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Effects of oxygen incorporation in tensile Lg gsSry1dMNO 3_4 thin films during ex situ annealing
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Structural changes in epitaxial §.gSrp.1gMNO5_s (LSMO) (001)/SrTiO5(00) thin films are studied using
x-ray scattering during thermal annealing. As oxygen atoms are incorporated during anardaiitugn air, the
unit-cell volume contracts, which is attributed to the increased ratio df*Noms as indicated by enhanced
saturation magnetization and ferromagnetic transition temperature. The unit-cell contraction occurs rather
abruptly, suggesting that a structural phase transition happens during annealing. A 200-A-thick film remains
almost fully strained even after annealing. In this case, a fourfold structural modulation is observed which
accommodates the augmented lattice strain energy.
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Hole-doped lanthanum manganites ;L& MnO; have (001 substrates were annealed at 1000 °C for 6 h, which
been intensively studied due to colossal magnetoresistancesults in large(001) terraces on the surface. During the
(CMR) and related interesting phenoméndMagnetic and  growth, the films were kept at 610 °C and then cooled down
electrical transport properties of manganites depend on thg room temperaturéRT) under 10 Torr of oxygen pressure.
doping level, the ratio of Mff to Mn*" ions, and the inter- The surface morphology of the films are examined with
action between Mf/Mn* and G~ ions*~ The doping  atomic force microscopyAFM) and magnetization was
level can be controlled by substituting 1'eby divalent ions  measured by a superconducting quantum interference device
such as Ca, Ba, and 8rC or by tailoring oxygen (SQUID) magnetometer.
stoichiometry:* In thin films, there are also unavoidable ex- 74 ayamine the structural changes during postannealing of
gl?bf;(r:;ct); s;nc dh (‘;"f th:nl"’c‘jtggg;‘]'gm_?Hggr;'g?f:z??hgyggg'%%e as-grown LSMO filmsin situ synchrotron x-ray scatter-
ot : ygen deniciency. 1n : T%fhg measurements were performed at the beamline 5C2 at
attice coupling, and thin films exhibit physical propemesp h Light S in K Th fincid
different from those in bulk systerds. ohang Light Source in Korea. The energy of incident x rays

was fixed at 8.0 ke\\=1.549 A). We selected two samples

Recent studies reveal that the magnetic and transpo _ . A . :
properties of CMR thin films are substantially improved by With different thickness, 200 and 700 A, to investigate the

postannealing in oxygen irrespective to the sign of lattice?ffécts of the strain as well as the annealing on the structural
misfit strain3-15 These results are attributed to oxygen in-changes. The sample temperature was raised to 700 °C
corporation rather than to defects generation duringVithin 150 s in air, and then kept constant during the mea-
annealing® The oxygen incorporation transforms Rfrions ~ surements.
to Mn** with smaller ionic radius, and induce the changes in  The x-ray diffraction profile of the as-grown films show
the unit-cell volumé’ that a 200-A-thick LSMO film is fully strained and of high

In this experiment, we investigate the structural changesjuality. The LSMO(001) peak in the surface normal direc-
of lanthanum manganite kg.Sr, ;dMNO5_5 (LSMO) (001)  tion shown in Fig. 1a) retains the interference fringes indi-
thin films grown on SrTiQ (STO) (001) substrates during cating that the crystalline order persists throughout the whole
postannealing in air. As the annealing proceeds, despite tfém thickness. The sharp diffraction peak at 1.609A
oxygen incorporation, the unit cell contracts discontinuouslycomes from th€001) STO substrate. The in-plari@00) dif-
We attribute this to the change in the ratio of MAVIn®*.  fraction peak position shown in Fig.(d), measured using
The increase of the saturation magnetization is consistergrazing incident x-ray scattering geometry, matches exactly
with the increased ratio of MA/Mn3*. The strain in a the sharp peak of the substrate. This indicates that the film is
700-A-thick film is relaxed completely by the annealing, andfully strained and pseudomorphically grown. The surface of
the structure changes from a tetragonal to pseudocubic struthe film retains the step-terrace structure of the annealed
ture as expected in a bulk crystal. On the other hand, &TO substrate surface as shown in an AFM image illustrated
200-A-thick film remains almost fully strained. A fourfold in Fig. 1(c). The film is grown as a planar layer and the
structural modulation is observed, which accommodates theurface is quite smooth.
augmented strain energy in the 200-A-thick film. As the film thickness increases, the lattice strain is par-

