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Strain effect and the phase diagram of La_,Ba,MnO ; thin films
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We report magnetic and transport properties of L&a,MnO; (x=0.05-0.33) epitaxial thin films. Com-
pared with the corresponding bulk materials, the ferromagnetic transition temperature is reduced in the com-
pressive strained La,BaMnO; thin films with x=0.3 and 0.33, but enhanced significantly in the tensile
strained thin films withx<0.2. Especially, ferromagnetism and low field colossal magnetoresistance effect
were observed around room temperaturg 0.1 thin film, and ax=0.05, a spin-canting insulating state in
bulk shifts to ferromagnetic metallic state in thin film. The phase diagram of JBaMnOj; thin films was
obtained, and strain effect on these novel properties was discussed.
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I. INTRODUCTION on SrTi0; (100 (denoted as STO hereaftesubstrate. By
comparing the lattice parameters of LBMO targets and STO
Since the observation of colossal magnetoresistanceubstrate §=3.905A), the lattice mismatches in LBMO/
(CMR) effect in doped manganese oxides;LgA,MnO3;  STO thin films can be derivedisted in Table }, and indicate
(whereA is divalent ions, such as Ca, Sr, and)Bey have that the LBMO films suffer tensile straifnegative lattice
been extensively investigated. CMR thin films are of speciaimismatch asx<0.2, but compressive straipositive lattice
interest due to their advantages in practical applications. Iismatch as x=0.3 and 0.33. Withx increasing, tensile
addition to the dominant parameters as in bulk materialsstrain becomes weaker, then converts to compressive strain
including A ion size and doping leved, biaxial strain due to  asx exceeding 0.2, which enables us to investigate the strain
lattice mismatch between film and substrate plays a very imeffect in detail and systematically without changing sub-
portant role in controlling the properties of thin films, espe-strate. We found that in LBMO thin films, tensile strain en-
cially Curie temperature, magnetic anisotropy and transpoffiances ferromagnetism significantly, but compressive strain
properties:® Strained CMR thin films usually show proper- reducesT... In particular, room-temperature ferromagnetism
ties much different from those of bulk compounds. In mostwas observed in LBMO thin film with a very low doping
cases, tensile strain suppresses ferromagnetism and redugggel of x=0.1, which will endow it high superiority in ap-
ferromagnetic(FM) Curie temperatureTc in CMR thin  plications of electronic devices. In addition, a new phase
films, which is generally interpreted by considering a strain-diagram of LBMO thin films was constructed.
induced distortion of Mn@octahedra® But some anoma-
Iou_s result§® have also be_en repo_rted, showing ferromag- Il EXPERIMENT
netism enhanced by tensile strain. Notably, some novel
propertieS~1° were observed in CMR thin films, indicating ~ LBMO films (x=0.05—0.33) were deposited on STO
that strain effect can be utilized to tailor or optimize the (100) single crystal substrates by pulsed laser deposition
magnetotransport properties of CMR thin films, although atechnique(ArF excimer: A =193 nm). LBMO targets were
thorough understanding of strain effect is still unavailableprepared by a standard solid state reaction. LBMO films
and challenging. were deposited at a substrate temperature of 730 °C and an
Although La _,BaMnO; (denoted as LBMO hereaffer oxygen pressure of 0.1 Pa, and post-annealed in 1 atm oxy-
show room-temperature CMR efféttand higher T¢ in gen at 700 to 900 °C for 10 h to avoid any oxygen deficiency.
low doping level than other CMR systertfslittle research
has focused on this CMR material, especially the LBMO TABLE I. Lattice mismatch, strain typ€T: tensile strain;C:
thin  films. Recently, it was reported that in compressive strajpandT¢ of LBMO/STO thin films, as well as
LaysBaysMnO,/SrTiO; superlattices® compressive strain Tc of the bulk LBMO. Lattice mismatch was calculated as the
reducesT ¢ but enhances CMR. Most notably, Kardiall#  difference between the lattice parameters of LBMO bulk and STO
found that bothT. and CMR effect are enhanced in tensile Substrate divided by the lattice parameter of STQ=3.905A).
strained Lg.gBa, ;MnO5/SrTiO; thin films. This result is dif- ¢ Was defined as the temperature whet/dT is the minimum
ferent from the usual ones in other well studied CMR thin!" the M-T curves shown in Fig. 3.
films, and suggests that there is an anomalous strain effect,
which may induce some novel and interesting properties in

