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We have systematically investigated the effect of stoichiomdiyalent doping(x), controlled oxygen
content(8) by vacuum annealing at elevated temperatures, and substityfiof Ru] and structurésubstrate
induced strain and its relaxation on annealing the magnetic/transport properties of the colossal magnetore-
sistive La _,SrMn; Ry O;, 5 bulk and thin films prepared by both sol-gel and pulsed laser deposition
techniques. The following results have been foufid:Oxygen-reduced LgSr, sMnO, show a larger resis-
tivity and lowerT, than the corresponding bulk materials. Moreover, their resistivity and MR behavior can be
precisely controlled by vacuum annealing and, in fact, they duplicate all the salient features observed in
divalent-doped manganite€2) The metal-insulator transitions of thin films grown on lattice-matched sub-
strates is observed to be a function of thickness due to the accommodation of epitaxial strain and the associated
Mn-O-Mn bond-distortions(3) Ru doped Lg;SipMn;_yRuy,0;, 0=<y=<0.2 samples show a surprisingly
small decrease ifi ;. This is attributed to the exceptional ability of Ru, unlike other substitutions in Mn sites,
to stabilize magnetic ordering at elevated temperatfde©OxygenK-edge(core level excitation of oxygensl
electrons into emptyp-like state$ electron-energy-loss spectra of divalent-doped L&rMnO; (0<x
<0.7) and oxygen-reduced .s5r, ;MnO, thin films conclusively show that these materials are charge-
transfer-type insulators with carriers having significant oxygprh@le character. We discuss the implications
of these results on the magnetic and transport properties of manganites and address the implications of our
electron-energy-loss spectroscopy measurements on the double exchange mechanism.
[S0163-18209)11141-X

[. INTRODUCTION their spin orientation through intervening filled oxygep 2
states. In the simple DE model the transfer integral for an
Perovskite manganites with the general formula€lectron is proportional to cog(/2), whereg;; is the angle
Ry-xAMn; _,B,0; (R=La, Pr, Nd, SmA=Ca, Sr, Ba, Pb; between the two ionic spins. Thus the DE mechanism quali-
B=Fe, Co, Rl exhibiting large or “colossal” magnetore- tatively explams why thgse manganites become metallic be-
sistance CMR) (Refs. 1-5 have generated much recent sci- '2W Te (Well aligned spins and insulating abovd; (ran-
entific and technological interest. The parent Compounddomly aligned sping and show large magnetoresistance
3+.43 oly i L values due to field induced spin alignmeffield induced
RMnO; (Mn ,tzgeg) is a magnetic insulator, but conductivity, i.e., CMR effet
R1-xAxMn0; transforms into a metallic ferromagnet upon  Using this elementary DE picture it is clear that stoichi-
doping in the range 02x<0.5>R, A, MnO; exhibits an  ometry (oxygen content, divalent dopant concentratiand
unusual resistivity peakT,) as a function of temperature associated changes in the valence of the principal constitu-
with metallic and semiconducting behavior below and aboveents of the manganites would play a key role in determining
the peak, respectively. In well prepared samples, this resigheir magnetic and transport properties. Recent theoretical

9 _ X .

tivity peak (Tyy) also coincides with the ferromagnetic tran- WOTK™ predicts that DE alone cannot fully explain the resis-

sition temperatureT.).5” In some thin films the peak resis- tivity and CMR behavior and in order to do so, the contribu-
o)

L ; jon of polarons due to Jahn-Teller distortion effect is pro-
tivity decreases by several orders of magnitude when agosed. Experimental results such as the giant isotope éffect,

external field of several tesla is applied. For example, the,, sigh anomaly of the Hall effett,and Mn-O bond length
magnetoresistance ratidR/R(H) (%), defined as{R(0)  gsymmetry in MnK-edge extended x-ray-absorption fine
—R(H)]X100R(H) (%) where R(0) is the resistance in  strycture! further support the polaronic picture of CMR in
zero field andR(H) is the resistance in an applied fietf is  manganites. Nevertheless, fundamental questions such as the
10°% in LayeCasMnz_s (Ref. 2 and 16% in  nature of the carriers still remain elusive.
Ndo_7Sr0_3MnO3,5.3 Manganites with the chemical formula
The coexistence of such ferromagnetism and metallic beR; _,A,Mn;_,B,O; have the perovskite structur@ig. 1)
havior in the manganite perovskites has been traditionallyvhere theA-site atomgR, A occupy the center of the cube,
explained within the framework of “double exchange” the B-site atomgMn, B) occupy the corners and the oxygen
(DE).%° This mechanism is based on a strong exchange inatoms occupy positions halfway between tBeatoms. In
teraction between M and Mrf" ions, while maintaining general, the size of tha-site atom is too small to stabilize a
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B site for developing a theory of the conduction mechanism in
these manganite perovskites. SiflnO; is known to be a
| charge-transfer insulatdr;*® it contradicts the DE mecha-
Ny nism, which is implicitly based on a Mott-Hubbard type of
insulator. We have investigated the origin and nature of
| - ' charge carriers in these materials which is crucial for a better
: o Asite understanding of the CMR effect. We have found a remark-
. able correlation between the electrical resistivity ang, O
. —~ hole density suggesting that the,holes are the majority
charge carriers in these manganite perovskites.
Finally, the properties of manganite perovskites such as
La; _,Sr,MnO; (LSMO) are sensitive to internal or external
Mn ./.\‘ Mn pressure, which affects both the Mn-O bond distartg, ()
and Mn-O-Mn bond anglé). Slight changes iily;,.q or ¢
FIG. 1. Crystal structure &, ,AMn, ,B,Os (R=La, Pr,Nd,  zffect the on-site Coulomb correlation energy and/or
Sm;A=Ca, Sr, Ba, PbB=Fe, Co, Ri. bandwidth'®!” These changes are to be expected in epitaxi-
cubic structure; as a result the structure is distorted resultin lly grown LSMqOOl]l.lLaAIO?’[QOl] f_|Ims which are sub-
cted to compressive strain since gyo (3.88A)

in an orthorhombic or rhombohedral unit cell. Hence th . " v
magnetic and transport properties of manganite perovskite?dLAO (3.78A). We discuss the critical thickness and an-

o . . . ling (strain relaxatioh dependence of the transport and
are critically dependent on lattice distortidvin-O-Mn angle nea . i
deviate froﬁw 150)° (Ref. 13 which depend on the avgrage structural properties of such thif00I]LSMO/O001JLAC

size of the cation$A and Ln in Ln,_,A,MnO3, whereAis a films.

