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Oriented thin films of the La—Ca—MnQOsystem with several Mn-excess compositions were
prepared by aerosol-assisted metalorganic chemical vapor deposition. Depositions both on MgO
(100 and LaAlG; (100 substrates were performed at temperatures between 700 and 800 °C, with
30 minin situ oxygen annealing at the deposition temperature. The films deposited on { h&l®

much better structural quality with rocking curves of 0.3—0.7 full width at half maximum and higher
T.. For films with Mn excess, aex situannealing[800 °C for 1 h inflowing oxygen increased .
dramatically, from 180-190 K to values in the range 240-296 K, above the maxifguwhthe
stoichiometric, optimally doped g Ca 3dMNO5; composition. This behavior may be associated
with the presence of La vacancies, which act as self-dopants, and whose role is enhanced after
suitable annealing. The films present high magnetoresistance values in the vicinity of the critical
temperatures: at 7 kOe, 32% for a film with=279 K and 13% for a film withl .=296 K. The
magnetic properties of the films on MgO were degraded by annealing, probably due to Mg diffusion
to the film. © 1999 American Institute of Physids$§0021-897@9)49708-7

I. INTRODUCTION II. EXPERIMENT

Metalorganic chemical vapor depositidMOCVD) is La—Ca-MnQ_; thin films were prepared in an aerosol-
very versatile for complex oxide ceramic thin-film prepara-assisted MOCVD reactdr. Organometallics precursors
tion, like HT superconductors and manganites with colossa\intmhd),, La(tmhds, and Cdétmhd), were synthesized
magnetoresistancéCMR).1~3 This technique allows the from tmhd (2,2,6,6-tetramethyl-3,5-heptanedionend dis-

deposition on large nonplanar areas, useful for industrial PUso1ved in big2-methoxyethylether. The solution was ultra-

poses. The CMR properties of manganites are based on the . . .
mixed valence character of the Mn ions (MMn**) and sonic nebulized at 810 kHz to produce an aerosol wign3

are strongly correlated to lattice distortions. The antiferro-mean_partlde Ehameter. A_rgon was used as a carrier gas and
magnetic insulator LaMn@compound can be doped with heated at 270 °C to volatilize bpth splvent and organometal-
divalent La substitutions, leading to ferromagnetic metal-like'iS- Preheated oxygen was mixed just below the substrates
behavior. Studies on La,CaMnO,_; thin films have fo- which were induction heated with a stainless-steel susceptor.
cused on the optimak=0.33 composition with maximum The melting points of KC[770°Q and NaCl(801 °Q were
T.=267K. Electrical and magnetic properties were corre-used for thermocouple calibration in,®Ar flow.

lated to epitaxy, crystallinity, and oxygen contéecently, La—Ca—Mn-Q thin films were simultaneously depos-
self-doped La-deficient L&nO;_ 5 thin films prepared by ited on 5<5mn? MgO (100 (LCMO/MgO films) and
pulsed laser depositidrand MOCVD (Ref. 6 were also  LaAlO; (100) substrate$LCMO/LAO films), for 15 min, at
shown to exhibit a CMR effect, witi; near 300 K after temperatures ranging from 700 to 800 °C, with 30 rniisitu

suitable annealing. annealing at the deposition temperature under 1 bar of oxy-
gen pressure. All samples were annealed simultaneously at
dElectronic mail: ptavares@utad.pt 800 °C for 1 h inflowing oxygen.
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TABLE |. Data for La—Ca—Mn@_; films on MgO and LaAIQ substrates: composition by SEM/EDS, depo-
sition temperatureg,; from low-field magnetization, and rocking curve FWHM of tt@94) peak. Symbols:
no critical features were found; n.d.: not determined; asd: as-deposited; and ann: annealed.

FWHM
Dep' temp' Tc—asd_Tc—ann

Dep. Composition (°C) (K) asd ann

I-MgO Lag 6Ca 1MNO; 700 160-* 1.07 0.96
1 Lag 5:Cay ogMNO; 750 135-150 1.23 1.13
1l Lag.odCa 2MNO; 720 *_180 n.d. n.d.
v Lag 76Ca,0gMNO; 750 147-89 1.37 1.23
Y, Lag 7/Cay ,0MNO; 800 181-120 1.02 1.18
I-LAO Lag s£Ca 1MNO5 700 181-258 0.40 0.43
I Lag 58Ca oMNO; 750 185-296 0.71 0.60
1l Lag.odCa 2MNO; 720 140-122 0.59 0.37
IVa Lag 7dCa ggMINO5 750 180-273 0.26 0.47
Vb Lag 7dCaycMNO; 750 193-279 0.49 0.44
\Y Lag 7/Ca ,gMINO; 800 180-240 0.28 0.27