LSMO (001 thin films were grown epitaxially on an- tially relaxed and island structure appears. The in-plane
nealed STQ001) substrates using radio-frequen@f) mag- (100 peak occurs at @, value larger than the substrate peak
netron sputtering technique. A conventional, L8, sMnO5;  indicating partial strain relaxation. This also suggests that the
ceramic target of 2-in. diam was used. The composition ofn-plane lattice constant of the film, given lay 27/ Qpeqy, iS
the films evaluated by x-ray photoelectron spectroscopymaller that the substrate lattice constant, and the film is
(XPS) turns out to be Lgg.Sr 1dMN0O4_s, different from the  under tensile stress. Upon releasing the lattice strain, the
nominal composition of the target. To promote the growth ofunit-cell structure becomes more tetragonally distorted. This
the planar layer as opposed to the island growth, the STdicates that the relaxed structure of the as-grown films is
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FIG. 1. Scattering profile of the as-grown LSM©O01) along
the surface normal direction ifa) 200-A-thick film and (d)
700-A-thick film. Scattering profile of the as-grown LSM®00) in
the film in-plane direction in(b) 200-A-thick film and (e)
700-A-thick film. AFM images of(c) 200-A-thick film and (f)
700-A-thick as-grown film.

tetragonal or orthogonal with an elongatedxis. Oxygen

deficiency must distort the oxygen octahedron in the surfac

normal direction. The surface consists of islands as shown i
Fig. 1(f). The formation of islands can provide a route for the
strain relaxation.

Figure Za) shows the change of th@01) peak of the
200-A-thick film in the surface normal direction during an-
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FIG. 2. (a) Scattering profiles of the LSM@O0Y) in the surface
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nealing at 700 °C. The LSM@001) occurs at aQ, value
smaller than that of the ST@O0Y) initially. However, as the
annealing proceeds it passes through the 8J0) peak and
occurs at a highe®, value. This means that tleeaxis lattice
constant contracts during annealing. To investigate the
change in thes-axis lattice constant as a function of anneal-
ing time quantitatively, we fit the scattering intensity profiles
to a model including a LSMO film of finite thickness and a
semi-infinite STO substrate. The fitting variables are the di-
mension of the LSMO unit cell and the interface and surface
roughnesses. The results of the fitting are drawn in Fig\. 2

in solid lines.

The behavior of the-axis lattice constant obtained from
the fit is illustrated in Fig. &). We note that in the
200-A-thick film, the in-planea-axis constant stays constant
matching to the substrate lattice indicating that the film re-
mains fully strained during the annealing. Therefore, Fig.
2(b) suggests that the unit-cell volume decreases while more
oxygen is incorporated in the film. We attribute this to the
conversion of MA* to Mn** ions. During postannealing,
oxygen atoms diffuse into the film and compensate oxygen
vacancies rather than occupying interstitial sites in perov-
skite structuré® Considering the charge balance, such oxy-
gen incorporation would transform Mhions into Mrf* with
a smaller ionic radius that lessens the distortion of the oxy-
gen octahedron and decreases the unit cell.

