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Anomalous strain effect in La0.8Ba0.2MnO3 epitaxial thin film: Role of the orbital degree
of freedom in stabilizing ferromagnetism

Teruo Kanki, Hidekazu Tanaka, and Tomoji Kawai*
Institute of Scientific and Industrial Research, Osaka University, 8-1 Mihogaoka, Ibaraki, Osaka, 567-00476 Japan

~Received 21 February 2001; published 21 November 2001!

We achieved enhancement of colossal magnetoresistance at room temperature in a tensile strained
La0.8Ba0.2MnO3 thin film ~52% at 297 K under an applied field of 0.8 T!. Surprisingly, the tensile strain
increased the Curie temperatureTC from 270 K in the bulk to 320 K in the thin film. While it is well known
that tensile strain decreasesTC through a decrease of the transfer integralt0 in (La,D)MnO3 (D5Ca or Sr!,
this unprecedented anomalous strain effect in La0.8Ba0.2MnO3 films could not be explained byt0 alone; the
orbital degree of freedom also needed to be considered. We successfully derived an equation forTC including
both effects in the strained thin films.

DOI: 10.1103/PhysRevB.64.224418 PACS number~s!: 75.70.Pa, 73.50.2h, 75.30.Et
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I. INTRODUCTION

Mn perovskite oxides@(La12xMx)MnO3 with M5Ba,
Ca, Sr, etc.# have been attracting attention due to vario
physical phenomena. Among these phenomena, the colo
magnetoresistance~CMR! effect is not only greatly usefu
for various industrial applications, but also very interesti
in physics. Their ferromagnetism with metallic conducti
has been explained within the framework of a doub
exchange mechanism1 on the basis of Hund coupling be
tween the localizedt2g

3 (St2g
5 3

2 ) spins and the conductiveeg

spins. Theeg electron hops while coupling ferromagnetical
with the localizedt2g spins. It has consequently been reco
nized that the spin and charge degrees of freedom are im
tant. In addition, theeg electrons have to occupy either th
dx22y2 orbital or thed3z22r 2 orbital in theeg orbital. As a
recent result, the orbital degree of freedom has been
knowledged to be one of the most important factors of m
netic and transport properties. The appearance of various
tiferromagnetic states owing to a large number of carri
occupied with either thed3z22r 2 or dx22y2 orbitals has been
confirmed by experiment2–4 and theory.5,6 In advanced ideas
the orbital degree of freedom should strongly relate to
phase-transition temperature in one magnetic state, inclu
ferromagnetic state. The strained thin-film technique
greatly useful for controlling the degree of that freedo
From the viewpoint of the control of electron transfer, it h
been reported in many papers that tensile strain gene
induces a decrease in Curie temperature (TC) in
~La,Sr!MnO3 ~Refs. 7–9! and ~La,Ca!MnO3 ~Refs. 10 and
11! thin films deposited on substrates with a different latt
constant. This is explained by a decrease in electron tran
due to stretched Mn-O bond lengths along the in-plane
rection. However, we have found thatTC increases in tensile
strained La0.8Ba0.2MnO3 ~abreviated LBMO hereafter! thin
films,12 leading to a very large CMR effect at room tempe
ture. It is not possible to explain this anomalous strain eff
in LBMO thin films using just the transfer integral. It i
necessary to consider a combination of both the transfe
tegral and the orbital degree of freedom for a satisfact
explanation.

In this paper, we report the discovery of enhanced fer
0163-1829/2001/64~22!/224418~5!/$20.00 64 2244
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magnetism in tensile-strained LBMO films, includin
~La,Sr!MnO3, ~La,Ca!MnO3, and ~La,Ba!MnO3, and sys-
tematically discuss the expanded theory on the change oTC
induced by a tensile-strain effect, making it clear that doub
exchange ferromagnetism is greatly influenced by the orb
degree of freedom, especially in the~La,Ba!MnO3 system.

