCuyO7 bilayer manganates is also des
ribedand dis
ussed.
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Figure 5.1: Dependen
e of the metal-insulator transition temperature Tp and the Curietemperature TC on the doping element in the manganate La0:7Ca0:3MnO3 by Ghosh et al. [1℄



5.2. 
-Axis Epitaxial Growth of Cu-Substituted... 875.2 
-Axis Epitaxial Growth of Cu-SubstitutedLa2�2xSr1+2xMn2O7 Thin Films5.2.1 Conditions of thin �lm growthBilayer manganate thin �lms of La2�2xSr1+2xMn2O7 and Cu-dopedLa2�2xSr1+2xMn1:8Cu0:2O7 were grown on STO(100) substrates as in Chapter 4. Thesputtering atmosphere was a mixed gas of Ar (70%) and O2 (30%). Sputtering wasperformed under a pressure of 110 mTorr at an anode voltage of 1:2 kV. The substratewas heated to temperatures up to 920 ÆC. The targets used had nominal 
ompositions ofLa1:4Sr1:6Mn2:2O7 and La1:4Sr1:6Mn1:8Cu0:2O7. They were prepared using the solid staterea
tion te
hnique as des
ribed in Se
tion 2.1.2. 10% of Mn was added to the non-dopedtarget for 
hemi
al stabilization. The Cu-doped stoi
hiometri
 target, in 
ontrast, wasabout 6% denser and robust against aging. The deposition rate was approximately8 nm/min. The �lm thi
kness was approximately 250 nm. Energy dispersive x-rayspe
tros
opy (EDX) analysis revealed a typi
al �lm 
omposition of La1:3Sr1:7Mn2O7+Æ andLa1:3Sr1:7Mn1:8Cu0:2O7+Æ for unsubstituted and substituted �lms, respe
tively.5.2.2 Chara
terization of 
-axis epitaxial growthFigures 5.2 and 5.3 show XRD patterns for �lms of non-doped La2�2xSr1+2xMn2O7 andCu-doped La2�2xSr1+2xMn2�yCuyO7 (y = 0:2), grown at 800 and 920 ÆC, respe
tively. Ata substrate temperature of Tsub = 800 ÆC, �lms for both 
ompositions grew with the a-axisperpendi
ular to the substrate (i.e., a-axis �lms). When Tsub was in
reased to 920 ÆC, the�lm growth orientation 
hanged from the a-axis to the 
-axis. In the XRD patterns forthe 
-axis epitaxial �lms, it is 
learly observed that the Cu-substituted �lms have mu
hstronger di�ra
tion peaks than the unsubstituted �lms. Moreover, the full widths at halfmaximum (FWHM) of the XRD peaks are smaller for the Cu-substituted �lm, as shownin Table 5.1. This indi
ates improvements in the �lm epitaxial growth brought about bythe Cu-substitution. The resistivity for this �lm is 0:5 
 
m at room temperature. Thisvalue is 4 times smaller than that of the bulk, whi
h also shows semi
ondu
tive temperaturedependen
e, as will be des
ribed in Se
tion 5.3.For both 
-axis �lms, the 
-axis latti
e 
onstant 
ould not be determined as a singlevalue be
ause it 
hanged from one peak to the other, and this 
hange was both in the plusand minus dire
tions. This is due to the presen
e of intergrowth phases su
h as LSMO113in the �lm 
rystal stru
ture. The s
attering in the latti
e 
onstant when 
al
ulated fromea
h XRD peak was larger in the non-doped �lms, whi
h indi
ates a de
rease in intergrowth
ontent as Cu is introdu
ed into the �lm.To quantify this improvement in �lm 
rystallinity by Cu-doping, the numeri
al XRDsimulation method developed in Chapter 4 was used. Figure 5.4 shows the simulation result
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Figure 5.2: XRD patterns for non-doped La2�2xSr1+2xMn2O7 and Cu-dopedLa2�2xSr1+2xMn2�yCuyO7 (y = 0:2) �lms grown on STO at 800 ÆC.
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Figure 5.3: XRD patterns for non-doped La2�2xSr1+2xMn2O7 and Cu-dopedLa2�2xSr1+2xMn2�yCuyO7 (y = 0:2) �lms grown at 920 ÆC.
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Table 5.1: FWHM of the XRD peaks for unsubstituted and Cu-substituted 
-axis layeredmanganate thin �lms.Cu (004) (006) (008) (0010) (0012) (0014) (0016)0% 0.90 o 1.20 o 6.80 o - 3.70 o 5.00 o -10% 0.86 o 0.84 o 4.20 o 0.35 o 2.24 o 2.76 o 1.24 o
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ertainties in the latti
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onstants of the 
onsidered phases (5%).
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-Axis Epitaxial Growth of Bilayer Manganate...on the intergrowth dependen
e of the equivalent latti
e 
onstant shift (ELCS) for severaldi�ra
tion peaks, where ELCS for a given peak indi
ates the 
hange in the latti
e 
onstant
 from the value determined by the (0010) peak when the value for 
 is 
al
ulated fromthe single peak position via the Bragg equation. Depending on the values for 
 used in thesimulation, the ELCS value 
hanged. If a � 5% variation of 
 = 0:388 nm for LSMO113 and
 = 2:00 nm for LSMO327 is in
orporated, the ELCS value varies within the error bar orin the shaded area shown in Fig. 5.4. It is seen that the ELCS for (006) shows a systemati
shift with in
reasing intergrowth 
ontent. This peak, in 
ontrast to the others, in
ludes onlya negligible error due to un
ertainties in the value for 
 of the di�erent phases. Therefore,the intergrowth 
ontent in
luded in the grown �lms is determined dominantly by the (006)ELCS. The dashed and dash-dotted lines in the �gure show, respe
tively, the observedequivalent latti
e 
onstant shift for the di�erent peaks indi
ated, for the unsubstituted andCu-substituted �lms. It is seen that a good agreement with the experiments is obtainedwhen the intergrowth 
ontent is roughly 40% and 15% in the unsubstituted and the Cu-substituted �lms, respe
tively. Therefore, it is estimated that approximately half of theintergrowth is redu
ed by the Cu-substitution.5.3 E�e
t of Cu-Substitution on Magneti
,Ele
tri
al, and Magnetoresistive PropertiesIn order to study the e�e
t of Cu-doping on the magneti
 properties of layered manganates,small poly
rystalline bulk pellets of La1:4Sr1:6Mn2�yCuyO7 (y = 0:0, 0.1, 0.2, and 0.3) werefabri
ated. They were prepared by 
al
ining at 800 ÆC for 12 h in air and then sintering at1450 ÆC for 20 h in 
owing O2. The sintering pro
ess was repeated several times.Ex
ept for the non-doped sample, all the bulk poly
rystal samples were single phase asrevealed by powder XRD. The non-doped sample showed some impurity phase of La2O3,whi
h destroyed the non-doped pellets within a few days due to its strong water-absorptionproperty. The 
rystal stru
ture for all the samples 
ould be indexed a