0.05 0.1 0.2 0.3 0.33

LBMO thin films. A detailed study of the strained LBMO | attice mismatch%) —~0.76 —-063 —-029 0.1 0.15
thin films may help us go further in wholly understanding sgrain type T T T C C
strain effect. Te of bulk (K) 120¢ 185 280 340 345

In this paper we report a systematic investigation of mag—_ of fim (20 nm (K) 180 285 310 290 315
netic and transport properties in the strained LBMO thin

films with doping levelx from 0.05 to 0.33, which are grown 2For x=0.05, spin canting transition temperatrg,= 120 K.
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FIG. 1. Thickness dependence of out-of-plane lattice parameteg hstrate interface denoted by arrows, without indication of
for LBMO (x=0.05) thin films. The star symbol represents the lat- 30y second phase. No defects, dislocations or stacking faults
tice parametec value of bulk LBMO &=0.05). were observed. A typical selected area diffraction pattern
y(SADP) obtained from the interface region is shown in Fig.

8 . ) - 2(b). It is clear that there is no extra spots or splitting of
electron diffraction(RHEED), x-ray diffraction(XRD), and ofiections but only001) zone axis pattern. These features

high-resolution transmission electron microscdpRTEM,  .onsirmed the hiah crvstalline quality and perfect epitaxy of
JEOL JEM 3000FIS, operating at 300 k\The magnetiza- LBMIO thin ﬁlmsl_g ysialine quatty P priaxy

tion of LBMO bulk and thin films were measured by using a
SQUID magnetometefQuantum Design Resistivities of
thin films were measured along in-plane direction by stan-

The film structures were studied by reflection high energ

B. Magnetic properties

dard four-probe method. The temperature dependence of magnetization for LBMO
bulk and thin films with thickness of 50 nm are shown in Fig.
IIl. RESULTS AND DISCUSSION 3. For the LBMO bulk withx=0.1, 0.2, 0.3, and 0.33,c are

185, 280, 340, and 345 K, respectively, which are consistent
with a previous report? Thex=0.05 bulk only shows a spin
The RHEED images of LBMO thin films showed clear canting-like (or spin-freezing in Ref. 12transition around
streak patterns, suggesting good crystalline and flat surfack20 K, below which the zero-field coolddFC) magnetiza-
of the films*®> Only (00) peaks were observed in XRD tion decreases and deviates greatly from the field cooled
patterns, indicating that the LBMO films are welbriented (FC) value. No spontaneous magnetization was observed in
and epitaxial. The bulk LBMO could be considered as athe field dependent magnetization curve shown in Fig. 4, also
pseudocubic structure. As being deposited on STO, the inconfirming the absence of FM order in tke=0.05 bulk.
plane lattice tends to adopt the same structure as STO, and Compared with the LBMO bulk, LBMO thin films show a
the out-of-plane parameter changes correspondingly to mairet of different results. As shown in Fig. 3 and Table I, in
tain unit cell volume. The out-of-plane lattice parameter ofcompressive strain range with higher doping levels- 0.3
LBMO thin films derived from XRD data is found to be and 0.33, T in the thin films is lower than that in bulk; but
larger than the bulk parameter in compressive strain rangdor the tensile strained thin films with lower doping levels
but smaller in tensile strain range, in line with the type of (x=0.1 and 0.2 T increases drastically. Especially, in the
biaxial strain. In Fig. 1, we show the thickness dependenc&=0.1 film with thickness of 50 nmJ. increases remark-
of out-of-plane lattice parameter for LBMO thin films with ably from 185 K in bulk up to near room temperat{g¥5
x=0.05, which have the largest lattice mismatch in the studK). Furthermore, in the case gf=0.05, a spin-canting state
ied system. The out-of-plane lattice parameter of thin films isn bulk shifts to a strong FM state in thin film, which is also
smaller than the value of bulk, in agreement with the exis- revealed by the low temperature magnetization curves shown
tence of tensile strain, which will elongate the in-plane pa-in Fig. 4. To our knowledge, this is the first time a transition
rameter and shorten the out-of-plane parameter. The small&om spin canting in bulk to ferromagnetic in strained thin
c confirmed the existence of tensile strain in the annealedilm in CMR oxides has been reported. It is obvious that,
thin films. With thickness increasing, the out-of-plane latticecompared with corresponding bulk compounds, ferromag-
parameter increases and approaches the bulk value, indicatetism of LBMO thin films is suppressed in compressive
ing a relaxing or weakening of tensile strain in the films.  strain range, but enhanced in tensile strain range. We believe
TEM analysis on the cross-sectional specimens revealethhat strain effect plays an important role in producing the
that LBMO thin films are of epitaxial single-crystal. Figure variations of magnetic properties.
2(a) is a typical cross-sectional HRTEM image of one The thickness dependence™f for LBMO films is plot-
LBMO (x=0.1) thin film, which demonstrates a sharp film- ted in Fig. 5. In the tensile strain regigrn=0.05, 0.1, and

