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Strain effect and the phase diagram of La1ÀxBaxMnO3 thin films

Jun Zhang, Hidekazu Tanaka, Teruo Kanki, Jae-Hyoung Choi, and Tomoji Kawai*
Institute of Scientific and Industrial Research, Osaka University, 8-1 Mihogaoka, Ibaraki, Osaka, 567-0047, Japan

~Received 16 April 2001; published 12 October 2001!

We report magnetic and transport properties of La12xBaxMnO3 (x50.05– 0.33) epitaxial thin films. Com-
pared with the corresponding bulk materials, the ferromagnetic transition temperature is reduced in the com-
pressive strained La12xBaxMnO3 thin films with x50.3 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 temperature inx50.1 thin film, and asx50.05, a spin-canting insulating state in
bulk shifts to ferromagnetic metallic state in thin film. The phase diagram of La12xBaxMnO3 thin films was
obtained, and strain effect on these novel properties was discussed.
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I. INTRODUCTION

Since the observation of colossal magnetoresista
~CMR! effect in doped manganese oxides La12xAxMnO3
~whereA is divalent ions, such as Ca, Sr, and Ba!, they have
been extensively investigated. CMR thin films are of spec
interest due to their advantages in practical applications
addition to the dominant parameters as in bulk materi
includingA ion size and doping levelx, biaxial strain due to
lattice mismatch between film and substrate plays a very
portant role in controlling the properties of thin films, esp
cially Curie temperature, magnetic anisotropy and transp
properties.1–6 Strained CMR thin films usually show prope
ties much different from those of bulk compounds. In mo
cases, tensile strain suppresses ferromagnetism and re
ferromagnetic~FM! Curie temperatureTC in CMR thin
films, which is generally interpreted by considering a stra
induced distortion of MnO6 octahedra.5–6 But some anoma-
lous results7–8 have also been reported, showing ferroma
netism enhanced by tensile strain. Notably, some no
properties9–10 were observed in CMR thin films, indicatin
that strain effect can be utilized to tailor or optimize t
magnetotransport properties of CMR thin films, although
thorough understanding of strain effect is still unavaila
and challenging.

Although La12xBaxMnO3 ~denoted as LBMO hereafter!
show room-temperature CMR effect11 and higher TC in
low doping level than other CMR systems,12 little research
has focused on this CMR material, especially the LBM
thin films. Recently, it was reported that i
La2/3Ba1/3MnO3 /SrTiO3 superlattices,13 compressive strain
reducesTC but enhances CMR. Most notably, Kankiet al.14

found that bothTC and CMR effect are enhanced in tens
strained La0.8Ba0.2MnO3 /SrTiO3 thin films. This result is dif-
ferent from the usual ones in other well studied CMR th
films, and suggests that there is an anomalous strain ef
which may induce some novel and interesting properties
LBMO thin films. A detailed study of the strained LBMO
thin films may help us go further in wholly understandin
strain effect.

In this paper we report a systematic investigation of m
netic and transport properties in the strained LBMO th
films with doping levelx from 0.05 to 0.33, which are grown
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on SrTiO3 ~100! ~denoted as STO hereafter! substrate. By
comparing the lattice parameters of LBMO targets and S
substrate (a53.905 Å), the lattice mismatches in LBMO
STO thin films can be derived~listed in Table I!, and indicate
that the LBMO films suffer tensile strain~negative lattice
mismatch! asx<0.2, but compressive strain~positive lattice
mismatch! as x50.3 and 0.33. Withx increasing, tensile
strain becomes weaker, then converts to compressive s
asx exceeding 0.2, which enables us to investigate the st
effect in detail and systematically without changing su
strate. We found that in LBMO thin films, tensile strain e
hances ferromagnetism significantly, but compressive st
reducesTC . In particular, room-temperature ferromagnetis
was observed in LBMO thin film with a very low dopin
level of x50.1, which will endow it high superiority in ap
plications of electronic devices. In addition, a new pha
diagram of LBMO thin films was constructed.