ording to theSr3Ti2O7-type tetragonal stru
ture (14=mmm). The obtained powder XRD patterns aresimilar to those shown in Se
tion 2.1.2.As Cu was gradually introdu
ed, the latti
e 
onstants of the 
rystal stru
ture 
hanged
orrespondingly as shown in Fig. 5.5. It is seen that, with Cu-doping, the a-axis latti
e
onstant a de
reased, while the 
-axis latti
e 
onstant 
 in
reased.5.3.1 E�e
t of Cu on magnetizationFigure 5.6 shows the temperature dependen
e of magnetization M � T forLa1:4Sr1:6Mn2�yCuyO7 (y = 0:0, 0.1, 0.2, 0.3) bulk poly
rystals under a magneti
 �eldof 1 T. For the non-doped La1:4Sr1:6Mn2O7, an abrupt in
rease in magnetization is seen
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5.4. Dis
ussion 95near 120 K, indi
ating the onset of the ferromagneti
 ordering. Above this temperature, asignal presumably due to a remnant LSMO113 phase is observed. This is similar to resultsreported in other studies.As 
an be seen in Fig. 5.6, the magneti
 order gradually vanishes and the value ofthe magnetization de
reases as Cu is introdu
ed into the 
rystal stru
ture. From the aboveresults, it is 
lear that Cu-doping destroys strongly ferromagnetism in the bilayer manganatesystem. This e�e
t seems to be stronger than that in 
ubi
 Ca-doped manganates of theLSMO113 type. It has been reported that 5% of Cu-doping in La0:7Ca0:3MnO3 manganatesa�e
ted their magneti
 properties only negligibly (Fig. 5.1) [1℄.5.3.2 E�e
t of Cu on ele
tri
al resistivityThe above suppression of magneti
 properties for layered manganates when Cu is doped isre
e
ted in the temperature dependen
e of their ele
tri
al resistivity, as shown in Fig. 5.7.As is known for double ex
hange metalli
 systems [3℄, a metal-insulator (MI) transitionasso
iated with the onset of ferromagnetism is seen for y = 0 and 0:1, near 120 and 70 K,respe
tively. For y = 0:2 and 0:3, however, a semi
ondu
ting behavior with no MI transitionis seen down to the lowest temperature measured.5.3.3 E�e
t of Cu on magnetoresistan
eUpon appli
ation of magneti
 �elds, a de
rease in resistivity is seen down to low tempera-tures, as shown in Fig. 5.7. At 9 T, the magnetoresistan
e value �[�(B) � �(0)℄=�(0), was90% and 95:5% for LSMO327 with y = 0 and y = 0:1 at the MI transition temperature of120 K and 70 K, respe
tively. Although 5% of Cu-doping de
reased TC by nearly 50 K, itslightly enhan
ed the magnetoresistan
e. Moreover, this enhan
ement be
ame substantialat low temperatures, as seen in Fig. 5.8.5.4 Dis
ussion5.4.1 Enhan
ement of 
-axis epitaxial growth by Cu-substitutionAs explained in Chapter 4, the 
-axis �lm growth in the anisotropi
 layered manganates 
anbe 
onsidered to o

