University of Wollongong

Research Online

Faculty of Engineering and Information

Faculty of Engineering - Papers (Archive) Sciences

2011

Strain modulated magnetization and colossal resistivity of epitaxial La2/
3Ca1/3Mn03 film on BaTiO3 substrate

Zhenxiang Cheng
University of Wollongong, cheng@uow.edu.au

Xiaolin Wang
University of Wollongong, xiaolin@uow.edu.au

S. X. Dou
University of Wollongong, shi@uow.edu.au

M Osada
National Institute for Material Science, Sengen, Tsukuba

Hideo Kimura
National Institute For Materials Science

Follow this and additional works at: https://ro.uow.edu.au/engpapers

b Part of the Engineering Commons
https://ro.uow.edu.au/engpapers/3594

Recommended Citation

Cheng, Zhenxiang; Wang, Xiaolin; Dou, S. X.; Osada, M; and Kimura, Hideo: Strain modulated
magnetization and colossal resistivity of epitaxial La2/3Ca1/3Mn0O3 film on BaTiO3 substrate 2011,
092103-1-092103-3.

https://ro.uow.edu.au/engpapers/3594

Research Online is the open access institutional repository for the University of Wollongong. For further information
contact the UOW Library: research-pubs@uow.edu.au


https://ro.uow.edu.au/
https://ro.uow.edu.au/engpapers
https://ro.uow.edu.au/eis
https://ro.uow.edu.au/eis
https://ro.uow.edu.au/engpapers?utm_source=ro.uow.edu.au%2Fengpapers%2F3594&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/217?utm_source=ro.uow.edu.au%2Fengpapers%2F3594&utm_medium=PDF&utm_campaign=PDFCoverPages

Applied Physics
Letters

Strain modulated magnetization and colossal resistivity f epitaxial
La2/3Ca1/3MnO3 film on BaTiO3 substrate

Z. X. Cheng, X. L. Wang, S. X. Dou, M. Osada, and H. Kimura

Citation: Appl. Phys. Lett. 99, 092103 (2011); doi: 10.1063/1.3633101
View online: http://dx.doi.org/10.1063/1.3633101

View Table of Contents: http://apl.aip.org/resource/1/APPLAB/v99/i9
Published by the American Institute of Physics.

Related Articles

Systematic study of magnetotransport properties and enhanced low-field magnetoresistance in thin films of
La0.67Sr0.33MnO3+Mg(O)
Appl. Phys. Lett. 102, 062416 (2013)

Annealing induced colossal magnetocapacitance and colossal magnetoresistance in In-doped CdCr2S4
J. Appl. Phys. 112, 123912 (2012)

Positive colossal magnetoresistance observed in Co doped amorphous carbon/silicon heterostructures
Appl. Phys. Lett. 101, 182401 (2012)

Electronic tuning of La2/3Sr1/3MnQO3 thin films via heteroepitaxy
J. Appl. Phys. 111, 063920 (2012)

Phase separation and enhanced magnetoresistance in the strained epitaxial La0.625Ca0.375Mn0O3 (001) films
J. Appl. Phys. 111, 066104 (2012)

Additional information on Appl. Phys. Lett.

Journal Homepage: http://apl.aip.org/

Journal Information: http://apl.aip.org/about/about_the journal
Top downloads: http://apl.aip.org/features/most_downloaded
Information for Authors: http://apl.aip.org/authors

ADVERTISEMENT

SURFACES AND

Applied Physics e . e s =2

/ Letters i e e el

: Y‘ ENERGY CONVERSION
EXPLORE WHAT'’S A Y aom AND STORAGE
NEW IN APL 2 BT ey srics. sommmacs

solar fuels, batteries, capacitors, thermoelectrics,

SUBMIT YOUR PAPER NOW! and more...

Downloaded 24 Feb 2013 to 130.130.37.85. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



APPLIED PHYSICS LETTERS 99, 092103 (2011)

Strain modulated magnetization and colossal resistivity of epitaxial
Las;3Ca ,3MnO; film on BaTiO3; substrate

Z.X.Cheng,"® X. L. Wang,"® S. X. Dou," M. Osada,? and H. Kimura?