II. EXPERIMENT

LBMO films (x50.05– 0.33) were deposited on ST
~100! single crystal substrates by pulsed laser deposi
technique~ArF excimer: l5193 nm!. LBMO targets were
prepared by a standard solid state reaction. LBMO fil
were deposited at a substrate temperature of 730 °C an
oxygen pressure of 0.1 Pa, and post-annealed in 1 atm
gen at 700 to 900 °C for 10 h to avoid any oxygen deficien

TABLE I. Lattice mismatch, strain type~T: tensile strain;C:
compressive strain!, andTC of LBMO/STO thin films, as well as
TC of the bulk LBMO. Lattice mismatch was calculated as t
difference between the lattice parameters of LBMO bulk and S
substrate divided by the lattice parameter of STO (a053.905 Å).
TC was defined as the temperature wheredM/dT is the minimum
in the M-T curves shown in Fig. 3.

x 0.05 0.1 0.2 0.3 0.33

Lattice mismatch~%! 20.76 20.63 20.29 0.1 0.15
Strain type T T T C C
TC of bulk ~K! 120a 185 280 340 345
TC of film ~20 nm! ~K! 180 285 310 290 315

aFor x50.05, spin canting transition temperatureTCA5120 K.
©2001 The American Physical Society04-1
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The film structures were studied by reflection high ene
electron diffraction~RHEED!, x-ray diffraction ~XRD!, and
high-resolution transmission electron microscopy~HRTEM,
JEOL JEM 3000FIS, operating at 300 kV!. The magnetiza-
tion of LBMO bulk and thin films were measured by using
SQUID magnetometer~Quantum Design!. Resistivities of
thin films were measured along in-plane direction by st
dard four-probe method.

III. RESULTS AND DISCUSSION

A. Structure analysis

The RHEED images of LBMO thin films showed cle
streak patterns, suggesting good crystalline and flat sur
of the films.14,15 Only (00l ) peaks were observed in XRD
patterns, indicating that the LBMO films are wellc oriented
and epitaxial. The bulk LBMO could be considered as
pseudocubic structure. As being deposited on STO, the
plane lattice tends to adopt the same structure as STO,
the out-of-plane parameter changes correspondingly to m
tain unit cell volume. The out-of-plane lattice parameter
LBMO thin films derived from XRD data is found to b
larger than the bulk parameter in compressive strain ran
but smaller in tensile strain range, in line with the type
biaxial strain. In Fig. 1, we show the thickness depende
of out-of-plane lattice parameter for LBMO thin films wit
x50.05, which have the largest lattice mismatch in the st
ied system. The out-of-plane lattice parameter of thin film
smaller than thec value of bulk, in agreement with the exis
tence of tensile strain, which will elongate the in-plane p
rameter and shorten the out-of-plane parameter. The sm
c confirmed the existence of tensile strain in the annea
thin films. With thickness increasing, the out-of-plane latt
parameter increases and approaches the bulk value, ind
ing a relaxing or weakening of tensile strain in the films.

TEM analysis on the cross-sectional specimens reve
that LBMO thin films are of epitaxial single-crystal. Figur
2~a! is a typical cross-sectional HRTEM image of on
LBMO (x50.1) thin film, which demonstrates a sharp film

FIG. 1. Thickness dependence of out-of-plane lattice param
for LBMO (x50.05) thin films. The star symbol represents the l
tice parameterc value of bulk LBMO (x50.05).
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substrate interface denoted by arrows, without indication
any second phase. No defects, dislocations or stacking fa
were observed. A typical selected area diffraction patt
~SADP! obtained from the interface region is shown in Fi
2~b!. It is clear that there is no extra spots or splitting
reflections but onlŷ 001& zone axis pattern. These featur
confirmed the high crystalline quality and perfect epitaxy
LBMO thin films.

B. Magnetic properties

The temperature dependence of magnetization for LBM
bulk and thin films with thickness of 50 nm are shown in F
3. For the LBMO bulk withx50.1, 0.2, 0.3, and 0.33,TC are
185, 280, 340, and 345 K, respectively, which are consis
with a previous report.12 Thex50.05 bulk only shows a spin
canting-like ~or spin-freezing in Ref. 12! transition around
120 K, below which the zero-field cooled~ZFC! magnetiza-
tion decreases and deviates greatly from the field coo
~FC! value. No spontaneous magnetization was observe
the field dependent magnetization curve shown in Fig. 4, a
confirming the absence of FM order in thex50.05 bulk.