ur as follows. The 
rystal growth is mu
h slower in the 
-axis dire
tionthan along the ab-dire
tion. Therefore, when the substrate temperature is low and/or therate is high, the �lm has to adjust its slow 
-axis growth in parallel to the surfa
e andthe fast a-axis growth along the deposition dire
tion, be
ause the atom migration at thesurfa
e is weak. Thus, at low substrate temperatures, the a-axis �lm growth is preferred.By the same reasoning, when the substrate temperature is raised and/or the depositionrate is lowered, the fast a-axis growth be
omes possible along the substrate surfa
e, and the
-axis growth is obtained [2℄.
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-Axis Epitaxial Growth of Bilayer Manganate...The improvement of the 
-axis epitaxy by Cu-substitution is 
onsidered to be due to thelowering of the melting point and to the in
rease in the atomi
 migration at the substratesurfa
e, whi
h is ne
essary for the 
-axis epitaxial growth. As a result, the amount ofLSMO113 intergrowth stru
ture was suppressed by 50% in Cu-substituted �lms.5.4.2 Suppression of magneti
 and ele
tri
al properties byCu-substitutionThe manganates are mainly double-ex
hange systems. A

ording to Zener's double ex-
hange (DE) model [3℄, the ferromagneti
 intera
tion o

urs via the ex
hange of 
ondu
tionele
trons between Mn ions through O ions. The amplitude of the e�e
tive ele
tron hoppingbetween Mn3+ and Mn4+ (i and j sites) is expressed as:tij = t0ij 
os(�ij=2);where t0ij is the maximum hopping amplitude, and �ij is the relative angle between theneighboring site spins. tij depends both on the distan
e between Mn and O ions and on theMn3+-O-Mn4+ angle.With Cu-doping, the a-axis latti
e 
onstant de
reased and the 
-axis latti
e 
onstantin
reased as shown in Fig. 5.5. Therefore, in the MnO2 bilayers, the Mn3+-O-Mn4+ angleprobably be
ame larger, and thus, the DE intera
tion was suppressed. Moreover, be
ausethe distan
e between the MnO2 bilayers be
ame also larger, it is possible that the ferro-magneti
 