A. Structure analysis
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G ”8{)888988 ‘0.. _-x=0.2 c
E & -...'l. BD () . . . . . .
& 6o fvees \ " ¢ 3 out-of-plane lattice parameter increases with thickness, indi-
= " 3/"'. 5 cating a relaxation of the biaxial tensile strain. Same ten-
& x=0. ud dency of strain relaxation with thickness increasing can be
E ot _ ] expected in other doping levels. Strain relaxation weakens
. x=0.05 ¢ . ) CS
] x=0.33 strain effect and results ifi¢ retrieving to the bulk value.
é’ 20 =0 — \yﬂ_' The solid relationship between strain relaxation ahg
i variation suggests that it is reasonable to attribute the anoma-
ol . ...._ " Hm lous magnetic properties of LBMO thin films to strain effect.
0 §0 100 150 200 250 300 350 400 T of LBMO bulk and thin films with thickness 20 nm are
Temperature T (K) listed in Table I. The enhancement of ferromagnetism by

tensile strain in low doping levels is very significant, and
FIG. 3. Temperature dependence of magnetization for LBMOroom-temperature ferromagnetis(f is 285 K) was ob-

bulk samplegtop graph, applied field is 200 Oe; open circle is FC served in thex=0.1 thin film with thickness of 20 nm.
data forx=0.05, and LBMO thin films with thickness 50 nitbot-

tom graph, applied field is 1000 Qe )

C. Transport properties
0.2), with thickness increasingi. decreases gradually and  Novel transport properties were also found in LBMO thin
tends to approach the corresponding bulk value. In the confilms. Figure 6 plots the temperature dependence of resistiv-
pressive strain range, for the=0.3 and 0.33 filmsT in- ity for x=0.05 LBMO bulk and thin films. The bulk shows
creases slightly with thickness, which is consistent with thénsulating behavior with high resistivity. But for a 20 nm thin
weak compressive straismall lattice mismatchin these

doping levels. As mentioned above X 0.05 thin films, the 10" p—r—1—— T ' y
 LBMO(x=0.05) LBMO fims  x=0.1__ |]
T T T T s 'g 50 nm ?
— 1 0.3 3
3 - & or Bu'k\ Eoorr 3
[ " e, bt F . g 3
g thin film 45 nm) | E ol N 02]]
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g Y =T 1 i . | ! 3
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£
] e : Temperature T (K
0.0 0.2 0.4 0. 6 0.8 1.0 per ®)
Field H (T) FIG. 6. Temperature dependence of resistivity for the

LBMO (x=0.05) bulk and thin films with different thickness. Inset:
FIG. 4. Field dependence of magnetization for LBMO ( temperature dependence of resistivity for LBMO thin filrfs
=0.05) bulk and thin film at 10 K. =0.1, 0.2, and 0.Bwith thickness of 50 nm.
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LBMO (x=0.05~0.3) thin films with thickness of 50 nm. Ba concentration (%Ba)

) ) ) ) » ) FIG. 8. Phase diagram of LBMO/STO thin films with thickness
film, an insulating to metalli¢IM) transition occurs with @ 20 nm, as well as that of LBMO bulk compounds as comparison.

peak temperatureT(y) about 185 K, neaifc, and much  The lattice mismatches between LBMO and STO are also shown in
lower resistivity, indicating much higheey electron itin-  top axis. FM, PI, and CNI denote ferromagnetic metallic, paramag-
eracy. With thickness increasing,,, decreases, similar to netic insulating, and spin canting insulating, respectivély, the

the thickness dependenceTf, and low temperature resis- Neel temperature of LaMnQis 150 K, which is generally accepted
tivity increases greatly. In the films with thickness of 45 andin many literatures, other than about 125 K in Ref. 12.