divalent dopant and Ln is a lanthanide elemgeamount of Il EXPERIMENT

doping”’ and oxygen contetit (i.e., carrier density and ex- '

ternal pressuré. Thin films were grown on LaAl@ substrates by one of

In this paper we have addressed these important issuesvo different methods: a polymeric chemioalol-ge) pro-
The role of stoichiometry is elucidated by vacuum annealingcess or pulsed laser depositiBLD). The sol-gel process
to control oxygen content and by carrying out substitution ofdeveloped in our laborato¥yused organometallic precursors
Ru for Mn. The fundamental questions on the nature ofof lanthanum 2,4-pentanedionater Lanthanum acetyl ac-
charge carriers associated with CMR has been addressetbnat¢, manganes€dll) acetate and strontium methoxy-
based on electron-energy-loss spectroscOpiELS) mea- ethoxide which were synthesized from commercially avail-
surements of a set of well characterized samples. The role able compounds of Sr metal, manganese acetate hydrate and
lattice distortions has been studied using thin films of differ-lanthanum acetyl-acetonate hydrate. 2-methoxyethanol was
ent thickness where the lattice mismatch due to epitaxialised as the base solvent. Individual precursors underwent
growth on single-crystal substrate is accommodated by unifurther processing steps of complexati@in required sto-
form strain in the film. ichiometric proportions, i.e., La:Sr:Mmr1—x:x:1) and hy-

To control the oxygen stoichiometry in a systematic waydrolysis. The solution was spin cast at 2000 rpm for 30 sec
we have, for the first time, used vacuum annealing methodsn the required substrates to form an amorphous condensed
at temperature§720—920 K well below the traditional an- film. Amorphous films were heated at 300 °C on a hot plate,
nealing temperaturgd200-2000 K. It was found that oxy- immediately after spin coating, for trapped solvent removal.
gen deficient films show several orders of magnitude largeThe minimum thickness obtained for each spin coating was
resistivity values, lower resistivity-peak temperature, smaller~500 A. Multiple deposition/drying cycles were used to
saturation moment, loweT. and enhanced magnetoresis- make thicker films. A final heat treatment was carried out at
tance than those of the corresponding bulk targe700—1000°C in air to obtain oxide thin films with the per-
materials>314 ovskite structure. A key advantage of the sol-gel process is

The role of stoichiometry has been further investigated bythe ability to make films with a wide range of divalent dop-
studying Ru-doped La ,A,Mn;_,Ru O, La-site (A-site)  ant concentration. This is readily accomplished by changing
doping studies have been most popularly reported in the pethe composition of the precursor solution. For PLD, a
ovskite manganites since the doping affects the carrier der248-nm KrF excimer laser was employed for deposition and
sity and influences the CMR effect. On the other hand, Mnwas operated with a pulse energy density of 2 3/and rate
or B-site doping is rarely performed sin@site doping is of 1-10 Hz. Typical growth rate was-0.5-1.0 A/pulse.
believed to be detrimental for the electrical conductionDuring deposition the substrate temperature and oxygen par-
mechanism. It is thought to provide randomness in the elecial pressure were maintained at 600—700 °C and 100—300
trically active Mn network and break down the DE interac- mtorr. After the deposition, the films were cooled down to
tions. In spite of this background, we have found that Ruroom temperature in an oxygen partial pressure between
substitutions orB sites have unusual consequences. Ru has 200—600 torr. Since uniform growth of thin films with thick-
more delocalized d orbital than Mn 31, Mn is most directly  ness<<500 A is difficult using the sol-gel method, PLD films
linked with the origin of the CMR phenomena and there iswere used to study the effect of strain in thin films.
some possibility that Mn may not be the unique DE active The Ru doped manganites, &, sMn; _,Ru,0; were
element. prepared from stoichiometric mixtures of oxides of,0g

Understanding the nature of charge carriers is importanrCQO;, MnCGQ;, and RuQ@. The samples were reacted at
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1100-1200 °C in air with several intermediate grindings un- 1000 g . . . '
til the pure perovskite manganite phase was formed. At the 1004
final stage the powders were pelletized and annealed at
1400 °C in air. The Lg;Sry Mn; Ry 05 films were grown ’E 10¢
by PLD from these pelletized bulk targets. o 1L
Systematic measurements of the role of oxygen stoichi- o
ometry on the transport properties of manganites were made -~ 0.1t
using ~200-nm-thick (001)Lg,Sry sMnO5_ 5/(001)LaAlC; < 0.01L
films prepared by the sol-gel technique. After the initial
deposition process, the films were subsequently annealed in 0.001¢
O, (1 atm oxygel1170 K/1 h to obtain epitaxial oxide thin 0.0001 , e . ,
films with maximum oxygen conterive call these the as- 50 100 150 200 250 300 350
prepared films Twenty such as-prepared films showing T (K)

identical resistivity and field response were made. They were
subsequently annealed at different temperatures rangi
from 720-1020 K fo 2 h at afixed vacuum of 10°torr.

The oxygen content of the films was measured by energ

di.spersive.x'—ray spectrosgop@EDXS) using an ultrathin 0.5 (Fig. 6). Temperature dependence of the resistivity of a
window SiLi) detector with experimentally measured Lag 7:51h.3dMNO; film by pulsed laser deposition technique is also

9 . . . .
factors® in a transmission electron microscoffEM).  ghown(bottom curve. The film was annealed at 900 °C for 10 h in
EDXS results show that the films annealed at 920 K havg gm g,

~3% less oxygen content than the as-prepared films. For
samples of well-defined thickness and using experimentall
measuredk factors, oxygen concentrations can be determine
with an accuracy of~1%. If we normalize the oxygen con- E
tent of the as-prepared film to 3, that of the 920 K anneale%

filn}is ~2d.90.h ff f . h . observed near the ferromagnetic transition temperatures. Fig-
0 study the effect of strain on the transport properties, .o 5 5150 shows the temperature dependence of the resistiv-
Lo 7Slp MnQ;- 5 films with thickness ranging from 150 ity of a PLD grown, 100-nm-thick LgSry ;MnO; film. The
1250 A, were deposited on LaAl®OD substrates at ogsiivity is clearly more metallic with a sharp increase in
640°C/300 mtorr @ These condition were chosen since qqstivity near room temperature corresponding to its high

t_h(_ay giye optima[ quality of 1000-A-thick fillmﬁow resis- ferromagnetic transition temperature370 K). The resistiv-
tivity, high transition temperature, large residual rafimm ity value is psso~9 MQ cm at 330 K, decreases with de-

a target of composition LSl 3MnNO; by pulsed laser . .-ocing temperature and reac ~50u0cm at T
deposition. After the deposition the films were cooled down_ 80K gwhichpgives a large resisfgm\??t; ratipl:go «/ peo  Of
to room temperature at 10 °C/min in an oxygen pressure °L18. 1"he resistivity valuepgg ~50x cm is one of the