Compared with the LBMO bulk, LBMO thin films show a
lot of different results. As shown in Fig. 3 and Table I,
compressive strain range with higher doping levels~x50.3
and 0.33!, TC in the thin films is lower than that in bulk; bu
for the tensile strained thin films with lower doping leve
~x50.1 and 0.2!, TC increases drastically. Especially, in th
x50.1 film with thickness of 50 nm,TC increases remark
ably from 185 K in bulk up to near room temperature~275
K!. Furthermore, in the case ofx50.05, a spin-canting stat
in bulk shifts to a strong FM state in thin film, which is als
revealed by the low temperature magnetization curves sh
in Fig. 4. To our knowledge, this is the first time a transitio
from spin canting in bulk to ferromagnetic in strained th
film in CMR oxides has been reported. It is obvious th
compared with corresponding bulk compounds, ferrom
netism of LBMO thin films is suppressed in compressi
strain range, but enhanced in tensile strain range. We bel
that strain effect plays an important role in producing t
variations of magnetic properties.

The thickness dependence ofTC for LBMO films is plot-
ted in Fig. 5. In the tensile strain region~x50.05, 0.1, and

er
-

FIG. 2. ~a! HRTEM image of the interface between LBMO (x
50.1) thin film and STO substrate;~b! Selected area diffraction
pattern along@001#.
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STRAIN EFFECT AND THE PHASE DIAGRAM OF . . . PHYSICAL REVIEW B 64 184404
0.2!, with thickness increasing,TC decreases gradually an
tends to approach the corresponding bulk value. In the c
pressive strain range, for thex50.3 and 0.33 films,TC in-
creases slightly with thickness, which is consistent with
weak compressive strain~small lattice mismatch! in these
doping levels. As mentioned above, inx50.05 thin films, the

FIG. 3. Temperature dependence of magnetization for LBM
bulk samples~top graph, applied field is 200 Oe; open circle is F
data forx50.05!, and LBMO thin films with thickness 50 nm~bot-
tom graph, applied field is 1000 Oe!.

FIG. 4. Field dependence of magnetization for LBMOx
50.05) bulk and thin film at 10 K.
18440
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out-of-plane lattice parameter increases with thickness, in
cating a relaxation of the biaxial tensile strain. Same t
dency of strain relaxation with thickness increasing can
expected in other doping levels. Strain relaxation weak
strain effect and results inTC retrieving to the bulk value.
The solid relationship between strain relaxation andTC
variation suggests that it is reasonable to attribute the ano
lous magnetic properties of LBMO thin films to strain effec
TC of LBMO bulk and thin films with thickness 20 nm ar
listed in Table I. The enhancement of ferromagnetism
tensile strain in low doping levels is very significant, an
room-temperature ferromagnetism~TC is 285 K! was ob-
served in thex50.1 thin film with thickness of 20 nm.

C. Transport properties

Novel transport properties were also found in LBMO th
films. Figure 6 plots the temperature dependence of resis
ity for x50.05 LBMO bulk and thin films. The bulk show
insulating behavior with high resistivity. But for a 20 nm th

FIG. 5. TC of LBMO thin films as a function of thickness.

FIG. 6. Temperature dependence of resistivity for t
LBMO (x50.05) bulk and thin films with different thickness. Inse
temperature dependence of resistivity for LBMO thin films~x
50.1, 0.2, and 0.3! with thickness of 50 nm.
4-3



-
nd
ck
n

on
in
ru
ee
si
ci
e
e

d
e
r
s

or
-
o

th

e

-

a

p

e
ta

.