75 nm, insulating behavior reemerges below 50 K. As thick-

ness increases to 85 nm, IM transition disappears, with onlyMR) ratio for LBMO thin films with thickness of 50 nm.

an anomaly in resistivity curve around 125 K. The evolutionThe MR ratio is defined here agpd—pny)/po (H=0.8T).

of transport behavior with thickness in LBMO thin films is in With x increasing, the MR peak temperature increases, but
good agreement with those of magnetic property and struahe MR peak value MR,, decreases. As=0.05, large MR
tural parameter, evidencing the strong correlation betweesffect persists down to low temperature, which may be re-
strain effect and magnetotransport properties. It is tensilgated to the reemergence of insulating behavior at low tem-
strain that enhances double exchange interaction, producingrature in this thickness. As=0.1, MRy, of about 40%

the FM and metallic state in thin film, in comparison with the occurs around room temperature under a magnetic field of
spin canting and insulating state in bulk. The strain-inducedbnly 0.8 T. With respect to applications, tke=0.1 thin film
transition in LBMO (x=0.05) from spin-canting insulating is most interesting, due to the large room-temperature and

in bulk to FM metallic in thin film is very interesting, and |ow field CMR effect in such a low doping level.
suggests a common or similar physical essence of strain ef-

fect with/to those of pressure or magnetic field, which are _
well known in effectively controlling the transport properties D. Phase diagram

of CMR oxides. A similar result had been reported for Based on the magnetic and transport properties reported
Lag ¢Slp sMnO; thin film,'® where an IM transition was in- above, a phase diagram of LBMO thin films was constructed
duced by compressive strain. In addition, novel transportind shown in Fig. 8. Th&@ of bulk LBMO (for x=0.05,
properties were also observed in other strained CMR thigpin canting transition temperatufe ,) is also plotted as a
films 89 comparison, and the lattice mismatch between bulk LBMO

The inset in Fig. 6 shows the temperature dependence @ind STO for each doping level is listed in the top axis. The
resistivity for LBMO thin films (x=0.1, 0.2, and 08with  shadowy region is the ferromagnetic and metallic state of
thickness of 50 nm. IM transitions were observed aroligd LBMO thin films with thickness of 20 nm. It is obviously
at each doping levelTy, is a little higher than the corre- shown in this phase diagram that, compared with the bulks,
spondingTc, and thex dependence of , is in agreement ferromagnetism in LBMO thin film is suppressed by com-
with that of T¢ as suggested by Fig. 5. It is notable that aspressive strain, but enhanced by tensile strain. It is the strain
x=0.1, bulk sample shows insulating behaviaot shown effect that produces a new phase diagram, not only different
here, revealing that a strain-induced IM transition also hap-from the bulk one, but also exhibiting some exciting novel
pened in thex=0.1 LBMO thin films. properties.