400 torr. Each wafer was cut into two pieces—one half wag f . i o hiah
left as grown and the other half was annealed at 900 °C/1 ba}ﬁvmve;;;ﬁgorted or manganite perovskites, indicating a hig

0O,/10 h. The temperature dependence of the dc resistivity in rpeqe ohservations are similar to what is reported in the
3;;3'?0'_['”(_; nge) tzggnziglrj%ﬁ?'lﬁevﬁsl di\(/a:;:rpe;)jliggl?r?: ;trzr;]iteraturé_’ and confirms the viability of the sol-gel synthesis
. . ; - ““method for high quality thin-film preparation. In addition,
t!on perpendicular to the film surface and the current dlrec'divalent doping affects Mn valence but all else is not fixed
tion. because oxygen content of the film is not precisely control-

_Electron-energy-loss spectroscofyELS) data was ob-  |pje This is discussed in the next section.
tained using a Philips CM200 transmission electron micro-

scope equipped with a field-emission source and a Gatan _ o
imaging filter. Spectra were obtained in image mode with a B. Vacuum annealing and controlled oxygen stoichiometry

probe convergence angle of 4.0 mrad and energy resolution |t is common knowledge that manganite perovskite films

n FIG. 2. Temperature dependence of the resistivity of sol-gel
gerived Lg_,SrMnO; films in the composition range<9x=<0.7.
After the sol-gel process, the L& Sr,MnO; films were annealed at
%00 °C for 1 h inair. EELS data were collected on=0, 0.3, and

he lowest resistivity among all sol-gel derived LSMO films.
he resistivity increases again at higher doping>0.3).

or x>0.6, the films show insulating behavior. For these
ol-gel derived films, a typical magnetoresistance effect was

of the order of 1 eV. grown by PLD show several orders of magnitude larger re-
sistivity values, lower resistivity-peak temperature, smaller
Ill. RESULTS AND DISCUSSION saturation moment, lowef., enhanced magnetoresistance,

and larger lattice parameters when compared with those of
the corresponding bulk target materiafs!* These differ-
ences in the magnetotransport properties have been attributed
Figure 2 illustrates the temperature dependence of the rae the differences in the oxygen conténeven though it has
sistivity of the sol-gel derived La ,Sr,MnO; films. Low  not been systematically controlled to monitor its influence on
doped &=0.1) film shows insulating behavior over the en-the CMR phenomenon. To date, to change the oxygen sto-
tire temperature range. With increasing doping, resistivityichiometry of manganese oxides, only empirical methods
decreases—fox=0.2 a typical metal-insulator transition is such as annealing in Nor O, at temperatures ranging from
observed at~260 K; x=0.3 shows metallic behavior over 1200-2000 K2°?! gettering!* and ion implantatioff have
the entire temperature range investigated and in addition, hdseen used. With these methods, precise and reproducible

A. Doped La; _,Sr,MnO; thin films synthesized by sol-gel and
PLD methods
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FIG. 3. Schematic diagram of the oxygen content of manganese 20
oxides versus environmental oxygen partial pressure at different . . .
temperatures ygen p P FIG. 4. X-ray-diffraction patterns of films—as-prepared and an-

nealed at 920 K/10° torr/2 h.

control of oxygen stoichiometry in manganese oxides is dif- _
ficult. However, the oxygen phase diagréaxygen content SPonse were made. They were subsequently annealed at dif-
vs ambient oxygen partial presshfer bulk manganese ox- ferent temperatures f h at afixed vacuum of 10°torr

ides is partially knowf~2>and this may provide a basis to (~3%10 *°in Pg /atm: this level of ambient oxygen par-
systematically control the oxygen content and the magnetial pressure belongs to region Il in Fig) & obtain a sys-
toresistancéMR) of our manganite thin films. A schematic tematic variation in their oxygen stoichiometry. First, we
oxygen phase diagram is shown in Fig. 3. At high ambienhave annealed the as-grown film at 1170 K and lowered the
oxygen partial pressuréegion I: Poz/atm>~10*3—10*4, annealing temperature by 50-K steps. The films annealed at
Po,: Oxygen partial pressure and atrh atmospheric pres- T>970K show a cha.nge in coldfrom dark yellowish-gray
sure, manganites can have oxygen stoichiometry beyond < the as-prepareq _f|Im to ggear QW”_O' a large room-
ie., 3+6. The maximum value of (Syax) is large for t’empe_ratu_re resistivity>~1 ch_n indicating excessive
undoped materials; for example, for LaM§Q, OJuax reducnop n th‘? oxygen content. Flnal_ly, we h_ave be.en. suc-
~0.12% Neutron diffraction, in conjunction with chemical cessful in making a series of films with varying resistivity

analysis, indicates that LaMnQ, (5>0) can also be de- after annealing at 720, 770, 820, and 920 K. The range of

scribed with randomly distributed La and Mn vacancies ina_mneallng temperature used here is well below the conven-

equal amounts in the stoichiometric perovskite. For do e(?onal annealing temperature, ranging from 1200-2000 K,
q P ' P€Gor the manganite¥2° EDXS results show that the films
La; AMNO3, 5, Suyax decreases and reached) for x

0
>0.31423|n addition, for all levels of dopings decreases annealed at 920 K have3% less oxygen content than the

(more stoichiometricwith increasing firing temperature. For as-prepareg :‘c!llms. If3wehnorrpglézeéhe oxyglgeg f(.:lom.;n;gf the
example, LaMnQ@, (6=0.12), LaMnQg (5=0.05), as-prepared film to 3, that o annealed film~18.90.