'Institute for Superconducting and Electronic Materials, University of Wollongong, NSW 2519, Australia
2National Institute for Material Science, Sengen 1-2-1, Tsukuba 305-0047, Japan

(Received 4 May 2011; accepted 6 August 2011; published online 30 August 2011)

A sharp drop in resistance and a magnetization anomaly have been observed in La,/;Ca;3sMnOj5 film
in zero magnetic field at the BaTiO; substrate structural phase transition temperature, due to the
substrate clamping/strain effect, which is confirmed by Raman scattering. However, the anomalies
for both resistance and magnetization were eliminated by a strong external magnetic field. These
phenomena indicate that strain can cause colossal resistance and a change in magnetization which
resembles the magnetic field effect. The interplay of the external forces (strain and magnetic field) is
a good demonstration of the strong coupling between spin and lattice in colossal magnetoresistance
materials. © 2011 American Institute of Physics. [doi:10.1063/1.3633101]

The colossal magnetoresistance (CMR) manganite per-
ovskites have attracted considerable attention due to their
potential applications and fascinating physical properties,
such as phase separation, charge ordering, and the CMR
effect. A strong interplay among the degrees of freedom,
involving charge, lattice, spin, and orbital ordering, has been
found in CMR materials.' ™ Therefore, for a film-on-sub-
strate structure, the substrate-induced lattice strain can mod-
ify the physical properties of the CMR manganite through
modification of the Mn—O-Mn bond lengths and angles, and
thus modify the strength of double exchange (DE) and the
Jahn-Teller (JT) lattice-electron coupling.””'*> A number of
experiments have shown the existence of such strain effects,
for example, strain modified magnetisation and resistivity
under static or dynamic adjustable strain."*™'® It is well
known that magnetic field can cause similar modification in
the magnetization and the resistivity of CMR materials. The
modification caused by magnetic field should resemble what
is caused by strain, if the modifications caused by magnetic
field and strain can be sourced to the interplay of spin,
charge, and lattice. Although this viewpoint has been widely
accepted, the experimental evidence is currently unavailable,
although highly desirable.

In this letter, a slice of (001) cut BaTiO; (BTO) was
used as the substrate for the epitaxial growth of La,;3Cay/3
MnO; (LCMO) CMR thin film. The strain state of LCMO
film epitaxially grown on a BTO substrate is subject to large
changes at the phase transition temperatures of BTO, espe-
cially at the Rhombedral-Orthorombic (R-O) transition of
BTO (~190 K). Such a change in the strain state will intro-
duce a strong change in the lattice distortion. It is speculated
that magnetic and transport properties of the films will be
significantly modified by such a dynamic structural change.
In combination with or comparison to the effect caused by
magnetic field simultaneously applied on the film, experi-
mental evidence showing the similarity of the effects of mag-
netic field and strain modulation on physical properties of
CMR materials can thus be provided.

YAuthors to whom correspondence should be addressed. Electronic
addresses: xiaolin@uow.edu.au and cheng@uow.edu.au.
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The thin film samples in this work were deposited at
600 °C in a reduced dynamic flowing oxygen atmosphere of
200 mTorr, using a pulsed laser deposition (PLD) system.
The thickness of the obtained thin film was around 100 nm,
which is within the strain relaxation thickness of epitaxially
grown film. The structure of the film was determined by
using Cu Ko radiation on a JEOL 3500 x-ray diffraction
(XRD) machine. Raman scattering was carried out to exam-
ine the structural change in the LCMO film at the BTO sub-
strate phase transition temperature, using a Micro-Raman
system with a 514.5 nm laser, as Raman spectra have ultra-
high spatial resolution, which means that a shift of 1 cm™" in
frequency quantitatively measures a change of 0.0003 nm in
bond length.'” The magnetic and transport properties of the
sample were examined on a Quantum Design 14 T physical
properties measurement system (PPMS).

Figure 1 shows the XRD pattern of a La,;3Ca;;3MnO;
thin film on a BaTiO; substrate fabricated by the PLD
method. Only the (001) and (002) peaks of LCMO were
observed near the BTO (100)/(001) and (200)/(002) diffrac-
tion peaks, indicating that LCMO film shows a strong epitax-
ial growth habit on a BTO substrate. The expected 90°
domain structure in the BTO substrate is also demonstrated
by the presence of (002) and (200) diffraction peaks in the
XRD pattern. The lattice parameters of the BTO substrate
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FIG. 1. (Color online) X-ray diffraction pattern of the LCMO/BTO sample
measured at room temperature. Inset is the crystal structure of the LCMO
film on BTO substrate, a top view of one LCMO cell above a 2 x 2 BTO
supercell.

