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The strain effects on the electronic structures of Lag ;Cay33MnO5; (LCMO) and Laj ¢Bay ,MnO5
(LBMO) thin films have been studied by O K-edge x-ray absorption near edge structure (XANES)
spectroscopy. For LCMO, the first-principles calculations reveal that the features in the XANES
spectra are associated with hybridized states between O 2p and Mn minority-spin 3d t,, and e,, La
5d/Ca 3d, and Mn 4s/Ca 4p states. An analysis of these features shows that the tensile strain
decreases substantially La—O and Ca—O hybridization and T for LCMO. For LBMO, the small
compressive strain enhances slightly La—O and Ba—-O hybridization and T.. © 2006 American

Institute of Physics. [DOI: 10.1063/1.2335973]

Since the discovery of colossal magnetoresistance in
R,_,AMnO; (R=rare-earth ion and A=divalent ion) materi-
als in 1950,'° the metal-like (M)-insulator-like (/) transition
temperature (7,) and the ferromagnetic (F)-paramagnetic
(P) transition temperature (7) of doped R,_,A,MnO; thin
films have been found to be affected by the strain’ " due to
lattice mismatch with the substrate. When La;_,Ca,MnO;
(LCMO) was grown on SrTiO; (STO) (001) substrates by
pulsed laser ablation, the larger lattice spacing of the sub-
strate causes an in-plane tensile strain and a corresponding
shrinkage along the out-of-plane axis in the films. The tensile
strain was found to reduce 7 of LCMO films. In contrast,
T of the ultrathin La;_,Ba,MnO; (LBMO) film was found
to increase up to x=0.2 and then decrease beyond 0.2. The
highest T~ reported for LBMO films was 310 K for x=0.2
with a thickness of 21 nm."

Up to date, the different behavior between LCMO and
LBMO has not been well understood. Kanki e al.'* and
Zhang et al.”® proposed a d,2_,2 orbital stability model based
on the elongation of the in-plane Mn—O bond length to ex-
plain the enhancement of 7 in thin LBMO films. However,
the elongation of a bond usually results in a weakening of the
bond strength. Based on extended x-ray absorption fine
structure and higfh-resolution x-ray diffraction measurements,
Miniotas e al.'® observed that the Mn-O bond length is
fixed for LCMO deposited either on STO or LaAlO;. Yuan'’
also questioned the interpretation of Mn—O bond elongation
in LBMO thin films by Zhang et al.”® and argued that the
enhancement of 7~ could be due to strain-induced alteration
of the Mn—-O-Mn bond angles.

In this study, the O K-edge x-ray absorption near edge
structure (XANES) technique, which is a powerful tool to
elucidate changes of electronic structures associated with the
alteration of the bonding environment of O ions, is employed
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to study ultrathin and thick LCMO and LBMO films to better
understand the effects of lattice-mismatch induced strain on
the electronic structures and 7’s of these two manganites.
LCMO (x=0.33) and LBMO (x=0.2) thin films were
grown on STO (001) single crystal substrates by an off-axis
rf magnetron sputtering system. The LCMO films with thick-
nesses of 200 and 20 nm and the LBMO films with thick-
nesses of 150 and 15 nm were deposited at substrate tem-
peratures of 750 and 800 °C, respectively, followed by an in
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FIG. 1. Normalized R-T (a) and M-T (b) curves of 200- and 20-nm-thick
LCMO films and 150- and 15-nm-thick LBMO films.

© 2006 American Institute of Physics
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FIG. 2. O K-edge XANES spectra in the fluorescence yield mode of the
200-nm-thick LCMO film taken at (a) room temperature and (b) 30 K. O
K-edge XANES spectra of the 50-nm-thick LBMO film were taken at (c)
room temperature and (d) 30 K.

situ annealing at 850° C for 2 h in 500 Torr pure oxygen.
The crystal structures and transport properties have been
studied by x-ray diffraction and four-point probe measure-
ments, respectively. The superconducting quantum interfer-
ence device by Quantum Design was used to measure mag-
netization. The O K-edge XANES spectra were taken using
the high-energy spherical grating monochromator beamline
at the Synchrotron Radiation Research Center (SRRC) in
Taiwan, operating at 1.5 GeV with a maximum stored cur-
rent of 200 mA. The spectra were taken using the fluores-
cence yield (FY) and total electron yield (TEY) modes at
room temperature (7=300 K) and low temperature (T
=30 K) in a vacuum better than 1 X 10~ Torr. The energy
resolution of the monochromator is around 0.1 eV. The
background and the self-absorption effects of spectra were
subtracted and corrected by the standard procedure. The final
spectra were then normalized to the tabulated standard ab-
sorption cross section in the energy range between 600 and
620 eV.

The resistivity and magnetization curves of the films
shown in Fig. 1 have typical F— P and M —1 transitions
around the Curie temperatures T and the resistivity-peak
temperatures 7,. The 200-nm-thick LCMO film behaves
bulklike (with a T of 242 K and a T, of 235 K). T¢ and T,
of the 20-nm-thick LCMO film, however, are reduced by
40% and 36% down to 146 and 146 K, respectively. The
correlated reduction of T¢ and T), suggests that F— P and
M — [ transitions may have the same origin. The drastic re-
duction of T and T, can be attributed to the localization
effect of Mn 3d majority-spin (1-spin) e, orbitals, since the F
property of LCMO was found to be due to Ca induced delo-
cahzatlon of O 2p and Mn 3d T-spin e, states near the Fermi
level E F ® The tensile strain may 1nduce weakening of the
Ca—O hybridization and reduce the density of delocalized
Mn T-spin e, states and consequently T¢ and T),.