LaMnOs 4, (8=0.01) are obtained when annealed at 1070 K, The 0-2 x-ray-diffraction patterns of the two end mem-
1270 K 1470 K tivelf At int diat bient ber films, i.e., as-preparethe highest oxygen conterand

' ) 1, Tespectively. AL intermedia geam ,'%n 920 K annealed filmgthe lowest oxygen contenare shown
oxygen partial pressure (region Il: ~10°-10

-3 P . . . in Fig. 4. Both films grow with theirc axis normal to the
<P02/atm< 107°~10"%), manganites tend to be stoichio- substrate plane and are single phase with no other detectable

metric (6=~0). At low environmental oxygen partial pres- phases or orientations. The 920-K annealed film retains its

sure(region Ill: ~107°~10"%>P, /atm), the oxygen con-  perovskite structure without any additional peak due to ma-

tent of manganites is understoichiometric. Under very lowterial disintegration. The diffraction peaks are sharp and can

oxygen partial pressuredeft end and beyond region )il  be indexed based on the cubic perovskite structure. From the

manganites decompose on annealing. This qualitative phageak positions, we calculate tleaxis lattice constant of the

diagram suggests that systematic control of the oxygen coras-grown and 920-K annealed ¢-&1, sMnO;_; to be 3.87

tent is possible by annealing in two different ways—eitherand 3.89 A, respectively. It may be interesting to note that

by changing the temperature at a fixed vacuum level or byhe c-axis lattice parameter of aSryMnO;_; film an-

changing the oxygen partial pressure at a fixed temperaturaeealed at 920 K is larger than that of the as-grown films. This

Here, we report on the control of the oxygen stoichiometrybehavior is similar to that of bulk polycrystalline

of Lag 7;Sry sMnO5_ s via fixed-level vacuum annealing at dif- Lag gBay 3qVInO5_5, which also showed an increase in lat-

ferent temperatures and its influence on their resistivity andice parameter after oxygen stoichiometry reductidbithis

MR behavior. has been attributed to the increase in average manganese
The (001) Lg;SrpMnO;_4I(001) LaAlO; films with  ionic size due to the decrease in average oxidation state upon

thickness~200 nm used in this study have been grown byoxygen reduction. The-axis lattice parameter of as-prepared

the sol-gel techniqu¥ After the sol-gel process, the films films is identical to that of bulk LgSr MnO;_;s (Ref. 5

were subsequently annealed in @ atm oxygen1170 K/1  which may suggest that the as-prepared films have an oxygen

h to obtain epitaxial oxide thin films with maximum oxygen content of~3 (6=~0).

content(we call these the as-prepared film3wenty such Figure 3a) displays the temperature dependence of the

as-prepared films showing identical resistivity and field re-resistivity for H=0 (filled circle) andH=1 T (open circlg
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10* ; ; ; . . . the resistivity peak appears negy and the resistivity shows
A upturns at low temperature far=0.1 and 0.15. The resistiv-
1000 ¢ ity shows a metallic behavior for 0s2x<<0.5. Thus the gen-
100 [ eral resistivity behavior of single-crystalline £ SrMnO;
2 and Lg ;S MnO3_5 iS.QL.Jit.e similar. A significant. MR is
o 10¢ e E observed near the resistivity peak for the metallic samples
< I SN - ] and at low temperatures for the insulating samples. The re-
a o . plotted magnetoresistance ratidR/R(H=1T) for our
01t o _ films, as a function of temperature is shown in Fi¢h)5The
; ) T maximum AR/R(H=1T) is 26% at 310 K for the as-
0.0 ///;;;:1 E prepared films and 32% at 270 K for the 720-K annealed
0.001 L . s s s s films. In addition, the low-temperature MR for these films is
50 100 150 200 250 300 350 small. The 770-K annealed films show a MR peak at 210 K
T (K) followed by an increase in MR with decreasing temperature,
corresponding to the temperature where the resistivity shows
120 upturns. The film also shows a large MR 6f.120% at 85 K

and 1 T. The 820 and 920 K annealed films show increasing
MR with decreasing temperature, similar to their insulating
resistivity behavior. In general, with increasing vacuum an-
nealing temperaturéor with increasing oxygen deficiengy

100 |

1T) (%)

)
<

- the MR maximum temperature decreases and the tempera-
E\:’ 40 ture range where MR is significant is lowered, and the maxi-
T ol mum MR increases.

The oxygen stoichiometry control via elevated-

0 temperature vacuum annealing can be understood by consid-
20 . , ) L ering the temperature dependence of the equilibrium constant
50 100 150 200 250 300 350 between ambient oxygen partial pressure and oxygen con-

T (K) tent. Kuo, Anderson, and Sparfthhave studied the oxygen
o reduction behavior of bulk manganese oxides. They have
FIG. 5. () Temperature dependence of the resistivity taken alggtaplished a relation between the oxygen content and the
H=0 (filled circle) andH=1 T (empty circlg for as-prepared and ambient oxygen partial pressure for undoped LaMnOWe
vacuum-annealed ,3St, MnO;_,. (b) Temperature dependence ,qqme that their formula is also approximately valid for

of the magnetoresistance ratddr/R(H=1 T), (%) for as-prepared ) . - L
and vacuum-annealed 481, MnOs_ , ggagﬁol\_lv@éﬁro,gMnog,ﬁsol gel derived films. The relation is

4 1/2
Kv: 2 Po ’ (1)
of the as-prepared and vacuum annealeg-&g MnO;_ 5 (1-26)°-(3—=95) ™2

films. The resistivity of Lg;SrysMnO5_ 4 increases with in- whereK = a exp(—c/T) is equilibrium constant, and andc

creasing annealing temperatufer equwalt_antly with de- are positive constants. Equati¢h) can be simplified tK,
creasing oxygen contenfThe as-prepared films show a me- — aexp(—cT)~(93)PL2if 5<1. ThuskK, is a constantC)
tallic behavior over the entire temperature range we have P O, ) P

investigated. The maximum resistivity-60 mcm) was at a fixed temperature, i.eK,~(4/3)P5 =C, andd'is in-

found above room temperature corresponding to its figh versely proportional to oxygen partial pressmgzz, Further,

of ~350 K. The 720 and 770 K annealed films show a re-as the oxygen partial pressure becomes lowebecomes

sistivity peak at 280 and 210 K, respectively, with metal—like|arge' Thus by changing vacuum level one can change oxy-
and semiconductorlike behavior below and above the pealgJen content. At fixed vacuum leve{,, is proportional tos
. v .