but

re-
m-

of

and

rted
ted

O
he
of

lks,
-

rain
ent
el

he
-
rial

e-

o

ss
on.
n in
ag-

d

ZHANG, TANAKA, KANKI, CHOI, AND KAWAI PHYSICAL REVIEW B 64 184404
film, an insulating to metallic~IM ! transition occurs with a
peak temperature (TIM) about 185 K, nearTC , and much
lower resistivity, indicating much highereg electron itin-
eracy. With thickness increasing,TIM decreases, similar to
the thickness dependence ofTC , and low temperature resis
tivity increases greatly. In the films with thickness of 45 a
75 nm, insulating behavior reemerges below 50 K. As thi
ness increases to 85 nm, IM transition disappears, with o
an anomaly in resistivity curve around 125 K. The evoluti
of transport behavior with thickness in LBMO thin films is
good agreement with those of magnetic property and st
tural parameter, evidencing the strong correlation betw
strain effect and magnetotransport properties. It is ten
strain that enhances double exchange interaction, produ
the FM and metallic state in thin film, in comparison with th
spin canting and insulating state in bulk. The strain-induc
transition in LBMO (x50.05) from spin-canting insulating
in bulk to FM metallic in thin film is very interesting, an
suggests a common or similar physical essence of strain
fect with/to those of pressure or magnetic field, which a
well known in effectively controlling the transport propertie
of CMR oxides. A similar result had been reported f
La0.9Sr0.1MnO3 thin film,10 where an IM transition was in
duced by compressive strain. In addition, novel transp
properties were also observed in other strained CMR
films.8,9

The inset in Fig. 6 shows the temperature dependenc
resistivity for LBMO thin films ~x50.1, 0.2, and 0.3! with
thickness of 50 nm. IM transitions were observed aroundTC
at each doping level.TIM is a little higher than the corre
spondingTC , and thex dependence ofTIM is in agreement
with that of TC as suggested by Fig. 5. It is notable that
x50.1, bulk sample shows insulating behavior~not shown
here!, revealing that a strain-induced IM transition also ha
pened in thex50.1 LBMO thin films.

Enhanced CMR effect has been found in thex50.2
LBMO thin films at or above room temperature.14 In fact,
even at a lower doping level asx50.1, very strong CMR
effect can be obtained around room temperature. Figur
showed the temperature dependence of magnetoresis

FIG. 7. Temperature dependence of magnetoresistance rati
LBMO (x50.05;0.3) thin films with thickness of 50 nm.
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~MR! ratio for LBMO thin films with thickness of 50 nm
The MR ratio is defined here as (r02rH)/r0 (H50.8 T).
With x increasing, the MR peak temperature increases,
the MR peak value MRmax decreases. Asx50.05, large MR
effect persists down to low temperature, which may be
lated to the reemergence of insulating behavior at low te
perature in this thickness. Asx50.1, MRmax of about 40%
occurs around room temperature under a magnetic field
only 0.8 T. With respect to applications, thex50.1 thin film
is most interesting, due to the large room-temperature
low field CMR effect in such a low doping level.

D. Phase diagram

Based on the magnetic and transport properties repo
above, a phase diagram of LBMO thin films was construc
and shown in Fig. 8. TheTC of bulk LBMO ~for x50.05,
spin canting transition temperatureTCA! is also plotted as a
comparison, and the lattice mismatch between bulk LBM
and STO for each doping level is listed in the top axis. T
shadowy region is the ferromagnetic and metallic state
LBMO thin films with thickness of 20 nm. It is obviously
shown in this phase diagram that, compared with the bu
ferromagnetism in LBMO thin film is suppressed by com
pressive strain, but enhanced by tensile strain. It is the st
effect that produces a new phase diagram, not only differ
from the bulk one, but also exhibiting some exciting nov
properties.

With respect to the application in electronic devices, t
low doping level is of high interest. Most notably, room
temperature ferromagnetism was obtained in a CMR mate
with such a low doping level asx50.1, which enables the
x50.1 LBMO thin film to be a promising candidate mat