The 150-nm-thick LBMO film has T and T, of 296 and
312 K, respectively, while both 7~ and TP are enhanced to
311 and 330K by 5% and 6%, respectively, for the
15-nm-thick film. This tendency is opposite to that of
LCMO. The differences between LBMO and LCMO are that
the Ba ion is much larger than Ca and La ions and that Ba
has a lower electronegatlvny ? The STO substrate has a lat-
tice constant of a=3.905 A.” Along the [110] direction, the
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FIG. 3. Partial densities of states (PDOSs) for La, Ca, Mn, and O ions in
x=1/4 LCMO.

periodicity is V2a=5.523 A, which is greater and smaller
than the a lattice constants of 5.4572 A for LCMO (Ref. 21)
and 5.544 45 A for LBMO,22 respectively. Thus, the ultrathin
LCMO and LBMO films have in-plane tensile and compres-
sive strains, respectively, and have opposite behavior of the
changes of T and T),. The compressive strain is expected to
increase hybridization between Ba and O orbitals and conse-
quently the increase of the Ba induced delocalization of Mn
3d T-spin e, and O 2p orbitals.

Since FY O K-edge XANES measures bulk electronic
structures, the substrate contribution overshadows those of
ultrathin films, spectra were taken for thick films only. The
incident angles of the x-ray beam were chosen to be 0° (nor-
mal) and 60° (oblique). Figure 2 show spectra of LCMO and
LBMO films at room temperature and 30 K, respectively.
And Fig. 3 shows the partial densities of states (PDOSs) of
the various ions for x=1/4 LCMO obtained by

spin-polarized first-principles pseudofunction method.”
Comparison between Figs. 2 and 3 identifies that the leading
twin-peak feature at ~529 eV is contributed by hybridized
states between O 2p and Mn 3d |-spin 1,, and e, states. The
La 6p band also contributes to the spectra in the same energy
region. The peaks of Mn 3d |-spin 7,, and e, subbands and
the unoccupied part of the O 2p band are separated by
~0.1 eV in good agreement with that of the twin peaks in
the 30 K spectra of LCMO. The two other features centered
at ~6.5 and ~14 eV above the leading feature can be iden-
tified to be the hybridized states between O 2p and La 5d/Ca
3d states at ~5 eV and Mn 4s/Ca 4p states at ~13 eV,
respectively. The agreement between calculation and experi-
ment is reasonably good. Note that the assignments of these
three features are different from those proposed earlier. 229
The spectra of LBMO also have three major features similar
to those of LCMO.

The intensities of the second and third features in the
room-temperature O K-edge XANES spectrum of LCMO
with the 0° incident angle (out-of-plane direction) are higher
than those with the 90° angle (in-plane direction). This an-
isotropy is decreased at 30 K. The anisotropy is much less
significant and less temperature-dependent for LBMO. The
present results suggest that the in-plane tensile and out-ot-
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FIG. 4. O K-edge XANES spectra of (a) LCMO and (b) LBMO films taken
at room temperature in the total electron yield mode.

plane compressive strains near the LCMO/STO interface re-
gion cause enhancement and reduction of the densities of Ca
3d4p/La 5d states, respectively.

The TEY O K-edge XANES probes dominantly top lay-
ers of the film and is used to investigate the differences in the
electronic structures of strained ultrathin and relaxed thick
LCMO and LBMO films. The TEY spectra are shown in Fig.
4. The intensities of the leading features for the LCMO and
LBMO films are insensitive to the thickness, or the strain,
while the intensities of the second and third features for the
strained ultrathin LCMO film drop by about half from those
of the unstrained thick film. In contrast, the intensities of the
second and third features for the strained ultrathin LBMO
film are slightly enhanced relative to those of the unstrained
thick film. Since the leading feature and the second and third
features are contributed by O 2p/Mn 3d |-spin 1,, and e,
hybridized states, O 2p/La 5d/Ca 3d hybridized states, and
Mn 4s/Ca 4p states, respectively, the intensity trend for
LCMO suggests that the tensile strain weakens substantially
the La—O and Ca—O hybridization, but does not significantly
affect the relatively localized Mn 3d-O 2p hybridization.
Note that the higher-energy Mn 4s state is delocalized, so
that it may be also affected. The opposite and less significant
changes of the intensities of the second and third features for
LBMO are due to that the strain is compressive and that the
lattice mismatch is much smaller, respectively.

In summary, a combination of FY and TEY O K-edge
XANES measurements for LCMO and LBMO ultrathin and
thick films deposited on the STO substrate and spin-
polarized first-principles calculation for LCMO suggest that
the tensile strain in the ultrathin LCMO film weakens sub-
stantially the hybridization between O 2p and La 5d/Ca

Appl. Phys. Lett. 89, 082511 (2006)

3d4p/Mn 4s states and decreases T, while the compressive
strain in the ultrathin LBMO film enhances slightly the hy-
bridization between O 2p and La 5d/Ba 5d6p/Mn 4s states
and increases slightly 7. The relatively localized O 2p—Mn
3d |-spin 1, and e, hybridization is insensitive to the strain
for both LCBO and LBMO.
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