oupling between the bilayers be
ame weaker as Cu was introdu
ed. The Cu-substitution for Mn also 
reates Cu-O-Mn bonds with no DE intera
tion, whi
h 
ertainlydestroys more or less the magneti
 properties of the manganates. This e�e
t, however, seemsto be weak in some manganates of the LSMO113 type as reported by other studies [1℄, buta large 
hange in the 
rystal stru
ture with Cu-doping did not take pla
e as was the 
asefor the present bilayer manganates.5.5 SummaryIn summary, the e�e
t of Cu-substitution of the Mn site in layered manganates on the 
-axis epitaxial growth of these materials has been studied. It is found that Cu-substitutionis found e�e
tive in improving the 
-axis epitaxial growth for La2�2xSr1+2xMn2O7 bilayermanganates. Compared with non-substituted �lms, the amount of LSMO113 intergrowthstru
ture was suppressed by 50% in Cu-substituted �lms.The magneti
, ele
tri
al, and magnetoresistive properties of Cu-doped bilayer man-ganates La2�2xSr1+2x- Mn2�yCuyO7 (x = 0:3, y = 0:0, 0:1, 0:2, 0:3) also have been studied.It is found that although Cu-doping suppresses the magneti
 properties of the bilayer man-ganates, it enhan
es fairly their magnetoresistan
e at small dopings.
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an serve asbu�er layers or as tunnel barriers in multilayer manganate stru
tures.Referen
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Chapter 6A New Sputtering Con�guration for
-Axis Bilayer Manganate EpitaxialThin Films with Redu
edIntergrowths
6.1 Introdu
tionTo study the unusually high magnetoresistan
e e�e
t seen in the bilayer manganates, high-quality 
-axis epitaxial thin �lms are ne
essary [1{7℄. 
-Axis epitaxial �lms were demon-strated in Chapter 4, where a growth rate of as low as 0:8 nm/min was found ne
essary.These �lms grown by 
onventional sputtering, however, 
ontained large amounts of inter-growths (� 40%). A partial Cu-substitution of the Mn site helps to improve the 
rystallinityof the �lms to some extent, but it degrades their magneti
 properties as shown in Chapter 5.Considering the layered stru
ture of these materials, one 
an say that their growth needsa spe
ial 
are. Namely, one has to be sure that the layered stru
ture formed during thegrowth is not destroyed by energeti
 events su
h as the bombardments of the �lm by high-energy parti
les that normally exist in the sputtering of oxides su
h as negative oxygen ions(Fig. 6.1) [8℄. In the 
ase of LSMO327, the bombardment of energeti
 parti
les may 
ausesta
king faults whi
h lead to the intergrowth of the La1�xSrxMnO3 (LSMO113) stru
tureor the La2�xSrxMnO4 (LSMO214) stru
ture. The latter LSMO214 is an antiferromagneti
insulator [3, 9, 10℄. Therefore, the intergrowth of LSMO214 is undesirable among others. Itis also important to ensure a stable substrate temperature during the whole growth pro
ess.In the 
onventional sputtering 
on�guration, the substrate temperature is inevitably loweredwhen the shutter is opened. This 
hange in the substrate temperature is also undesirableand should be eliminated.These drawba
ks of 
onventional sputtering are largely eliminated by pla
ing an inter-mediate plate between the target and the substrate. In Se
tion 6.2, this modi�
ation of
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Figure 6.1: Conventional on-axis magnetron sputtering 
on�guration.
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ation of Sputtering Con�guration 103sputtering 
on�guration is des
ribed. By using this te
hnique, 
-axis LSMO327 epitaxialthin �lms with redu
ed intergrowths have been a
hieved. This is reported in Se
tion 6.3.Film properties are des
ribed in Se
tion 6.4.6.2 Modi�
ation of Sputtering Con�guration6.2.1 Sputtering with intermediate plate 
on�gurationThe proposed sputtering 
on�guration is shown s
hemati
ally in Fig. 6.2. An intermediatestainless steel plate is pla
ed between the target and the substrate. The plate has 42 holes of8 mm in diameter in the peripheral area, as shown in Fig. 6.2(b). The substrate{plate andplate{target distan
es are 50 and 25 mm, respe
tively. In this 
on�guration, it is expe
tedthat the high energy parti
les that hit the substrate are redu
ed in numbers signi�
antlybe
ause nearly dire
t paths whi
h involve a small number of s
atterings are hindered in thepresen
e of the intermediate plate. The e�e
t of this intermediate plate manifests itself asthe redu
tion in the 
omposition deviation of the �lms. The inserted plate also ensures astable substrate temperature even at the instant when the shutter is opened.6.2.2 Advantages of sputtering with intermediate plate
on�gurationFigure 6.3 shows the substrate temperature (Tsub) dependen
e of the �lm 
ompositions,[Mn℄/([La℄+[Sr℄) and [Sr℄/([La℄+[Sr℄), in the presen
e or in the absen
e of the intermediateplate. Although a slight in
rease in the [Mn℄/([La℄+[Sr℄) ratio is seen, the �lm 
ompositionremains essentially 
onstant when the plate is used. This is sharply 
ontrasted with theresult that a 
onsiderably large in
rease in the Mn 
ontent is observed in the absen
e of theplate. The Sr 
ontent also 
learly de
reases with in
reasing Tsub when the plate is absent,while it remains 
onstant in the presen
e of the plate. It is presumed that this stability inthe �lm 
omposition is a
hieved be
ause the plate eliminates the bombardment of the �lmby the high-energy parti
les that exist during sputtering, e.g., negative O ions. The e�e
t ofthe bombardment is usually enhan
ed at higher substrate temperatures. It 
an be said thatthe �lm 
omposition, in this 
ase, is determined mainly by the s
attering 
hara
teristi
sof the sputtered atoms during their transport from the target to the substrate throughthe holes of the plate. The atoms sputtered from the target rea
h the substrate afterbeing s
attered a number of times. The number of the s
atterings in
reases with in
reasingatmosphere pressure. The s
attering amplitude is a fun
tion of the s
attering angle and itsfun
tion di�ers among di�erent kinds of atoms. Therefore, it is generally inevitable that the
omposition of the �lm di�ers from that of the target. The ex
essiveness of the Mn and Sratoms in Fig. 6.3 implies that Mn and Sr atoms are s
attered more widely than La atoms.In the presen
e of the plate, the resputtering e�e
t, whi
h largely 
auses the 
omposition
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Figure 6.2: (a) S
hemati
 of the new sputtering 
on�guration. An intermediate platemade from stainless steel with holes of 8 mm diameter drilled in the periferal area is pla
edbetween the target and the substrate. (b) S
hemati
 of the intermediate plate's stru
ture.



6.2. Modi�
ation of Sputtering Con�guration 105

0.8

0.7

0.6

0.5

0.4

0.3

0.2

[S
r]

/(
[L

a
]+

[S
r]

)

700680660640

Substrate temperature (°C)

 without plate

 with plate

1.0

0.9

0.8

0.7

0.6

0.5

0.4

[M
n

]/
([

L
a

]+
[S

r]
)