Enhanced CMR effect has been found in tke 0.2 With respect to the application in electronic devices, the
LBMO thin films at or above room temperatufeln fact, low doping level is of high interest. Most notably, room-
even at a lower doping level as=0.1, very strong CMR temperature ferromagnetism was obtained in a CMR material
effect can be obtained around room temperature. Figure With such a low doping level as=0.1, which enables the
showed the temperature dependence of magnetoresistance 0.1 LBMO thin film to be a promising candidate mate-
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rial in electronic applications. In addition, as shown in themagnetotransport properti€s? In LBMO thin films, an
phase diagram, in low doping levék below 0.3, Tc of  elongation of in-plane Mn-O distanddecrease irt/a) due
LBMO thin films changes greatly with doping leval In to tensile strain would stabilizd,2 2 orbital, which has a
other words, the magnetotransport properties are very sensarger transfer intensity thads,2_,2 orbital, thus result in
tive to carrier concentration. This feature will give high sen-increasing of thed,2_,2 character in the occupiee, state
sitivity and efficiency to some electronic devices based omand the effective in-plane carrier density, which would en-
the low doped LBMO thin films, in which carrier concentra- hance electron hopping and DE interaction in thin films, and
tion is modulated to realize novel performance. One can eXtead to an increase ific . In contrast, the compressive strain
pect large changes of the magnetic and transport propertiggill suppress ferromagnetism and lead to a decreadg.in
in the thin films at room temperature by introducing slight  So, these two effects, strain-induced modification of
fluctuation in the carrier concentration. Therefore, some newin-O bond length ane, orbital stability, are competitive.
strongly correlated electronic devices can be developed, sugfye suppose that in some CMR systeft’ the former are
as photosensitive devigphotocarrier injection effegtmag-  dominant; but in LBMO, the latter may be dominant and
netic oxidep-n junction, and field effect transistdFET).  give rise to the novel properties. In fact, this kind of anoma-
Photocarrier control of magnetotransport properties has begBus strain effect is not exclusively observed in LBMO sys-
observed in(La, SYMNO;/STO heterostructur, and may tem, but has been observed in other thin films. In
be more prominent even at room temperature for LBMOPy, Ca, sMnO,3/STO thin films® charge-ordetCO) state be-
based device. Mathevet al!’ have fabricated the ferroelec- comes less stable due to tensile strain: and in
tric FET based on epitaxial perovskite heterostructure g, ..Ca, ;qMnO5/LaAlO; thin films2! CO insulating state is
Lag /Cap sMnO3/PZT, but the channel resistivity change un- favored by compressive strain, both of which are consistent
der poling voltage is still small. If replacing baCa sMnO;  with the result in our LBMO thin films. These results suggest
by LaygBayMnO;, much better performance may be that this “anomalous” strain effect is probably a general be-
achieved in that FET device. Very recently, we have suchavior. The important role of the strain-induced modification
ceeded in switching ferromagnetism in LBM ( of orbital stability in LBMO thin films is similar to that of
=0.1)/Nb-STO p-n junction through modulating the carrier orbital state in layered manganites. Recently, both experi-
concentration by applying a low electric field at room mental and theoretical studies confirmed that the relative sta-
temperaturé® The temperature dependence of the junctionpility of 3d orbitals dominates the magnetic structure and
resistance shows a metal-insulator transition, whose tempergansition temperature of layered manganites, and can be me-
ture, corresponding to that of ferromagnetic transition, isdiated by both chemical and hydrostatic presséfe®. The
hugely modulated from 290 to 340 K by a bias voltage in-comparable features of layered manganite and thin film are
creasing from+1.0 to 1.8 V. the reduced dimensionality and the resulted strong anisot-
ropy, which probably dignify the role of orbital stability. A
theoretical calculatioi involving both orbital stability and
Mn-O bond length also confirmed that strain effect in differ-
As proposed above, it is strain effect that results in theent CMR systems can be much different; a tensile strain
novel magnetotransport properties in LBMO thin films. Al- increases T in LBMO system, but reducesT¢ in
though the close and clear correlation between structure pgta, CagMnO; or (La, SIMnO; system. These results will
rameter(lattice strain and magnetic/transport properties re- probably lead us to orbital physics, a phase control via or-
veals the important and concrete role of strain effect andital ordering or orbital polarization due to lattice distortion.
makes this proposal to be reasonable, some puzzles should In addition to the strain effect discussed above, another
be clarified. factor should be considered, that is stoichiometry. A possible
In LBMO thin films, tensile strain enhances ferromag- deviation of Mr#*/Mn** ratio in LBMO thin films from that
netism, which is different from the usual results in otherin bulk can lead to a variation ific correspondingly. So, we
CMR systems, where tensile strain usually redu€es>®  measured the cationic concentration by electronic probe mi-
and compressive strain enhandgs.'° So, new mechanisms  croanalysisEPMA) for the LBMO bulk and thin films with
should be responsible for the anomalous strain effect ix=0.1. As shown in Fig. 9, EPMA results confirmed a good
LBMO thin films. According to double-exchangéDE)  agreement between the compositions of thin films with dif-
mechanismT ¢ is proportional to the transfer integra), of  ferent thickness and bulk within error limit. By taking oxy-
ey electron hopping between Mh and Mrf* through Mn-  gen content to be 3, the derived compositions of the bulk and
O-Mn network. Tensile strain elongates the in-plane Mn-Othin film (averaged value for different thicknessre
bond lengthd, reducingt, (due toty=d ™) and thusT¢; in Lay gBay 1gMNg 003 and La B3y 10MNo.oQs, respectively,
contrast, compressive strain raisgs. These are the general almost same as the nominal one within the EPMA accuracy.
understandings of the strain effect. But at the same time, @he magnetic properties of LBMO bulk agree very well with
strain-induced modification oé, electron orbital stability the literature result? indicating stoichiometry in LBMO
should be considered. Two orbitals are availablegfpelec-  bulk. So, the possibility of significant nonstoichiometry in
tron, the in-planel,2 2 and out-of-plan@lz,2_,2. In LBMO LBMO thin films can be ruled out. Moreover, both enhance-
bulk, electron occupancy in out-of-plark,2_,2 orbital iS  ment and suppression of ferromagnetism in different doping
higher than that in in-pland,._ 2 orbital, due to a relatively level ranges can be well explained only by the proposed
large c/a ratio, which is related to orbital stability and thus strain effect, but not by nonstoichiometry. Therefore, al-