© 2011 American Institute of Physics
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FIG. 2. (Color online) (a) Raman spectra of the LCMO/BTO film from 153
K to 233 K. (b) Magnified view of peak I. (c) Magnified view of peak II.
(d) Magnified view of peak III.

are calculated as @ =3.955 A and ¢ =4.001 1&, based on the
above XRD pattern, while the pseudocubic lattice parameter
of LCMO film is ¢=3.83 A. In comparison to the standard
value, ¢ =3.86 A, of bulk LCMO, this result shows that the
LCMO film is compressed in the out-of-plane direction with
large compressive strain.

In Figure 2(a), the Raman spectra of the film are domi-
nated by the strong Raman scattering peaks from the sub-
strate, and only a few weak peaks from LCMO can be
observed due to its pseudocubic symmetry. Three peaks are
located at around 235, 465, and 645 cmfl, which are
ascribed to the y-rotation, bending, and stretching modes of
Mn-O octahedra, respectively.”’ The two high frequency
phonons (bending and stretching modes) are associated with
modifications of the Mn—O bond, while the low frequency
one is assigned to rigid rotations of the octahedra. Figure
2(b) shows that there is a peak shift of 0.8 cm™' to higher
frequency of the y-rotation mode between 163 K and 173 K.
This shift takes place at a temperature lower than the temper-
ature where the substrate phase transition occurs, and thus, it
is difficult to directly attribute this shift to the substrate phase
transition. In Figure 2(c), the bending mode shows a shift of
1.2 cm ™' to the lower frequency side at temperatures lower
than 193 K, with a simultaneous increase in peak intensity.
In Figure 2(d), the Raman scattering peak from the stretching
mode disappears at temperatures above 193 K. The tempera-
tures for the shifting of the bending mode and the vanishing
of the stretching mode coincide with the temperature for the
substrate structural phase transition, which indicates that the
structure of the LCMO film is modulated by the BTO R-O
phase transition.

Figure 3(a) shows that a paramagnetic to ferromagnetic
transition starts at 244 K for the sample in the 100 Oe DC
field, while the transition temperature shifts to 277 K and 296
K when higher fields of 2000 Oe and 1 T are applied, respec-
tively (M-T curve). Distinct anomalies with concomitant ther-
mal hysteresis are observed on both the field cooled and the
zero-field cooled (FC-ZFC) magnetization curves between
188 K and 200 K, measured at 100 Oe, where the BTO R-O
phase transition and LCMO Raman scattering abnormal
occur. Similar magnetization anomalies were also observed
for the FC magnetization curve at an applied magnetic field of
2000 Oe, but with much reduced magnitude. However, such

Appl. Phys. Lett. 99, 092103 (2011)
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FIG. 3. (Color online) (a) Field cooled and zero-field cooled in-plane and
out-of-plane magnetization curves of the LCMO/BTO film measured under
different magnetic fields; inset is an enlargement of the indicated tempera-
ture range. (b) Temperature dependence of resistance of the LCMO/BTO
film measured under O T and 13 T.

anomalies were not clearly observed for the magnetization
curve measured under the highest magnetic field of 1 T, which
means that a strong external magnetic field can suppress the
jump in magnetization. This result demonstrates that we are
able to modulate the magnetic response of LCMO via strain,
but this can only happen at low magnetic field. The out-of-
plane magnetization FC and ZFC curves of the same sample
at a magnetic field of 100 Oe show a magnetic moment of two
orders of magnitude smaller than for the in-plane case, indi-
cating strong magnetic anisotropy.

Similar to the M-T curves, thermal hysteresis is also
observed in the resistivity vs. temperature measurements
(R-T curves), as evidenced by the resistance peak positions
at 208 K and 193 K for heating and cooling measurements,
respectively (shown in Fig. 3(b)). In addition, an abrupt
decrease in the resistance jump was observed for both the
cooling and the heating processes in R-T curves. The
decrease in the magnitude of the jump in the resistance
between 0 T and 13 T is (2.36 — 0.5)/2.36 =78.8%. The
temperatures for the occurrence of the abrupt decrease in re-
sistance are at the same temperatures as for the occurrence
of magnetization anomalies, the BTO R-O phase transition,
and the abnormal LCMO Raman scattering peak. This abrupt
change indicates that modulation of the strain in LCMO film
by substrate R-O structural transformation modifies the
transport behaviour as well as the magnetization. In addition,
both the magnitude and sign of the resistivity changes remain
constant through many thermal cycles, indicating that the
structural effects are elastic and reversible. Since cracks can
be easily formed in BaTiO;, one cannot completely elimi-
nate the possibility of substrate induced cracking in the film.
Cracking will cause an irreversible increase in the resistivity.
However, the observed decrease in the resistivity in this
study should not have any relationship to cracks.