700680660640

Substrate temperature (°C)

 without plate

 with plate

Sputt. target = La1.4Sr1.6Mn1.5Ox

Sputt. target = La1.4Sr1.6Mn1.5Ox

Figure 6.3: Dependen
e of �lm 
omposition on substrate temperature. The open and �lled
ir
les 
orrespond to the sputtering 
on�gurations with and without the intermediate plate,respe
tively. The anode voltage was 2:0 kV, and the 
hamber gas pressure was 20 mTorr.
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-Axis Bilayer...deviation, is almost suppressed, as supposed from the nearly 
onstant substrate temperaturedependen
e of the 
omposition shown in Fig. 6.3.There is another advantage for this 
on�guration. The insertion of the intermediateplate eliminates the temperature drop of about 20 ÆC, whi
h is always seen after the shutteropening in the absen
e of the intermediate plate. In the present experiments, the tem-perature remains un
hanged irrespe
tive of shutter positions. This obviously improves thequality of 
rystal growth.6.3 
-Axis Epitaxial Growth of La2�2xSr1+2xMn2O7Thin Films6.3.1 Conditions of thin �lm growth
-Axis LSMO327 epitaxial thin �lms were grown on SrTiO3 (STO) (100) substrates in themodi�ed sputtering 
on�guration des
ribed above. The substrate temperature was 670 ÆC.High purity Ar and O2 gases were used as sputtering atmosphere, where the fra
tional ratioof O2 in the mixed gas was �xed at 20%. The sputtering pressure Ps was maintained duringthe �lm growth at 40 mTorr. The anode voltage was 2:3 kV. Films were annealed at 900 ÆCfor 9 h in 
owing oxygen.With or without the intermediate plate, it is 
lear that the �lm's Mn 
omposition be-
omes mu
h higher than that of the target, as seen in Fig. 6.3. Therefore, Mn-de�
ienttargets are ne
essary to grow �lms with a stoi
hiometri
 Mn 
ontent. The Sr 
ompositionof the target must also be adjusted so that the Sr 
omposition of the �lm be in the ferro-magneti
 range (0:3 � x � 0:4). Thus, the 
-axis �lms grown here were sputtered from aLa1:52Sr1:48Mn1:33Oy target, whi
h is 33:5% Mn-de�
ient. Energy dispersive spe
tros
opy(EDX) analysis, 
ondu
ted on �lms grown on sapphire substrates (1102), revealed a typi
al�lm 
omposition of La1:3Sr1:7Mn2O7+Æ. The �lm thi
kness was approximately 250 nm, andthe deposition rate was approximately 0:6 nm/min.6.3.2 Chara
terization of 
-axis epitaxial growthFigure 6.4 shows an XRD pattern for an almost stoi
hiometri
 �lm grown using the abovesputtering 
on�guration on an STO (100) substrate at Tsub = 670 ÆC. The same �gureshows also an XRD pattern when a �lm similar to the one mentioned above is annealed at900 ÆC in 
owing oxygen. In both patterns, only (00`) peaks are seen, whi
h indi
ates thatthe �lms are grown in the 
-axis dire
tion (
-axis �lms). Below this substrate temperature,it was found that the a-axis and 
-axis growth modes 
oexist.The 
-axis latti
e 
onstant for the as-grown LSMO327 
-axis epitaxial �lms was evaluatedto be 2:032 nm from the position of the main peak (0010). This value is slightly larger thanthe bulk value of 2:020 nm [3℄. The positions of the other (00`) peaks also 
oin
ide almost
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Figure 6.4: XRD patterns for bilayer manganate 
-axis epitaxial thin �lms grown on STOsubstrates at Tsub = 670 ÆC using the new sputtering 
on�guration.
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-Axis Bilayer...exa
tly with the positions expe
ted from this value, as shown in Table 6.1. This was notthe 
ase in �lms grown by the 
onventional sputtering method, in whi
h a large amountof intergrowths (� 40%) 
auses the shift of the di�ra
tion peaks. This implies that theintergrowths in the present �lms are redu
ed appre
iably. From XRD simulation analysis,of whi
h the methodology was outlined in Chapter 4, it is dedu
ed that the intergrowth
ontent is less than 20% (10% of LSMO113 and 10% of LSMO214). The simulated XRDpattern for a �lm whi
h in
ludes this amount of intergrowths is shown in Fig. 6.5. It isseen that the simulation result is in good agreement with the experimental result. Thepresent �lms show mu
h smaller values for the full width at half maximum (FWHM) thanthe �lms grown previously. For example, the FWHM value is � 0:3Æ for the di�ra
tion peak(0010) and � 0:6Æ for (008), while they were � 0:5Æ and � 3:0Æ, respe
tively, for �lms ofChapter 4. The values of the shift of the XRD peak position and those for FWHM are listedin Table 6.1 and Table 6.2 for as-grown and annealed �lms together with the simulationresult. As is seen in Table 6.2, a general agreement between the experimental and simulatedFWHM data is obtained. However, large deviations from the simulation results are seen forthe peaks (004), (008), (0016), (0018), and (0020). These peaks are sensitive to the latti
e
onstants of the in
luded intergrowths as des
ribed in Se
tion 5.2. It is supposed that abetter agreement 
an be obtained by taking into a