for

FIG. 8. Phase diagram of LBMO/STO thin films with thickne
20 nm, as well as that of LBMO bulk compounds as comparis
The lattice mismatches between LBMO and STO are also show
top axis. FM, PI, and CNI denote ferromagnetic metallic, param
netic insulating, and spin canting insulating, respectively.TN , the
Neel temperature of LaMnO3, is 150 K, which is generally accepte
in many literatures, other than about 125 K in Ref. 12.
4-4
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rial in electronic applications. In addition, as shown in t
phase diagram, in low doping level~x below 0.1!, TC of
LBMO thin films changes greatly with doping levelx. In
other words, the magnetotransport properties are very se
tive to carrier concentration. This feature will give high se
sitivity and efficiency to some electronic devices based
the low doped LBMO thin films, in which carrier concentr
tion is modulated to realize novel performance. One can
pect large changes of the magnetic and transport prope
in the thin films at room temperature by introducing slig
fluctuation in the carrier concentration. Therefore, some n
strongly correlated electronic devices can be developed, s
as photosensitive device~photocarrier injection effect!, mag-
netic oxidep-n junction, and field effect transistor~FET!.
Photocarrier control of magnetotransport properties has b
observed in~La, Sr!MnO3/STO heterostructure,16 and may
be more prominent even at room temperature for LBM
based device. Mathewset al.17 have fabricated the ferroelec
tric FET based on epitaxial perovskite heterostruct
La0.7Ca0.3MnO3/PZT, but the channel resistivity change u
der poling voltage is still small. If replacing La0.7Ca0.3MnO3
by La0.9Ba0.1MnO3, much better performance may b
achieved in that FET device. Very recently, we have s
ceeded in switching ferromagnetism in LBMO (x
50.1)/Nb-STO p-n junction through modulating the carrie
concentration by applying a low electric field at roo
temperature.18 The temperature dependence of the junct
resistance shows a metal-insulator transition, whose temp
ture, corresponding to that of ferromagnetic transition,
hugely modulated from 290 to 340 K by a bias voltage
creasing from11.0 to 1.8 V.

E. Discussion

As proposed above, it is strain effect that results in
novel magnetotransport properties in LBMO thin films. A
though the close and clear correlation between structure
rameter~lattice strain! and magnetic/transport properties r
veals the important and concrete role of strain effect a
makes this proposal to be reasonable, some puzzles sh
be clarified.

In LBMO thin films, tensile strain enhances ferroma
netism, which is different from the usual results in oth
CMR systems, where tensile strain usually reducesTC ,5,6

and compressive strain enhancesTC .10 So, new mechanism
should be responsible for the anomalous strain effec
LBMO thin films. According to double-exchange~DE!
mechanism,TC is proportional to the transfer integral,t0 , of
eg electron hopping between Mn31 and Mn41 through Mn-
O-Mn network. Tensile strain elongates the in-plane Mn
bond lengthd, reducingt0 ~due tot0}d23.5! and thusTC ; in
contrast, compressive strain raisesTC . These are the genera
understandings of the strain effect. But at the same tim
strain-induced modification ofeg electron orbital stability
should be considered. Two orbitals are available foreg elec-
tron, the in-planedx22y2 and out-of-planed3z22r 2. In LBMO
bulk, electron occupancy in out-of-planed3z22r 2 orbital is
higher than that in in-planedx22y2 orbital, due to a relatively
largec/a ratio, which is related to orbital stability and thu
18440
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magnetotransport properties.19,20 In LBMO thin films, an
elongation of in-plane Mn-O distance~decrease inc/a! due
to tensile strain would stabilizedx22y2 orbital, which has a
larger transfer intensity thand3z22r 2 orbital, thus result in
increasing of thedx22y2 character in the occupiedeg state
and the effective in-plane carrier density, which would e
hance electron hopping and DE interaction in thin films, a
lead to an increase inTC . In contrast, the compressive stra
will suppress ferromagnetism and lead to a decrease inTC .