'I_'h_e 770-K annealed film shows a sharp upturn in the regs\?\/ith increasing temperaturk, increases, thug also be-
tivity at low temperature. The 820 and 920-K <"‘nr"a""ledcomes large. Hence at fixed vacuum levehcreases with
Lay 7S1y3MnO5_ s show an insulating behavior over the en- increasing temperature

tire temperature range we have investigated. These features
are consistent with a reduction in mobile carrier (Mnden-

sity upon decreasing the manganese oxidation state from
nominally fully stoichiometric Lg;SrysMnO5_ 5 with an av- Figure Ga) shows systematic EELS measurem&hts of
erage manganese oxidation stdién]= 3.3 for the as-grown the Q; edge(excitation of Qg electrons into empty-like
films (6=0) to [Mn]=3.3—25=~3.10 for the 920 K an- states following dipole selection rule®f sol-gel grown
nealed films §=0.1). La;_,Sr,MnO; for x=0, 0.3, 0.5(the temperature depen-

It is interesting to compare our result with bulk data ondence of the resistivity data are shown in Fig. @« edge
single crystals of La_,Sr,MnO,. Urushibaraet al® have re-  spectra for the LaAl@substratéwhich is a perovskite, ionic
ported detailed transport studies of doped single-crystallinesulator with completely filled ), levels is also shown. In
La, _,Sr,MnO;. With increasingx (or increasing MA™ con-  particular, this figure shows the region near the threshold of
teny, the resistivity decreases farx ~0.3. The resistivity of the Q¢ edge that is of central interest. The x-ray photoelec-
single crystals of La ,Sr,MnO; is insulating forx<<0.05;  tron spectroscopyXPS) binding energy E,=529 eV (Ref.

C. Nature of charge carriers in manganites
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@) o Over the range of La ,SrMnO; and Lg -SryMn0O,
1% 9-5; samples studied, we have observed a significant prepeak at
. o ~77] the Fermi level in the @ edge in EELS, with intensity
2 ¥ e .8 closely related to the conductivity of the films. The absence
E v=03 ° f% of this Q¢ prepeak in LaAlQ and its presence in these com-
o hertir <Y ’9,.%777 pounds suggest that the latter are charge-transfer-type
g 0.9 j PN oxides® Specifically, doping the parent LaMr@ith diva-
5 AT !,.’-7“"{\% z lent Sr generates unoccupied states in thg Gand and
s [x=0 .m/"/ Sl 4 vacuum annealing of LgSr, sMnO, which systematically
R 7 et controls the oxygen stoichiometry reduceg, @ole density.
S LAO M,f" Divalent doping or change in oxidation state could also gen-
erate M (Mn holes but within the sensitivity of our
EELS measurements the Mrg, transitions show no dis-

520 525 530 535 540 cernible change in peak shape or in intengigyg. 6b)].
Energy loss (eV) These measurements are in contrast with the conventional

DE mechanism where doping is assumed to induce holes on

Mn sites (MA") and the interaction between N and

Mn** drives the ferromagnetic behavior and enhanced con-

=05, ol ] ductivity. The G, hole density, which increases with doping
NN of LaMnQ;, has a clear correlation with the magnitude of the

RN resistivity, i.e., the larger the £ hole density, the smaller

i K LA the resistivity. This observation implies that the conductivity

i1 R e (0 e in these materials is hole driven and that these holes, having

630E 630 650 660 predominantly @, hole character, contribute significantly to
nergy loss (eV) . P . : . : .

the conduction mechanism, including magnetoresistance, in
FIG. 6. (a) OxygenK-edge spectra of Lia,StMnO; (x=0,0.3,  these material€’

0.5 and LaAlQ; [the resistivity data are shown in Fig(a2]. The

small shifts in the energies of the peaks is due to the drift in the

high voltage offsets(b) Mn L; redge spectra of La ,Sr,MnO,,

which show no discernible change in peak shape or in intensity D. Unusual substitution effects of Ru onB sites

within the sensitivity of our EELS measurements.

(b) |A&

Counts(arbitary units)

La- or A-site doping studies have been most popularly
reported in the perovskite manganites since the doping af-
16) which indicates the energy of the;Oevel with respect fects carrier density and positively influences the CMR ef-
to the Fermi energy is also marked by a narrow band. Anyfect. In fact, their properties can be organized along a con-
intensity in the vicinity of the Fermi level is a measure of thetinuum of cation sizes—the largest cations {)>1.24 A)
unoccupied electronic density of states on the oxygen sitegxhibit strong CMR whilst the smallest cationgr ()
Thus the first feature, the prepeak around 529 eV, is attrib<1.2 A) are insulating, charge ordered and do not exhibit
uted to transitions from Q to unoccupied states in the, ferromagnetisni* On the other hand, Mn- d-site doping is
band. The relative prepeak intensities have been obtained bgrely performed since it is thought to be detrimental for the
normalizing the prepeak intensity above a linear backgrounelectrical conduction mechanism. It randomizes the electri-
using the main peak intensity at535 eV. The normalized cally active Mn network and breaks DE electrons. Despite
values are 7.7 fok=0, 9.5 forx=0.3, and 8.5 forx=0.4.  this background we have attempted to evaluate the effect of
For LaAlO; no prepeak is observed and the sharp rise irRu in La_,A,Mn;_,Ruy0O; for three reasons: Ru has more
spectral intensity marking the onset of the edged eV  delocalized 4 orbitals than Mn 8 orbitals, SfIRu@ is a
aboveEg (i.e., at~532 eV), is attributed to Lgg and Las  well known ferromagnet and a highly conducting perovskite
states hybridized with & states® The absence of the pre- and the conductivity in manganites is proportional to its fer-
peak in LaAlG;, an ionic insulator with completely filled romagnetic ordering.

O, states, and its appearance in the Lgr,MnO; series is Bulk and thin films of Lg ;S sMn;_ Ry O3 (where O

a reflection of the presence of holes on oxygen sites leadingy<0.2) were prepared by the solid-state reaction method
to p-type conductivity in the latter films. Moreover, the pre- and PLD, respectively. Thin films were grown on LaAIO
peak intensity in La_,Sr,MnO; varies systematically with substrates at 300-mTorr oxygen partial pressure and at a sub-
the conductivity of the films and not with their divalent dop- strate temperature of 680 °C. The Ru substituted bulk target
ant content. In addition, neither thg.@dge threshold peaks of La, ;S 3Mn; _yRu O3 were single phase with orthorhom-
(~532 eV nor the MnL 3, (transitions from spin-orbit split  bic symmetry. However, their films grown ¢001) LaAlO;
2ps, and 2y, initial core states to unoccupiedd3develg  shows cubic symmetry. Th@02 peak shows a monotonic
transitions[Fig. 6(b)] present any discernible change in in- increase in lattice parameter from 3.87—3.94 A with increas-
tensities with divalent doping and/or conductivity of the ing Ru doping. The x-ray patter(Fig. 7) shows epitaxial
films. We have also found qualitatively similar correlation growth of Ru-substituted films on the LaAlGubstrates. En-
between the conductivity and,Qhole intensity for oxygen ergy dispersive x-ray microanalysis confirmed that the Ru is
reduced Lg;Sr, sMnO, samples? indeed incorporated into the structure. However, spatially re-
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FIG. 7. X-ray diffraction of LgSrpdMn;_yRuyO; for y=0,
0.05, and 0.1 thin films grown by PLD on LaAi00 substrates. 0 Bl —
Note the systematic increase inparameter(002 reflectioh with 490 480 470 460
increasing Ru doping. T
g ping Binding Energy (eV)

solved microanalysis using a 1-nm probe suggests that there

is a small segregation of Ru at the grain boundaries. Ru (y=0.1) bulk samples. The peaks corresponding to 483.0 and