ount the un
ertainty in the latti
e
onstants of the in
luded LSMO113 and LSMO214 phases.After annealing the �lm in O2, the 
-axis latti
e 
onstant de
reased to 2:001 nm, presum-ably due to oxygen in
orporation and strain relief, and the FWHM values slightly in
reasedas shown in Table 6.2. However, the intergrowth 
ontent evaluated as above almost re-mained the same even after the annealing.Film surfa
es observed by HRSEM are shown in Fig. 6.6 both for the as-grown �lmand for the annealed �lm des
ribed above. The as-grown �lms show a relatively smoothsurfa
e, but when annealed, the surfa
e be
omes a little rougher with a small amount ofpre
ipitates.6.4 Magneti
, Ele
tri
al, and MagnetoresistiveChara
terization6.4.1 Magneti
 propertiesMagnetization measurements were made under an applied magneti
 �eld of 1 T parallelto the �lm surfa
e. Figure 6.7 shows the temperature dependen
e of magnetization M foras-grown and annealed �lms. The negative values of M for the as-grown �lm are due toerrors of the ba
kground subtra
tion using a dummy substrate. The values for M per Mnatom were 
al
ulated from the observed magneti
 moment of the samples by assuming thatthe �lms are 
omposed of the LSMO327 phase only. As 
an be seen, the magnetization for
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terization 109Table 6.1: Shift of the experimental 2� value for ea
h XRD peak from the 
orresponding2� value 
al
ulated using (0010) peak.Film (004) (006) (008) (0010) (0012) (0014) (0016) (0018) (0020)as-grown 0:01 o �0:03 o �0:02 o 0:00 o �0:09 o �0:05 o �0:11 o 0:19 o �0:08 oannealed 0:05 o 0:08 o 0:08 o 0:00 o 0:02 o 0:03 o �0:19 o 0:11 o 0:13 osimulation 0:31 o �0:03 o �0:50 o 0:00 o �0:30 o �0:27 o �0:01 o �0:59 o 0:03 o
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Figure 6.5: Simulated XRD pattern for a 
-axis bilayer manganate �lm with 20% ofintergrowths (10% of LSMO113 and 10% of LSMO214).Table 6.2: FWHM of the XRD peaks for as-grown, annealed, and simulated 
-axisLSMO327 epitaxial thin �lms.Film (004) (006) (008) (0010) (0012) (0014) (0016) (0018) (0020)as-grown 0:23 o 0.31 o 0:56 o 0:34 o 0:79 o 0:56 o 0:69 o 1:09 o 1:30 oannealed 0:47 o 0:35 o 0:77 o 0:63 o 0:92 o 1:06 o 0:97 o 1:75 o -simulation 0:75 o 0:23 o 1:24 o 0:21 o 1:09 o 0:89 o 0:25 o 1:71 o 0:34 o



110 Chapter 6. A New Sputtering Con�guration for 
-Axis Bilayer...
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Figure 6.6: HRSEM surfa
e images for LSMO327 
-axis epitaxial �lms grown on STO(100) substrates using the new sputtering 
on�guration.
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e of magnetization for 
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onsidered to be due to relatively large errors in the dummymeasurements be
ause of feeble measurement signals.
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-Axis Bilayer...both �lms shows an abrupt in
rease around 140 K as T is de
reased. The magnetizationvalue for the annealed �lm is, however, mu
h higher than that for the as-grown one, and isabout 3:0 �B per Mn atom at low temperatures.This value is 
lose to the theoreti
al value of 3:65 �B expe
ted for the full spin polar-ization. As the ferromagneti
 intera
tion o

urs via the ex
hange of 
ondu
tion ele
tronsbetween Mn ions through O ions [11℄, the low magnetization values for the as-grown �lm
an be attributed to oxygen va
an
ies and other latti
e imperfe
tions.The Curie temperature TC is about 140 K for both as-grown and annealed �lms, respe
-tively. These values are slightly higher than that for the bulk (� 115 K), possibly due tosome remnant LSMO113 intergrowth phase. The 
ontribution from these phases is 
learlyseen in the range between 140 K and room temperature.6.4.2 Ele
tri
al propertiesFigure 6.8 shows the temperature dependen
e of ele
tri
al resistivity for the annealed �lm.Those for as-grown �lms are not shown here, as they are semi
ondu
ting in the wholetemperature range measured, with a room temperature resistivity ranging from 0:07 to0:15 
 