The c-axis lattice constant decreases rather abruptly dur-
ing annealing as shown in Fig(l9. There is little change in
the c-axis lattice constant until the annealing time reaches
100 min. As the annealing time reaches to about 100 min, it
suddenly decreases in a few minutes, and saturates close to
he final value. This is in contrast to the typical thermal oxi-
ﬁation process, where one expects a parabolic or logarithmic
increase of the oxygen content as the annealing time
increases? The behavior of the-axis lattice constant indi-
cates that a structural phase transition, probably from a te-
tragonal to pseudocubic structure, occurs as the oxygen at-
oms are incorporated resulting in electron transfer between
the oxygen and manganese ions. In the 200-A-thick film,
however, thec-axis lattice constant becomes even smaller
than thea-axis lattice constant due to the lattice strain. In
bulk L& _,Sr,MnO;3, transitions between orthorhombic and
rhombohedral phases occur near0.17, and can be induced
by the dopant concentratién.

On the other hand, the partially strain relaxed 700-A-thick
film becomes pseudocubic after annealing. This indicates
that the strain is progressively relaxed as more oxygen ions
are incorporated in the lattice. Although we cannot estimate
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FIG. 3. Temperature dependence of the magnetization of the
as-grown and the annealed LSMO films.
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The satellite peaks near ti@01) and(002) Bragg reflections

0.03 occur at identical in-plane positions as shown in the inset of
% 0.00 Fig. 4. This excludes often observed microtwinning as the
o origin of the satellite peaks, and indicates that the atomic
-0.03 structure of the film is modulated with the period of about

350 A (=27/AQ) in the film plane direction. Although the
origin of this modulation is not clear at this moment, it is
likely that a periodic domain structure is formed to accom-
modate the augmented strain energy after annealing. The sat-
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10 ellite peaks are not observed in a 700-A-thick film, which
10" exhibits strain-relaxed pseudocubic structure after annealing.
10°ks Studying the effect of lattice strain by replacing SriO

. i substrate with LaAlQ or by reducing the oxygen pressure
10,10 005 000 005 010 during growth would cast some clues to the structural behav-

QA" ior of the LSMO film during oxygen incorporation. LaAO
substrate induces compressive strain, and oxygen incorpora-
FIG. 4. Satellite peaks observed near the LSKOY) peak of  tion would reduce the lattice strain in this case. Reducing the
the annealed 200-A-thick film. The inset shows that the Sate”it(rbxygen content during the growth would increase the lattice
peaks occur at identical in-plane positions. spacing of the LSMO/STO film. This will increase the criti-
cal thickness. Films thicker than 200 A would exhibit behav-
the evolution of lattice strain quantitatively due to the lack ofjor similar to that observed on the 200-A film in this experi-
relaxed lattice parameters of the film, it is likely that the ment.
strain is mostly relaxed during the transition to the pseudocu- |p summary, we measured the structural changes of epi-
bic structure. _ . _ taxial L& g,Sty 10MNO5_5 (LSMO) (001)/SrTiO4(001) films
The increased ratio of Mii/Mn®" is reflected in the ma- qring postannealing bjn situ x-ray scattering. Magnetic
gentic properties of the annealed films. Figure 3 shows thggperties of the films are substantially enhanced due to the
magnetization of the 700-A-thick film measured under aincreased ratio of Mi/Mn3*. The c-axis lattice constants

magnetic field of 1 T before and after the annealing. Thejecreases rather abruptly as the film is annealed indicating
saturation magnetization is almost doubled and the ferromagnat a structural phase transition from tetragonal to

netic transition temperature is increased from aboubseudocubic might occur.

130-180 °C. These facts are consistent with the generic

bulk phase diagram where the ferromagnetic phase is en- The authors thank Jong-Soo Rhyee and B. K. Cho for

hanced by increased Mfraction® their help in measuring the magnetic properties. This work
Finally, we note that there appear satellite peaks near th@as supported by MOST through the National Research

Bragg peaks after annealing. As shown in Fig. 4, the satellitéaboratory(NRL) Program on Synchrotron X ray and X-ray/
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directions in the film plane exhibiting fourfold symmetry. by the Korean Ministry of Science and Technology.
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