Magnetization curves for bulk lggSr sMn; - RUOz are 436 5 eV suggests the presence of a possible redox couple involv-
shown in Fig. 8. The magnetization vs temperature Curveg,q R#*/Ruft*,

indicate a monotonic decrease ., from 365 K for
Lag 7Sy sMnO4 (LSMO) to 335 K for
L fosMn . For y=0.1 and 0.15, a shoulder . . .
w?aoé?igégn ir?ffi/l%\'/lsgscurve.xrhis is possibly due to instru- ing. This can be attributed to thel4netal character of Ru. It

mental error and not due to phase separation since our x-rdy NoW fairly well understood that thedelectrons are more
results show a single phase material without any impurmjocahz.ed compared todtelectrons. Therefore exchange in-
phase within the x-ray resolution of about 2%. The Curieteraction between Mn-O-Ru could be favored much more
temperature for the parent LSMO agrees well with the rethan any other transition metals. The presence of variable
ported T, values. Note the unusual doping effect of Ru oxidation state of Ru is evident from the x-ray photoelectron
which shows a very marginal decreaseTin (AT.~35K)  spectrum(Fig. 9) of the Ru substituted bulk samples. The
for doping up to 15% of Ru. A large decreaseTinin other  peaks corresponding to 483.0 and 486.2 eV suggests the
cases, for example; doping of I, FE", Ti*" has been presence of a possible redox couple involving*RRu**
argued to have a direct effect on the magnetic ordering. Thand an interplay of a mixed Zener pair such as
positive influence of Ru doping on magnetic ordering couldMn®*/Mn*" —Ru**/Ru** could be decisive in the charge or-
be interpreted based on the mixed valence states of Ru, aring.
RuO,, RuO;, RO, etc. Although similar effects due to  Figure 10 shows the resistivity versus temperature plot for
variable states has been observed_ rec_ently by Raveaq, Maifire parent Lg;Sr, sMnO; film and the Ru substituted film
nan, and Martiff on Cr and Co doping in BECasMNOs, it |5 Sr; Mng dRU 105. Although ferromagnetic ordering oc-
should be noted that Cr and Co ions aid only in the insulatorz s well above the room temperature, resistivity vs tempera-
metal transition and not in the charge-transfer mechanismyre plot for the bulk samples show a very broad transition
However, a rapid disappearance of the magnetic ordering hag,q the metal-insulator transition occurs below 300 K. This
been observed for Cr and Co doping as smaya9.02. In s attributed to the role of the grain boundaries. However,
contrast, Ru substitution up to 15%, sustains magnetic ordefypon subsequent annealing at elevated temperatures, well-
sintered pellets do show M-I transition in accordance with

FIG. 9. XPS spectrum showing variable oxidation state for the

10 the magnetic ordering temperature. As-grown films of

5 D:,;;::;’g;{;gsgggggg:w\x =0 Lay 7SrpsMnO; and Ru substituted films also show the same
z C . 3% semiconducting behavior. In order to overcome this discrep-
& A ancy, which could occur either from the enhanced role of
&:D 0.15 = \ AT S grain boundaries or from loss of oxygen, the laser targets
E 45 . OO were sintered with 3% AgD, to promote saturation of oxy-
2 . o o gen in the films during growth and annealing. It is believed
s 2f % °% . that silver gets oxidized to AgO during laser ablation and

"._ ‘\% 4 during film growth AgO dissociates yielding its oxygen to
0 - L T 15 T the La /St Mn; _,Ru,O; films. It is well known that addi-
280 300 320 - 340 360 380 tion of Ag,0 to bulk YBaCuO; and self-doped La ,MnO;

T (K) increases the oxygen content in the Y880, and

FIG. 8. Temperature dependence of the magnetizatiorH ~ Lag MnOs film, reSpectivelf.3_Consequently,. 3% Ag con-
=200 09 of Lay /Sty Mn; _,Ru,0; above room temperature in the taining LSMO and Ru substituted LSMO films showed a
doping range &y<0.15. metallic ferromagnetic state beloW.. Further work to un-
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50 100 150 200 250 300 350 FIG. 11. 6—26 scans withg along the[001] growth direction(a)

T (K) and the[113] direction (b) for both annealed and as-grown 150-A-
thick samplegtop and bottom scans, respectivelyhe scans from

FIG. 10. Temperature dependence of the resistivity a0 and (e annealed and as-grown samples were displaced from one an-
1T of 3% Ag doped Lg;StMn,_,Ru,0; (y=0.1) film. Inset other in graphga) a_nd(b) for gr_eater clarity. The pee_tks du_e to the
shows the temperature dependence of the resistivitgad and  -@AlOs substrate, indexed using a pseudoperovskite unit cell, are
H=1T for parenty=0 andy=0.1 without Ag doping. also |nd|catgd(c) is ad scan of thg103) reflection of the gnnealed
sample, which shows a fourfold symmetry characteristic of the
pseudoperovskite structure. All samples in this study had the same

derstand the unusual substitution behavior of Ru and the rollfﬁUlrfOId symmetry, with th¢100] direction coinciding with that of
of Ag additions is in progress. the LaAlO, substrate.