IIl. RESULTS AND DISCUSSION and IV. Higher M is found in LCMO/LAO than in the

. . i LCMO/MgO films. Upon annealingM is severely reduced
Chgmlcal compogltlons of the L_CMO/MgO films WEre on LCMO/MgO. In the as-deposited state, the critical tem-

determined by scanning electron microscopy/energy d'SperﬁeratureiTc defined by the minimum idM/dT) in LCMO/

a{fJAO are generally higher than in LCMO/Mg@ee Table)l

. ) . pon annealing, th&é . of LCMO/LAO has a maximum shift

e S o o snos 4P 111 K uptitisampl . On th ihr had, U of

lanthanum in the LaAIésubstrate Film cr):aractgristics for CMO/MgO is decreased by annealing and the transition is

' broadened. In some cases, annealed LCMO/MgO do not

lfll_vildeﬁlosglotr;]s(lf—vd) obn bkoth tstupstrates a:e preseggd Nshow a magnetic transition at all. We remark that for sample
aple 1. Rutherfor ackscattering spectroscoffy V the as-deposited’.'s were the samd&180 K) but they

showed that sample thicknesses are approximately 150 nmstrongly differ after annealing. These different behaviors

Xftrs):hdlffrac'tlo(r;b(Cu Ka,0120) Sh%\’.\' trattalltgllmsbgrtovz may be due to Mg diffusion to the film surface after anneal-
\I/_véZMO/eL;gX?I nml groumpetrpdenolcu ar ko ehﬁu strate. ing, confirmed by RBS analysis. On the LCMO/LAO
ims only presented (09 peaks, while some samples no Al diffusion was found.

LCMO/MgO presented a very smalf0Q peak, which de- High-field magnetization at 10 K of sample 1I-LCMO/

creases by annealing. On the as-deppsn_ed §amplesajqe LAO, gives saturation fields of 6 and 1.5 kOe and saturation
value ranges from 7.727 to 7.769 A, indicating the presence

of elastic uniform strain due to the substrate. Detailed peak
analysis shows nonuniform stréite) up to 1% with higher

higheste, probably due to the largest amount of vacancies.
After annealing, strain relaxation is observed, thaxis de-
creases to values between 7.706 and 7.748 A, amni-

maximum(FWHM) of the (004 peak is typically much nar- 5 R 5 S
rower in LCMO/LAO than in LCMO/MgO and is not appre- il URS e AR SN R
ciably changed by annealing. The Scherrer equation gives ' ‘ ’
the crystallite size perpendicular to the surface of the order ofg
30 nm for LCMO/LAO and 20 nm for LCMO/MgO. =
SEM images of the polycrystalline microstructures of &
the deposition Il films are shown in Fig. 1. Before annealing, £
the LCMO/LAOQ grains are square faced, with edges parallel 'b
to the substrate edgd€ig. 1(c)], while the LCMO/MgO  ##
grains do not present a uniform geomeffig. 1(a)]. The b 2 :
grain size is nearly 100—150 nm. After annealing, only minor A sieteiRui ity ‘ P a e e

e A &
IMA1OS 25.8kV XS508.0K

modifications can be seen on LCMO/Md®ig. 1(b)], but C ]
sintering of LCMO/LAO occurgFig. 1(d)]. 6.1 SEM| f Lew.Cob O fims (deposition 1. Legendi(@
P, .1 images of Lg;:Ca ,(dVINnO; films (deposition 1). Legend:(a):
The temperature dependence of the magnetlze(mh LCM/MgO as deposited(b): LC?\/IO/MSO annealedjc): LCMO/LAO as

was measured in a.magnetic field of 20 Oe, heating from @eposited; andd): LCMO/LAO annealed. LCMO/LAO films have larger
field-cooled state. Figure 2 represents the results of sample gtains.
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length of the films deposited on LaA{OLines with arrows«) connect the
0 s TR as-deposited to the annealed samples. Data from Ref. 6 on subsequent an-

0 50 100 150 200 250 300 350 400 nealings on LggMnO5_; films (LMO/LAO, different criterium forT,, see

T(K) the texj and for two bulk samples are included. Sample Ill is Mn deficient.

T, increase upon annealing on the LCMO/LAO samples with Mn excess
FIG. 2. Low-field magnetization of as-deposited and annealed films Il anc:orrelates to the reduction of tleaxis length.