E. Discussion
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- r T : r e/ Tc reaches up to 320 K in the latter, while only about 305 K
1.1 f -2 nominal value Bulk- in the former. This result confirmed again the important role
c A N M"‘ l of strain effect in LBMO thin films. Based on the above
8 10f----- L ------------------------------ . discussion, we argue that it is reasonable to attribute novel
i I A magnetic and transport properties in LBMO thin films to
§ 09¢f---- g W m.... - strain effect.
2 La
8 o8 L
[T} r 1 IV. SUMMARY
= 0151 -
-% 010k -- '_\' ________________ Ba . e | ‘We reported an anomalous strain effect in LBMO/STO
O thin films, in which tensile strain enhances ferromagnetism
005 . . . v and conductivity significantly, and have obtained a phase
0 20 40 60 80 100 120 145 diagram of the thin films. Room-temperature ferromagnetism

was achieved in a very low doping level &s 0.1, which is
very appealing to the practical applications of CMR thin

FIG. 9. Cationic concentration of LBMOx& 0.1) bulk (targed films. A strain-induced m0d|f|Cat|0n Oég _Ol’bital Stab”lty .
and thin films with different thickness. Solid line is only a guide for Was proposed to be responsible for this anomalous strain

the eyes. Dotted lines indicate the nominal valMe: 1.0; La: 0.9;  €ffect. Our results suggest that external strain can be applied
Ba:0.]). to CMR thin films to produce novel properties absent in the

bulk materials, which will illuminate a new way to explore

though it is possible that the MivMn*" ratio in the thin CMR materials with desirable properties for electronic appli-
films is slightly different from that in the bulk, compared cations.
with nonstoichiometry, strain effect is the much more reli-
able origin of the novel properties in LBMO thin films. At
least, we cannot attribute the FM enhancement only to the
probable slight nonstoichiometry. This work has been performed under the Center of Excel-

One more evidence of strain effect is from the LBMO thin lence(COE) program, a Grant-in-Aid for Scientific Research
film deposited with a SrgBay,TiO; (a=3.933A) buffer on Priority Area(A), “Novel Quantum Phenomena in Tran-
layer?® which has larger lattice mismatch, i.e., larger tensilesition Metal Oxides” supported by the Ministry of Educa-
strain, and correspondingly shows highigy, compared with  tion, Culture, Sports, Science and Technology, Japan, and
the film deposited directly on STO. LBMOx{&0.2) thin Corning Research Grant. J. Zhang acknowledges the finan-
films deposited on STO and SBTO have lattice mismatch otial support from Japan Society for the Promotion of Science
0.29 and 1.0 %, respectively. At the same thickness, 650 AJJSPS.

Film thickness (nm)
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