m. From Fig. 6.8, it is seen that the temperature dependen
e of resistivity forthe annealed �lm has a peak that indi
ates the metal-insulator (MI) transition at 144 K.These temperatures are very 
lose to the 
orresponding TC's determined from the abovemagnetization measurements. The resistivity of the �lms at room temperature is nearlyequal to that observed in the bulk [3℄.6.4.3 Magnetoresistan
eUpon appli
ation of magneti
 �elds, a de
rease in resistivity is observed in the whole tem-perature range measured, as shown in Figure 6.8. At a magneti
 �eld of 7 T, the mag-netoresistan
e ���=�0, de�ned as ���=�0 = �[�(B) � �(0)℄=�(0), rea
hed the highestvalue of more than 60% around 120 K. The magnetoresistan
e is greater than 50% at alltemperatures below the MI transition temperature of 144 K. These values are mu
h largerthan those obtained in the sputtered �lms of Chapter 4, but smaller than the value of 98%observed at 7 T for a 
-axis �lm grown by pulsed laser deposition [12℄.6.5 Dis
ussionThe lanthanum manganate 
rystallizes in di�erent 
rystal stru
tures of the Ruddelsden-Popper series, (La,Sr)n+1MnnO3n+1 [9℄. (La,Sr)MnO3 (LSMO113), in the 
ase of n =1, hasa 
ubi
 perovskite stru
ture, and is the most stable and easily formed one under wide rangeof 
onditions. For n � 1, the 
rystal stru
ture 
an be regarded as a sta
k of n 
onse
utiveLSMO113 layers and a (La,Sr)O layer along the 
-axis, showing 
rystallographi
 anisotropy.
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Figure 6.8: Temperature dependen
e of ele
tri
al resistivity and magnetoresistan
e for
-axis epitaxial LSMO327 �lms. The magneti
 �elds were parallel to the �lm surfa
e. The�lms were grown on STO (100) using the new sputtering 
on�guration, and subsequentlyannealed in O2.
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-Axis Bilayer...One 
an 
learly imagine that any disturban
e of a su
h layered stru
ture easily results inthe in
lusion of an additional LSMO113 layer, i.e., an LSMO113 intergrowth. In the 
aseof LSMO327, an in
rease in the number of the MnO2 layers 
auses LSMO113 intergrowths,while a de
rease in the number of MnO2 layers leads to LSMO214 intergrowths. Theseintergrowths are 
aused by 
omposition 
u
tuations, parti
le bombardments of the growing�lm, and so on. These must be avoided in order to grow high-quality layered manganatesfree of intergrowths. In the 
ase of sputtering, high-energy parti
les always exist, and thesemust be eliminated before hitting the growing �lm [8℄. Moreover, in order to provide a stableenvironment for the epitaxial growth, one must 
ir
umvent the disturban
es 
oming fromthe substrate temperature drop 
ommonly seen during the initial stage of the �lm growthdue to the shutter opening. In the present experiment, the new sputtering 
on�guration inwhi
h an intermediate plate is pla
ed between the substrate and the target plays both ofthe above roles, yielding 
-axis epitaxial �lms for the bilayer manganates LSMO327 withmu
h less intergrowths. Using this method, �lms with intergrowth 
ontents below 20%have been su

essfully grown. This result presents a sharp 
ontrast with those for the �lmsof Chapter 4 grown using the 
onventional sputtering 
on�guration, whi
h 
ontain � 40%of intergrowths.In a

ordan
e with the improved 
rystallinity results mentioned above, the magneti
 andmagnetoresistan
e properties of the �lms show 
hara
teristi
s 
omparable with those for thebulk ones. The fa
t that the magnetization in
reases signi�
antly after annealing impliesthat the as-grown �lms 
ontain rather a large amount of oxygen va
an
ies, whi
h is 
om-pensated by annealing. It is seen in Fig. 6.7 that the magnetization in
reases signi�
antlyafter the annealing while the Curie temperature TC remains near 140 K. It is reasonably un-derstood that the oxygenation by the annealing in
reases the Mn sites at whi
h the doubleex
hange intera
tion is e�e
tive, leading to an in
rease in the magnetization. The in
reasein the magnetization is also observed above TC after the annealing. This is interpreted tobe 
aused by an in
rease in the LSMO113 phase intergrowth. This is also re
e
ted by theresults that the FWHM values also in
reased after the annealing, as seen in Table 6.2.On the other hand, TC is primarily determined in terms of Ji;j, the ex
hange 
oupling
oeÆ
ient, and z, the 
on�guration number, within the framework of the mean �eld theory.These values are basi
ally un
hanged when the oxygen 
ontent is in
reased. However, whenthe amount of LSMO113 intergrowths in
reases, it is possible that the average value for zin
reases to a small extent, be
ause in the layered manganates, Ji;j is known to be largewithin the MnO2 bilayers and small between the same bilayers in the 
 dire
tion due to the
rystal anisotropy, while in the isotropi
 LSMO113, Ji;j is the same in the 
-axis dire
tion.This may lead to an in
rease in TC. The observed value of TC = 140 K, whi
h is higher thanthat of the bulk by 25 K, may re
e
t this e�e
t of the intergrowth on the Curie temperature.



