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Observation of strain and temperature induced changes
in the band structure of thin Lay gMnO4_; films
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Mn K-edge resonant inelastic x-ray scattering measurements were performed on films of
LaygMnO5_s The measurements reveal that strain causes large shifts of the bands above the Fermi
level. The Mn 3d band switches from a narrow upshifted peak at high temperature to a broad
bulklike band at low temperature in ultrathin films. The strain induced switching behavior opens the
possibility of tuning the transition to higher temperatures for device applications in this class of
manganite materials. © 2007 American Institute of Physics. [DOI: 10.1063/1.2711779]

The Re;_, AxyMnO; (Re= rare earth and A Ca,Sr,Ba,
etc.) mixed valence [Mn**(d*,13 1)/ Mn*(d, t2g g)] perov-
skite system exhibits complex and intriguing properties and
an understanding of the basic physics of this material has
still not been realized.'®. From a technological perspective
the close coupling of the spin, lattice, and electronic proper-
ties opens a useful way to store information.

A systematic approach in understanding the fundamental
parameters in manganites is attainable by utilizing thin
films.” Thin films can be made with the same stoichiometry
as bulk samples and can be produced for samples in which
single crystals are not available. In addition, by taking ad-
vantage of the substrate induced strain, the electron, spin,
and lattice coupling in these systems can be studied. Thin
strained manganite films are found to exhibit insulating be-
havior and low saturation magnetization as the thickness of
the film is reduced.®

Both ferromagnetic order and metallic conductivity can
be obtained in the self-doped system, La,MnOs;_s (x>0
and 6>0). The ordering temperature can be adjusted by
varying oxygen content and the La deﬁciency.9 It is a com-
plex system in which properties can be tuned, such as in the
classic La;_,Ca,MnO; system but with fewer components. In
our previous studies of Laj,gMnO;_s films, we found an in-
crease in the degree of local distortion of the MnOg4 octahe-
dra with reduced film thickness by near edge x-ray absorp-
tion spectroscopy at the manganese K edge.lo’11 Bulk
magnetization measurements conducted by superconducting
quantum interference device (SQUID) magnetometry on 6,
30, and 160 nm thick films showed a reduction of the mag-
netic ordering temperature (7,.) and magnetic saturation mo-
ment with a reduction in thickness. Films of the entire thick-
ness range exhibit metal-like conductivity at low
temperature.
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Mn K-edge resonant inelastic x-ray scattering (RIXS)
provides a method to examine the changes in the electronic
structure of materials. Studies on manganites reveal weak
peaks in the energy loss spectrum which appear when the
incident beam is tuned above the Mn K edge. One can see
transitions between the lower (O 2p+e£T) and upper (e?T)
Hubbard bands, between the oxygen 2p and Mn 3d bands,
and between oxygen 2p and La 5d or 4p—4s bands with
increasing energy (see Ref. 12). In Fig. 1 we show a sche-
matic of the valence band of the manganites, as developed
from optical measurements, > indicating the positions of
these bands above the Fermi energy for an insulating (a) and
a metallic (b) manganite.

The RIXS method provides an approach to probe
changes in the electronic structure (changes in the valence
band positions, widths, and intensities) when strain from
a substrate is imposed. With the advent of third gener-
ation synchrotron x-ray sources, it is becoming possible
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FIG. 1. Schematic of the band structure of (a) insulating and (b) metallic
phases of manganites (based on optical data). (Ref. 12 and 13) Note that
above the Fermi energy the bands form three distinct groups: ezT, tellegl,
and La 5d/Mn 4s—4p Mn.
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to carry out systematic studies of materials utilizing this
low cross section process (with typical counting rate of
2-10 counts/s). Measurements on ultrathin films are now at
the edge of experimental accessibility.

RIXS measurements were performed on ultrathin (9 nm)
and thick (412 nm) films of Lay ¢MnO5_s The measurements
reveal that strain causes large shifts of the Mn 3d and Mn
4p/4s bands above the Fermi level. The thinnest film is
found to exhibit a switch from a localized 34 band at high
temperature to a delocalized metal band at low temperature.

Epitaxial La;_ MnO;_s (x~0.2) films were grown on
(012) LaAlOj; substrates [referred to as LaAlO5 (001) by the
pseudocubic designation] by metal-organic chemical vapor
deposition. The reactor and the experimental procedure are
described elsewhere.” Mn K g high-resolution x-ray emission
and x-ray absorption measurements indicate that all films
have the same average Mn valence. RIXS measurements
were conducted at the Taiwan BL-12XU beamline at
Spring-8.'* The undulator beamline utilized a Si(111) double
crystal monochromator and the beam was focused to 80(V)
X 120(H) wm?. The measurements on the inelastic x-ray
spectrometer were conducted in a closed cycle cryostat with
g setat (0,0,2.3) A~'. A single 4 in. Si(440) analyzer with a
resolution of ~0.5 eV was used. The resolution of the com-
plete system was 1 eV. In the RIXS scans the incident en-
ergy was set at 6556 eV near the peak of the Mn K-edge
absorption spectrum. X-ray diffraction measurements reveal
1% strain (out-of-plane lattice parameter change) in the 9 nm
film compared with the 412 nm film. By SQUID magnetom-
etry, the 412 nm film was found to have a T. of ~270 K
with a saturation magnetization of 3.7up/Mn (at 25 K)
while the corresponding 7~ and saturation magnetization val-
ues for the 9 nm film are ~100 K and 1.4uz/Mn (at 25 K),
respectively.