IV on MgO and LaAIG.

in a similar way the increase df. (from magnetization mea-
magnetizations of 430 and 550 emufcmespectively, before surements at 2 kQdo thec-axis length reduction with sub-
and after annealing. Coercive fields at 10 K decrease frorfeduent annealings from 600 to 800°C. In Fig. 4 we also
300 to 150 Oe. Figure 3 shows the electrical resistivity ofPresent data for two La,CaMnO; bulk compounds(x
sample 1I-LCMO/LAO before and after annealing, confirm- =0.25, T¢=235K and x=0.33, T,=267K) with
ing the shift of the metal—insulator transition to room tem-Mn/(La+Ca)=1 ratio (dotted ling, for which the mixed va-
perature. The increase of resistivity at low temperatures aftdence Mri*/Mn** ratio is related to the-axis length’ The
annealing may be associated with the more irregular graikCMO/LAO film with Mn/(La+Ca~1 (deposition V,
structure shown in Fig. (tl). Annealed LCMO/LAO present La0.7%Ca 2dMInO3) hasT, andc-axis length close to the bulk
high magnetoresistancep(H)/p values neafl,: at 7 kOe, sample of nearly identical composition. Film Ill, which does
32% for film IVa with T,.=279K, and 13% for film Il with ~ not follow the correlation and whefE, decreases by anneal-
T.=296 K. The temperature dependences ofApép and of NG, is Mn deficient (LggdCa MnO;). This allows the
the temperature derivativep/dT have very similar shapes conclusion that in the La—Ca—Mn-O systdmcan be en-
(see the inset of Fig.)3 hanced either by annealigxygen incorporation and strain

A correlation between the-axis length and the changes relaxation or by increasing the MiLa+Ca) ratio. T, near

of T, values due to annealing is represented on Fig. 4 for thé00m temperature with a considerable CMR effect was ob-
LCMO/LAO samples with Mn excess: an increaseTgfcor- tained in LCMO/LAO films by combining these effects.
responds to a reduction of tleeaxis length. In addition, we
remark that the lines connecting the as-deposited to the aﬁCKNOWLEDGMENTS
nealed samples have almost parallel slopes. Pigatad® The work is partially supported by JNICT under Con-
studied the annealing effect on {gnO; MOCVD thin tract Nos. PBIC/C/CTM/1967/95 and PRODEP 3/94 from
films deposited on LaAIQ(LMO/LAO). Their data correlate UTAD-Vila Real. One of the author§).P.A) acknowledges

a scholarship from IJNICT/FCT. The authors thank E. Alves

from ITN-Sacaven for the RBS measurements.

lilLaC-ann

\

1K.-H. Dahmen and M. W. Carris, J. Alloys Comp251, 270(1997).

2F. Weiss, U. Schmatz, A. Pisch, F. Felten, S. Pignard, J. Rat8er, A.
Abrutis, K. Frohlich, D. Selbmann, and L. Klippe, J. Alloys Com281,
264 (1997).

30. Yu. Gorbenko, A. R. Kaul, N. A. Babushkina, and L. M. Belova, J.
Mater. ChemZ?, 747 (1997.

-
(=)
L
-
<

Ap/p (%}

[I/LaO-asd

dp/dT (107 amK™)

=y

51 4J. M. Coey, M. Viret, and S. von MolmaAdv. Phys.(to be publisheyl
5T. R. Mc Guire, A. Gupta, P. R. Duncombe, M. Rupp, J. Z. Sun, R. B.
Laibowitz, W. J. Gallagher, and G. Xiao, J. Appl. Phy$, 4549(1996.
6S. Pignard, H. Vincent, J. P."Bateur, J. Pierre, and A. Abrutis, J. Appl.
o Phys.82, 4445(1997).

! T ok ' 7P. B. Tavares, V. S. Amaral, J. P. AjauA. A. C. S. Loureno, J. B.
0 50 100150 200 250 300 350 Sousa, and J. M. Vieira, Key Eng. Matdr32-136, 1416(1997.
T 8K. A. Thomas, P. S. I. P. N. de Silva, L. F. Cohen, A. Hossain, M.
FIG. 3. Electrical resistivitiegp) of films Il on LaAlO; as deposited and Rajeswari, T. Venkatesan, R. Hiskes, and J. L. MacManus-Driscoll, J.
annealed. Inset: magnetoresistang#p at 7 kOe anddp/dT for the an- Appl. Phys.84, 3939(1998.
nealed film. 9E. O. Wollan and W. C. Kohler, Phys. Rel00, 545 (1955.