6.6. Summary 1156.6 SummaryTo summarize, 
-axis La2�2xSr1+2xMn2O7 epitaxial �lms have been grown using a newsputtering 
on�guration. Films with redu
ed intergrowth 
ontents less than 20% have beenobtained. This has been a
hieved by the insertion of an intermediate plate between thesubstrate and target. The plate suppresses the high-energy parti
le e�e
ts that exist innormal sputtering, and eliminates the temperature drop seen after the shutter opening.These �lms show also good magneti
 and magnetoresistive properties. They 
an be usedto study the intrinsi
 spin tunneling e�e
t, whi
h is thought to endow these materialswith unusually high magnetoresistan
e values. This may un
over also previously unknownphenomena, leading to the 
on
eption of new ele
troni
 spin devi
es.Referen
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ien
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Chapter 7Con
lusionsIn the present thesis, 
-axis epitaxial growth and 
hara
terization for thin �lms of 
olossalmagnetoresistive layered manganates have been studied towards the extra
tion of 
oherentspin tunnel jun
tions for studies of spin tunneling phenomena. The epitaxial growth and
hara
terization of LSMO113 �lms has been studied �rst be
ause it is of great value whenanalyzing and dis
ussing the properties of LSMO327 thin �lms. These �lms have beenalso exploited to fabri
ate a spin-inje
tion devi
e. 
-Axis epitaxial layered manganate thin�lms have been a
hieved by 
ontrolling deposition rate. Chara
terization of these �lms hasindi
ated that they in
lude intergrowths of other phases, and the quantitative method of
hara
terizing these intergrowths has been also presented. Partial substitution of Mn for Cuhas been found e�e
tive in improving the 
-axis epitaxial growth for layered manganates,but it degrades their magneti
 properties. Using a newly proposed sputtering 
on�guration,
-axis epitaxial layered manganate thin �lms with fairly redu
ed intergrowths have beensu

essfully grown. The main results obtained in this study 
an be summarized as follows.In Chapter 3, the epitaxial growth and 
hara
terization for LSMO113 thin �lms hasbeen des
ribed. The relation between epitaxial thin �lm growth and sputtering 
onditionswas studied. The ele
tri
al and magneti
 properties of the �lms were 
hara
terized andthe optimal epitaxial growth 
onditions were determined. It is found that epitaxial thin�lms grown at 820 ÆC have the best 
rystalline quality 
ompared with those grown at lowersubstrate temperatures. When these �lms were annealed in oxygen at 900 ÆC, they showedmagneti
 and ele
tri
al 
hara
teristi
s 
omparable to those of bulk single 
rystals. LSMO113thin �lms thus grown showed streaky RHEED patterns , whi
h indi
ates that their surfa
e is
onsiderably smooth and that they are suitable for multilayer �lm fabri
ation. Exploitingtheir full spin polarization property, LSMO113 epitaxial thin �lms were 
ombined withhigh-T
 super
ondu
tor thin �lms to fabri
ate a spin-inje
tion devi
e. A suppression in thesuper
ondu
ting transition temperature was found as expe
ted, but a negative resistan
ewas re
orded. Further optimization of the spin-inje
tion stru
ture is needed.In Chapter 4, the 
-axis epitaxial growth and 
hara
terization for the layered man-ganate (La,Sr)3Mn2O7 have been studied. It was shown that at the high deposition rates of
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lusions� 25 nm/min, only a-axis thin �lms 
ould be grown. 
-Axis thin �lms appeared at substratetemperatures above 900 ÆC. However, their 
rystalline quality was very poor, and therefore,the deposition rate was de
reased in order to improve the 
-axis epitaxial growth. It isfound that, by de
reasing the growth rate from 25 nm/min to 0:8 nm/min, the �lm qualityis largely improved. The magneti
 and ele
tri
al properties were, however, far from thebulk ones, and the surfa
e of the �lm showed many pre
ipitates be
ause the �lm 
ontainedmany intergrowths su
h as LSMO113 and LSMO214. A quantitative method of 
hara
ter-izing these intergrowths based on X-ray di�ra
tion (XRD) experiment and simulation hasbeen presented. The results indi
ated that the above 
-axis LSMO327 epitaxial thin �lms
ontained about 40% of intergrowths.In Chapter 5, the e�e
ts of Cu-substitution of Mn on the 
-axis epitaxial growth andthe properties of layered manganates have been studied. Cu-substitution fa
ilitates thefabri
ation of sputtering targets for the manganates, but most importantly, it lowers theirmelting point. Therefore, the atom's migration is fostered at the growing �lm surfa
e. Thisis of 
ru
ial importan
e for 
-axis epitaxial growth. It is found that, as expe
ted, the 
-axisepitaxial growth is improved by introdu
ing Cu. Films grown with Cu-substitution had anamount of intergrowths half that seen in non-substituted �lms. It is found, however, thatCu suppresses strongly ferromagnetism in layered manganates.In Chapter 6, in order to grow better 
-axis epitaxial layered manganate thin �lms, a newsputtering 
on�guration has been proposed. By pla
ing an intermediate plate between thesputtering target and the substrate, the high-energy parti
les that exist during sputteringwere suppressed. Thus, the �lm growth took pla
e in a mild environment free from distur-ban
es, as revealed by the robustness of �lm 
omposition against substrate temperature.Using this 
on�guration, 
-axis epitaxial layered manganate thin �lms with intergrowth
ontents less than 20% were a
hieved. The ele
troni
 properties of these thin �lms were
lose to those of bulk single 
rystals. These 
-axis epitaxial layered manganate thin �lmswith redu
ed intergrowth 
ontents 
an be used for intrinsi
 spin tunneling studies su
h asthose based on small mesa stru
tures on �lm's surfa
e.
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