In Fig. 2 we show the energy loss spectrum for the
412 nm (upper panel) and 9 nm (lower panel) films mea-
sured at room temperature and 10 K. The measurements con-
stitute a comparison of the electronic structure in the ferro-
magnetic metallic state and in the paramagnetic insulating
state. The large shoulder on the left side is from the elastic
peak. We note that no subtraction of the smooth elastic peak
background is made.

In the 412 nm film, the loss resonances corresponding to
the three distinct regions are evident. With temperature
change the reduction of the width of the elastic peak sup-
presses the background. With temperature decrease there is a
narrowing of the elastic peak due to the reduction of the
thermal factor (reduced atomic motion). While the width of
the elastic peak increases by ~30% for the thick film and
80% for the thin film with increased temperature, it broadens
the elastic peak by at most ~1 eV (on the scale shown in
Fig. 2) and does not affect the qualitative trends to be
discussed below. Returning to Fig. 2(a), we note that the
positions and shapes of the peaks labeled A (~5¢eV), B
(~8 ¢eV), and C (~12 eV) do not change with temperature.
As in the La;_,CaMnO; crystals,15 the region from
4 to 10 eV in the energy loss has been found to anticorrelate
with the magnetization. Hence, this film behaves as an
unstrained bulk material. We associate these peaks with tran-
sition to the upper Hubbard band (lower band=0O 2p+e;T
and upper band:ezT), the Mn 3d Dband, and
La 5d/Mn 4p—Mn 4s bands (as in Ref. 12).
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FIG. 2. RIXS (energy loss) spectra for the (a) 412 nm film and (b) 9 nm
film measured at 10 and 300 K.

On the other hand, significant changes are seen in the
9 nm film (1% strained). The A, B, and C features are shifted
to higher energy compared to the thick film—occurring at
~5 eV, ~9 eV, and above ~14 eV, respectively. While the
low temperature scan for the 9 nm film is not qualitatively
different from the thick film at low temperature, the B peak
is quite strong at high temperature. The main reason for the
large change in amplitude of the B (oxygen 2p to Mn 3d)
peak when going to high temperature (~300 K) is that one is
very far from the ferromagnetic (FM) and metallic states
(~150 K above the FM state). In addition, strain effects are
affecting the thin films as can be seen from the low satura-
tion magnetization. This suggests that the 3d band of the thin
film is transformed from a highly localized band at high
temperature to a broad band at low temperature.

According to a recent theoretical study,15 RIXS intensity
originates dominantly from one unentangled electron-hole
pair excitation. Therefore, the RIXS intensity I(w) is given as
a convolution between the hole [n,(¢,)] and electron [n,(g,)]
spectral functions, weighted by the densities of states
[D"(g,),D¢(e,)]: I(w) ~ Ese,shne(se)nh(ah) S w-¢g,+¢,)D(e,)
D"(g,,). Furthermore, this study demonstrated a strong asym-
metry between n,(e,) and n,(g;,). The 1s core hole created by
the incoming x ray is screened by a localized electron, the
excitation of which implies that n,(e,) distributes over the
whole momentum space in the unoccupied bands. The hole
left behind is in a delocalized minimum kinetic energy state,
which means that n,(e,) is concentrated near the Fermi en-
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FIG. 3. Schematic drawings of (a) density of states of an occupied band
with width W, and three unoccupied bands with widths W, ;, W,,,, and
Wauns» (b) spectral functions for the electron and hole excitations, and (c)
expected RIXS intensity.

ergy in the occupied band. Therefore, the energy where the
RIXS peak starts corresponds to the gap between the occu-
pied and unoccupied bands. The width of the RIXS peak
reflects mainly the width of the unoccupied band, although
the occupied bandwidth also contributes to the RIXS peak
width as the gap size increases.

We generalize the findings in Ref. 16 to our results for
La;_ MnO;_5 (x~0.2) and consider the density of states
shown in Fig. 3(a). The asymmetric electron and hole spec-
tral functions would be similar to the ones shown schemati-
cally in Fig. 3(b), and the three measured RIXS peaks can be
modeled as illustrated in Fig. 3(c). The energies where the
RIXS peaks start correspond to the energy gaps A, A,, and
A5 shown in Fig. 3(a). The RIXS peak widths are close to the
unoccupied bandwidths, W, ;, W, ,, and W, ;. Therefore,
the change in the width of peak B mentioned above signifies
the change in the width of the unoccupied Mn 3d bands,
rather than the occupied oxygen 2p bands. The large shift of
peak C implies the shift of the La 5d/Mn 4s—Mn 4p bands.
Comparison of Figs. 2(a) and 2(b) reveals that the cooling in
the thin film restores the bulklike features in peak B but not
in peak C. Only the energy where peak C starts becomes
similar to that in the bulklike thick film, 10 eV. Such behav-
ior of peak C can be related to the complexity of the
La 5d/Mn 4s—Mn 4p bands. Some part of this band (e.g.,
Mn 4s—Mn 4p band) is strongly influenced by the delocal-
ization of the Mn 3d electrons (e.g., through the on-site Cou-
lomb interaction) and shifted downward upon cooling, re-
sulting in a gap energy similar to that in the bulk. In
contrast, another part of the band (e.g., La 5d) is determined
mainly by the substrate induced strains and unaffected by
the cooling, so that the whole shape of peak C in the thin
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film differs from that in the bulk at low temperatures. The
results demonstrate that the RIXS can provide useful infor-
mation on the electronic structure changes induced by strains
and cooling.