In CMR materials, the semiconductor-metallic state
transition takes place simultaneously with the paramagnetic-
ferromagnetic (PM-FM) ordering. The relationship between
conductivity and magnetic ordering at and below the transi-
tion temperature is explained by a double exchange mecha-
nism and Jahn-Teller electron-lattice coupling, for which the
Mn—-O—Mn bond length and angle are the key factors.”' >
Thermal cycling of the BTO crystal during the temperature
dependent measurements leads to the formation of different
types of crystal domains. These BTO domains give rise to
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two different strains in a magnetic film and two different
modulations of strain at the BTO phase transition. The lattice
parameters of BTO change from 4.013 A (a and b axes) and
3.99 A (c axis) to 4.001 A, with a deviation of 90° to 89.85°
for the a”™b angle at the O-R phase transition. A change in the
in-plane lattice parameters will change the Mn—O—-Mn bond
length and bond angle, which is evidenced by Raman peak
shifting, similar to the effect caused by Jahn-Teller distor-
tion and will eventually change the resistance of the film,
according to the DE mechanism. However, the high mag-
netic field of 13 T was found to eliminate the observed sharp
resistance jumping in R-T measurements, and the resistance
in high magnetic field below the R-O phase transition tem-
perature is much smaller than the value measured without
magnetic field. This means that magnetic field can produce
similar structural distortion effects to what is produced in
LCMO film by strain from substrate phase transitions. Such
an effect produced by magnetic field, however, is much
stronger than the effect caused by a substrate phase transi-
tion. It has been recognized that CMR materials experience a
significant magnetostriction effect, with the magnitude of
volume change up to 0.1% at the Curie temperature, T¢, due
to strong electron-lattice interaction or Jahn-Teller distortion
when the 3d e, electrons start to delocalize at temperatures
approaching T¢ from the high temperature side.”* > Such a
delocalization of 3d electrons favours DE, and an insulator
to metal-like transition takes place. The changing lattice dis-
tortion in LCMO film at the BTO phase transition tempera-
ture will affect the status of the e, electrons due to strong
electron-phonon interaction and accelerates the process of
delocalization of e, electrons, eventually leading to a sharp
decrease in resistance. Therefore, the observed anomaly in
R-T measurements at the R-O transition indicates the exis-
tence of strong electron-lattice interaction in CMR materials
and strong effects of the interaction on the physical proper-
ties. However, the magnitude of the change in the lattice dis-
tortion due to the substrate is less than that caused by the
magnetostriction effect in LCMO film when a strong mag-
netic field is applied. Therefore, high magnetic field can eas-
ily eliminate the observed resistance jumping in zero
magnetic field. Similarly, the large structural distortion in
high magnetic field caused by strong electron-lattice interac-
tion can mask the external disturbance, and thus, the mag-
netic moment anomaly is destroyed by high magnetic field.
It has proposed that the changing of the magnetic anisotropy
and magnetic domain is the cause for the modification of the
magnetization at BTO substrate structure phase transition in
other kinds of magnetic film (non-CMR film).>”-*® However,
for those films and such a cause, magnetic field can kill the
modification of magnetization but not the resistivity, which
is different from what has been observed in this report.
Therefore, at least the modification of the magnetic anisot-
ropy and the magnetic domain of CMR film at BTO phase
transition is not the only reason for the observation in this
report.

Appl. Phys. Lett. 99, 092103 (2011)

In summary, in a LCMO film grown on a BTO substrate,
anomalies were observed on both M-T and R-T curves at the
BTO R-O phase transition. Both the anomalies in the mag-
netization and the resistance drop can be eliminated by a
strong magnetic field. All these phenomena indicate that co-
lossal resistance change in CMR material at temperatures
around the PM-FM transition can be produced solely by
strain as well as by magnetic field. In addition, structural dis-
tortion in CMR material caused by high magnetic field is
much stronger in magnitude than structural distortion pro-
duced by the substrate clamping effect and phase transition.
This unique observation reveals the interplay between lattice
and spin in CMR materials under external forces (strain and
magnetic field).

X. L. Wang and Z. X. Cheng acknowledge the Australia
Research Council (ARC) for their support.
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