E. The role of lattice strain induced by epitaxy with a high transition temperature of 370K Epitaxially

Properties of thin films, epitaxially grown on lattice- grown LSMJO001JILaAlO;[001] films are expected to be
matched substrates, are expected to be different from thicknder ~ compressive  strain  since d,gyo(3.88 A)
films or bulk because of the large strain effects that have apd a0 (3.78 A). We report on the critical thickness and an-
impact on both the Mn-O bond distancd,f,.c) and the nealing(strain relaxatioh dependence of the transport and
Mn-O-Mn bond anglg¢). Slight changes imly,,.o or ¢ af-  structural properties of such thif001JLSMO/[001JLAO
fect the on-site Coulomb correlation energy and/or bandfilms.
width and may lead to a metal-insulator transition. Both Lag ;SIy3MnO;_ s films with thickness ranging from 150—
duvn.o and ¢ can be altered either by substitutiofis*exter- 1250 A, were deposited on LaAi®O01) substrates at
nal pressurd,or, in a controlled fashion, by strain due to 640 °C/300 mtorr @ These conditions were chosen since it
epitaxial growth on lattice-matched substrat®¥+*°In the  gives optimal quality of 1000-A thick filmglow resistivity,
latter case, the strain is also a function of the thickness, arhigh transition temperature, large residual raggnthesized
nealing conditions, and mechanisms of strain relaxation. Alform a target of composition lgg-Sty ¢dVINO3 by pulsed la-
though there exist numerous studies of the effect of latticeser deposition. After the deposition the films were cooled
changes, induced by chemical substitutions and externalown to room temperature at 10 °C min in an oxygen pres-
pressure, on the transport and structure of manganite perovsdre of 400 torr. Each wafer was cut into two pieces—one
kites, there has been little investigation on the effect of lat-half was left as grown and the other half was annealed at
tice distortion induced by substrate strain on the transpor®00 °C/1 bar /10 h.
and structure. In addition, the earlier reports were focused on Figure 11 shows representative x-ray data from both an-
relatively thick films (thickness1000A) most of which nealed and as-grown 150-A-thick samples. Similar results
were post annealed at high temperat(x®00 °O. At these  were obtained from the 700 and 1250-A samples, although
temperatures, a significant lattice relaxation can occur whiclthe peaks in the thicker samples were generally narrower and
may make the films unsuitable for studies of the effect ofmore intense. The data in Fig. (HL was obtained with the
strain on their magnetotransport behavior. Hence we havscattering vectorg along the[001] direction, so that the
chosen to study the influence of lattice distortion and strairsample peaks correspond to @2 reflection. In both of
on the transport properties in the d@Sr, 3MnO; (LSMO)  these scans, the peak neat=248° is a substrate peak. The
system, which is a metallic and ferromagnetic compoundop scan, measured in the as-grown sample, shows a single
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TABLE |. Lattice parameters of Lg;Sry3dMNO5/LaAlO; thin-film samples determined from x-ray-
diffraction data. The axis represents the lattice parameter along the gré@af] direction, while thea axis
represents thE10] and[100] directions. The corresponding Mn-O-Mn bond andlégsand the Mn-O bond
distances, both in-plane and out of plane, are also shown.

Sample c (A) a (A) dout (A) ¢out din (A) ¢in
150-A as-grown 3.99 3.82 2.00 180° 1.96 151°
150-A annealed 3.91 3.87 1.96 171° 1.96 160°
700-A as-grown 3.98 3.85 1.99 180° 1.96 156°
700-A annealed 3.90 3.88 1.95 167° 1.96 162°
1250-A as-grown 3.91 3.82 1.96 171° 1.96 151°
1250-A annealed 3.88 3.87 1.96 162° 1.96 160°
bulk 3.88 3.88 1.96 162° 1.96 162°

peak at approximately @=45.5°, while in the other, smaller Contrary to the critical thickness dependence of resistivity
peaks result from the finite thickness of the film. The bottomand MR for the as-grown films, the annealed filfi§g.
scan in(a), obtained from the annealed sample, shows sevi2(b)] uniformly show a metallic behavior with significant
eral peaks, the strongest of which appears ne&r £6.5°. MR above room temperature. However, the magnitude of the
The other weaker peaks could be due to different phase®sistivity decreases with an increase in film thickness. For
formed during the annealing process. Clearly, the effect obxample, the resistivity at 330 lggsg k is 2.7 m) cm for 150
annealing is to shift the peaks to higher angles, which mean&, 1.6 mQ cm for 700 A, 1.2 nf) cm for 1250 A. The resis-
that the (001 interplanar distance contracts. The scans irtivity ratio ps3gx/psok increases with increasing film
Fig. 11(b) were obtained withg along the[113] direction.  thickness—ps3q «/pgox=~6, ~8, ~12 for 150, 700, and
The top scan again represents the as-grown sample, while t1€50-A-thick films, respectively. Moreover, the thicker the
bottom scan represents the annealed sample. The effect of

annealing in this case is to shift the peak to higher angles. 25 1000
Figure 11c) is a ® scan of the(103 reflection of the an- 30
nealed 150-A-thick sample, showing the fourfold symmetry 25 -
characteristic of the tetragonal crystal structure. All samples 'g 7 100 g
showed the same fourfold symmetry. From scans such as 20 c
those shown in Figs. 14) and 11b), the in-plane and out- g 15 g
of-plane lattice parameters were calculated assuming thatthe °Z 10 {10 &
[100] and[010] in-plane directions are equivalent, and that
the unit cell is tetragonal. Similar scans of tt3) reflec- 5t 1250 A
tion were used to confirm the results. The results are shown 0 AT 1
in Table 1. It is clear that annealing causes thaxis (along 50 100 150 200 250 300 350
the growth direction to contract while thea axis (in the T (K)
plane expands. 3 ; . : .

The temperature dependence of the resistivity for the as- A
grown and annealed films is shown in Fig. 12. The resistivity o5 [

of the as-grown filmgFig. 12a)] shows a critical depen-
dence on thicknesg). Fort=150A4, it is completely insu-

lating over the entire temperature range investigated with a <
significant magnetoresistand®IR) effect observed below G .t
200 K. MR increases with a decrease in temperature and g
reaches~50% at 1 T and 80 K. However, the absolute mag- ~
nitude of the resistivity at 80 K is~1000 nf)cm (or ~1 e
Q cm) and rather small compared to that of insulating bulk
samples &10° Q cm).1° For t=700A, the zero-field resis-

tivity is also insulating(with the magnitude of the resistivity _
smaller than that fot=150A), but when a field of 1 T is 0
applied the resistivitypy -1 1(T) is suppressed below 270 K
and shows a peak around 180 K, with metal-like behavior at
lower temperatures. The MR far=700 A was found to in- FIG. 12. Temperature dependence of the resistivity of
crease with decreasing temperature. Unlike the above twpg . sy .MnO; films with thicknesses of 150, 700, and 1250 A.
cases, fot=1250A a metallic behavior with a room tem- Both as-growr(a) and annealed filmé) without field (full symbol)
perature resistivity of~2 mQ)cm, along with a large MR and with an applied field of 1 Tempty symbol are shown. Inset
effect near and above room temperature but with insignifishows the resistivity ratipsso «/pso k (P330 k: the resistivity at 330
cant MR at low temperature, is observed. K, psok: the resistivity at 80 K