The ability to tune electronic density of states with strain
may be useful for switching devices. From a fundamental
perspective a broader range of combined temperature depen-
dent RIXS and structural measurements is needed to fully
understand the nature of the electronic structure transition
seen in these films.

In summary, RIXS measurements were performed on ul-
trathin (9 nm) and thick (412 nm) films of Lay ¢MnO5_s. The
measurements reveal that strain causes large shifts of the
bands above the Fermi level. The Mn 3d band switches from
a narrow upshifted peak at high temperature to a broad bulk-
like band at low temperature. The strain induced switching
behavior opens the possibility of tuning the transition to
higher temperatures for device applications.

The authors acknowledge BL12XU, SPring-8, and
NSRRC for the use of the synchrotron facilities. The authors
are deeply indebted to N. Hiraoka, H. Ishii, and I. Jarrige for
outstanding support and guidance in conducting these experi-
ments. This research was funded by NSF DMR-0512196,
NSF INT-0233316, and CNRS/NSF Project No. 14550.

'N. Mathur and P. Littlewood, Phys. Today 56(1), 25 (2003); M. B.
Salamon and M. Jaime, Rev. Mod. Phys. 73, 583 (2001).

’E, Dagotto, T. Hotta, and A. Moreo, Phys. Rep. 344, 1 (2001).

3A-M. Haghiri and J.-P. Renard, J. Phys. D 36, R127 (2003).

4S. Okamoto and A. J. Millis, Nature (London) 428, 630 (2004).

5s. Jin, T. H. Tiefel, M. McCormack, R. A. Fastnacht, R. Ramesh, and L.
H. Chen, Science 264, 413 (1994).

D. N. Argyriou and C. D. Ling, Colossal Magnetoresistive Manganites,
edited by T. Chatterji (Kluwer, 2004).

W, Prellier, P. Lecoeur, M. B. Korzenski, J. F. Hamet, B. Mercey, and B.
Raveau, Crystal Growth in Thin Solid Films: Control of Epitaxy (Research
Signpost, Trivandrum, India, 2002), p. 295; W. Prellier, P. Lecoeur, and B.
Mercey, J. Phys.: Condens. Matter 13, R915 (2001).

85. 7. Sun, D. W. Abraham, R. A. Rao, and C. B. Eom, Appl. Phys. Lett.
74, 3017 (1999).

’A. Bosak, C. Dubourdieu, M. Audier, J. P. Sénateur, J. Pierre, O. Yu
Gorbenko, and A. R. Kaul, Appl. Phys. A: Mater. Sci. Process. 79, 1979
(2004).

10Q. Qian, T. A. Tyson, C. Dubourdieu, A. Bossak, J. P. Sénateur, M.
Deleon, J. Bai, G. Bonfait, and J. Maria, J. Appl. Phys. 92, 4518 (2002).

l]Q. Qian, T. A. Tyson, C. Dubourdieu, A. Bossak, J. P. Sénateur, M.
Deleon, J. Bai, and G. Bonfait, Appl. Phys. Lett. 80, 2663 (2002).

12T, Inami, T. Fukuda, J. Mizuki, S. Ishihara, H. Kondo, H. Nakao, T.
Matsumura, K. Hirota, Y. Murakami, S. Maekawa, and Y. Endoh, Phys.
Rev. B 67, 045108 (2003).

J. H. Jung, K. H. Kim, D. J. Eom, T. W. Noh, E. J. Choi, Jacjun Yu, Y. S.
Kwon, and Y. Chung, Phys. Rev. B 55, 15489 (1997).

Y. Q. Cai, P. Chow, C. C. Chen, H. Ishii, K. L. Tsang, C. C. Kao, K. S.
Liang, and C. T. Chen, AIP Conf. Proc. 705, 340 (2004).

13S. Grenier, J. P. Hill, V. Kiryukhin, W. Ku, Y.-J. Kim, K. J. Thomas, S.-W.
Cheong, Y. Tokura, Y. Tomioka, D. Casa, and T. Gog, Phys. Rev. Lett. 94,
47203 (2005).

K. H. Ahn, A. J. Fedro, and M. van Veenendaal, e-print cond-mat/
0412635.

Downloaded 10 Apr 2007 to 128.235.249.80. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