So, these two effects, strain-induced modification
Mn-O bond length andeg orbital stability, are competitive
We suppose that in some CMR system,5,6,10 the former are
dominant; but in LBMO, the latter may be dominant an
give rise to the novel properties. In fact, this kind of anom
lous strain effect is not exclusively observed in LBMO sy
tem, but has been observed in other thin films.
Pr0.5Ca0.5MnO3/STO thin films,8 charge-order~CO! state be-
comes less stable due to tensile strain; and
La0.67Ca0.33MnO3/LaAlO3 thin films,21 CO insulating state is
favored by compressive strain, both of which are consist
with the result in our LBMO thin films. These results sugge
that this ‘‘anomalous’’ strain effect is probably a general b
havior. The important role of the strain-induced modificati
of orbital stability in LBMO thin films is similar to that of
orbital state in layered manganites. Recently, both exp
mental and theoretical studies confirmed that the relative
bility of 3d orbitals dominates the magnetic structure a
transition temperature of layered manganites, and can be
diated by both chemical and hydrostatic pressures.22–25 The
comparable features of layered manganite and thin film
the reduced dimensionality and the resulted strong ani
ropy, which probably dignify the role of orbital stability. A
theoretical calculation20 involving both orbital stability and
Mn-O bond length also confirmed that strain effect in diffe
ent CMR systems can be much different; a tensile str
increases TC in LBMO system, but reducesTC in
(La, Ca!MnO3 or (La, Sr!MnO3 system. These results wil
probably lead us to orbital physics, a phase control via
bital ordering or orbital polarization due to lattice distortio

In addition to the strain effect discussed above, anot
factor should be considered, that is stoichiometry. A poss
deviation of Mn31/Mn41 ratio in LBMO thin films from that
in bulk can lead to a variation inTC correspondingly. So, we
measured the cationic concentration by electronic probe
croanalysis~EPMA! for the LBMO bulk and thin films with
x50.1. As shown in Fig. 9, EPMA results confirmed a go
agreement between the compositions of thin films with d
ferent thickness and bulk within error limit. By taking oxy
gen content to be 3, the derived compositions of the bulk
thin film ~averaged value for different thickness! are
La0.90Ba0.10Mn0.95O3 and La0.90Ba0.10Mn0.99O3, respectively,
almost same as the nominal one within the EPMA accura
The magnetic properties of LBMO bulk agree very well wi
the literature result,12 indicating stoichiometry in LBMO
bulk. So, the possibility of significant nonstoichiometry
LBMO thin films can be ruled out. Moreover, both enhanc
ment and suppression of ferromagnetism in different dop
level ranges can be well explained only by the propos
strain effect, but not by nonstoichiometry. Therefore,
4-5
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ZHANG, TANAKA, KANKI, CHOI, AND KAWAI PHYSICAL REVIEW B 64 184404
though it is possible that the Mn31/Mn41 ratio in the thin
films is slightly different from that in the bulk, compare
with nonstoichiometry, strain effect is the much more re
able origin of the novel properties in LBMO thin films. A
least, we cannot attribute the FM enhancement only to
probable slight nonstoichiometry.

One more evidence of strain effect is from the LBMO th
film deposited with a Sr0.8Ba0.2TiO3 (a53.933 Å) buffer
layer,20 which has larger lattice mismatch, i.e., larger tens
strain, and correspondingly shows higherTC , compared with
the film deposited directly on STO. LBMO (x50.2) thin
films deposited on STO and SBTO have lattice mismatch
0.29 and 1.0 %, respectively. At the same thickness, 650

FIG. 9. Cationic concentration of LBMO (x50.1) bulk~target!
and thin films with different thickness. Solid line is only a guide f
the eyes. Dotted lines indicate the nominal value~Mn: 1.0; La: 0.9;
Ba:0.1!.
on
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TC reaches up to 320 K in the latter, while only about 305
in the former. This result confirmed again the important ro
of strain effect in LBMO thin films. Based on the abov
discussion, we argue that it is reasonable to attribute no
magnetic and transport properties in LBMO thin films t
strain effect.

IV. SUMMARY

We reported an anomalous strain effect in LBMO/ST
thin films, in which tensile strain enhances ferromagnetis
and conductivity significantly, and have obtained a pha
diagram of the thin films. Room-temperature ferromagnetis
was achieved in a very low doping level asx50.1, which is
very appealing to the practical applications of CMR th
films. A strain-induced modification ofeg orbital stability
was proposed to be responsible for this anomalous str
effect. Our results suggest that external strain can be app
to CMR thin films to produce novel properties absent in th
bulk materials, which will illuminate a new way to explore
CMR materials with desirable properties for electronic app
cations.
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