1
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film the higher the resistivity peak temperature. The temperafor as-grown films. For all films, after annealing, thexis
ture dependence of resistivity reveals that the 150-A-thickcontracts and tha axis expands resulting in a cubic structure
film exhibits a resistivity peak at 320 K, 700-A-thick film with a=c~3.88 A. There is neither change & ¢, nor the
exhibits a resistivity approaching a peak, and the 1250-Atemperature dependence of the resistivity as a function of
thick film exhibits resistivity with a sharp increase. thickness. The minor differences, i.e., the magnitude of the
Changes in lattice constants of perovskites determine twoesistivity and ratiqpzgg k/psok, Mmay be due to variations in
key structural parameters that impact on their transport propthe dislocation network created to accommodate the coher-
erties: Mn-O-Mn bond anglé$) and bond distancedg.o) ency strain.
(note: both in-plane and out-of-plane values are shown in
Table . However, it has been shown that for
Ro6A03MnO; (R=La, Pr, Nd, Y:A=Ca, Sr, Ba, changes
in (R, A-site ionic size only affecty, with dy,.o remaining Using the approximately known oxygen phase diagram,
unchanged dy,.0o=1.96 A) 2 This corresponds to a maxi- we have successfully controlled the oxygen stoichiometry,
mum lattice parameter of 3.92 A. Hence it is reasonable tdhe resistivity, and magnetoresistive behavior of sol-gel de-
assume that larger values of the lattice parameter implyived La,;SipMnO5_; films. Vacuum annealed films at
stretching ofdy,.o (¢ fixed at 1803 and smaller lattice pa- temperatures ranging from 720—-920 K show increasing mag-
rameters imply a contraction @f (dy,.o fixed at 1.96 A. In  netoresistance with a decrease of oxygen stoichiometry, var-
the as-grown filmsa is ~3.82—-3.85 A but depends on film ied resistivity from metallic to insulating and interesting
thickness, i.e.c=3.99 A fort=150A andc=3.91A fort magnetoresistance behavior. This work shows that precise
=1250A. Thus the thickness dependence of the resistivitand reproducible control of oxygen stoichiometry, resistivity
as a function of temperature of as-grown LSMO thin filmsand MR behavior is possible without changing the divalent
may be related to changes in tleeparameter. For bulk dopant concentration.
Lag 67515.33MN03, where duno=1.96 A and The resistivity of as-grown/annealed
a=c=3.88A ¢ is found to be~162°. For tetragonally (001)La St 3dMN05/(001)LaAlO4(001) epitaxial thin
distorted LSMO thin films¢ and dy,,.o are, in principle, films is critically dependent on their thickness due to the
different along thea- (in-plane andc- (out of plang axis  compressive strain induced by lattice matching to the
directions. For the as-grown films, the in-plane Mn-O-Mn LaAIlO; substrate. The thinner the films, the more the strain.
bond angleg;, is ~151-156° and this decrease in the bondAs a result, thinner films show severe lattice distortions and
angle(with respect to the bulkmay significantly reduce the higher resistivity values. The 150-A-thick films show insu-
double exchange interaction. Howevek, andd,, are inde-  lating behavior, 700-A-thick films show metal-insulator tran-
pendent of thickness and may not explain the thickness desitions, and 1250-A-thick films show metallic behavior. Af-
pendence of the resistivity. On the other hand, the out-ofter annealing, the lattice strain is relieved and all the
plane Mn-O-Mn angleg,, for the as-grown films is-180°  annealed films show identical metallic behavior, similarly to
and the out-of-plane Mn-O distancé,, is significantly  thick films or corresponding bulk materials.
stretched(Table |). d, for the insulating,t=150A, as- Using EELS we have observed a prepeak in the oxygen
grown film is greater than that for metallte- 1250-A film  edge, corresponding to transitions to empty states in the O
by 0.04 A. The influence of the bond distartsg, (distance  band at the Fermi level. This prepeak intensity systematically
between Ti and @ on the transport properties has beenincreases with an increase in conductivity, through divalent
reporteae for the bulk, cubic perovskitép=180° between doping or variation in oxygen stoichiometry. This confirms
Ti-O-Ti) compound N¢_,Ba,TiO; (NBTO) where a small that these manganite perovskite thin films are charge-
increase irdi.o (~0.02 A) is responsible for a change from transfer-type oxides with carriers having significant oxygen
metallic to insulating behavior for 07x<0.9. The change 2p hole character. Based on these results, we argued that in
in dyin.o in LSMO thin films, particularly in the out-of-plane addition to lattice distortion effects the double exchange
direction, is greater than the changedf.o of NBTO and ~mechanism has to include the role of oxygen hole density to
may be responsible for its insulating behavior. Howeverprovide a satisfactory description of their transport
there are important differences in the electronic transport beproperties?®
tween LSMO and NBTO. While the conduction pathway in ~ The magnetic and transport properties of manganite per-
bulk NBTO is three dimensional, in LSMO thin films the OVskites are sensitive to doping, oxygen stoichiometry, lat-
conduction pathway is quasi-two-dimensional. It is alsotice distortion by substrate strain, and lattice relaxation. The
known that the bandwidth of cubic perovskite materials isRu doped Lg-Sr aMn;—,Ru,0O3 maintains a relatively high
proportional to 1/fyn.0)3.3" Thus the larger the value of transition temperature. The decreasel jnat a doping level
duno, the smaller the bandwidth. In addition to a decreaséf y=0.15 is only~30 K which is considerably smaller than
in the bandwidth, an increase @y, results in an increase the one observed for doping with other elements such as Fe
in the Hubbard correlation energy. From the data we magATc=~100K). Itis postulated that this small decrease in
conclude that the electronic transport along ¢hirection is ~ Tc is due to the delocalized nature ofl 4rbital in Ru.
important in the current flow. As a first approximation, the
charge carriers in thin LSMO films move with Brownian
motion and hence the Iarggr the out—of—plane lattice param- ACKNOWLEDGMENTS
eter, the smaller the electrical conduction alang hus the
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