II. EXPERIMENT

The strained LBMO (d53.891 Å) films were fabricated
on SrTiO3~001! (d53.905 Å) ~abbreviated STO hereafter!
substrates or on a Sr0.8Ba0.2TiO3 (d53.933 Å) ~abbrevi-
ated SBTO hereafter! buffer layer for adjustment of lattice
mismatch, using a pulsed laser deposition~PLD! technique
~ArF excimer,l5193 nm!. STO and SBTO gave a lattic
mismatch of 0.3% and 1.0%, respectively, to the LBM
layer, to induce tensile strain. The target used was a sint
LBMO pellet prepared using a conventional solid reacti
process. La2O3, Mn2O3, and BaO powders were mixed an
calcined in air at 900 °C for 40 h and then reground a
sintered at 1300 °C for 24 h.13 LBMO was deposited at a
substrate temperature of 750 °C in an O2 gas pressure o
1.031021 Pa. The film thickness was varied from 4000
200 Å. After formation, the films were annealed at 900 °C
10–15 h in an O2 atmosphere at 1 atm. The film structu
was examined using x-ray diffraction and reflection hig
energy electron diffraction~RHEED!, and it was confirmed
that films had been epitaxially grown with no additional im
purity phase.12 The temperature dependence of magneti
tion was measured using a superconducting quant
interference device magnetometer~SQUID!. The resistivity
and magnetoresistance effect of the polycrystal and fi
were measured along the in-plane direction using the s
dard four-probe method under a magnetic field~H! of 8000
Oe. The magnetoresistance~MR! ratio is defined as@R(0)
2R(H)#/R(H)3100%.

III. RESULTS AND DISCUSSION

A. Thickness dependence of magnetic and electrical transport
properties

Figure 1~a! shows the temperature dependence of mag
tization ~M -T curve! for bulk LBMO and the films of vari-
©2001 The American Physical Society18-1



,
7

h
es
t o

i
h

h

an

e
%
rif

g

an-
with
-
the

of
e of
ntial

th
u
0
d

he

for
h

for

ith

TERUO KANKI, HIDEKAZU TANAKA, AND TOMOJI KAWAI PHYSICAL REVIEW B 64 224418
ous thicknesses. TheTC values of the bulk, 3900-Å, 1000-Å
650-Å, and 400-Å thick films were found to be 271, 26
298, 307, and 320 K, respectively. Figure 1~b! shows the
temperature dependence of resistivity for each film. T
LBMO thin films have two noticeable characteristic featur
The first is that the MR effect is over twice as large as tha
polycrystal bulk, as shown Fig. 1~c! ~21% at 271 K in the
polycrystal bulk, 48% at 267 K in the 3900-Å thick film!.
The low grain boundary and fine magnetic homogeneity
the thin films induce enhancement of the MR effect. T
second and most important feature is thatTC ~and the maxi-
mum MR temperatureTMR! systematically increases wit
decreasing thickness of the LBMO layer~from 267 K at
1300–3900 Å to 320 K at 400 Å!. It is construed that the
0.3% lattice mismatch between the STO substrate
LBMO layer induces an increase ofTC through the deforma-
tion of the LBMO lattice structure. We fabricated larg
strained LBMO thin films with a tensile strain of up to 1.0
on a SBTO buffer layer on a STO substrate in order to ve
the effect of strain on the increase inTC . Figure 2~a! shows
the M -T curve for the LBMO thin film with a tensile strain

FIG. 1. ~a! Temperature dependence of magnetization for
LBMO bulk sample and thin films on STO substrates with vario
thicknesses~0.3% tensile strain! at an applied magnetic field of 10
Oe, ~b! resistivity of thin films under a field of 0 and 8000 Oe, an
~c! the MR ratio at an applied field of 8000 Oe for the bulk and t
films with j, 3900 Å; n, 1300 Å; m, 1000 Å; h, 650 Å; andl,
400 Å thickness.
22441
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of 1.0%. It was also found thatTC increases with decreasin
thickness of the LBMO layer. Figure 2~b! shows the tem-
perature dependence of resistivity. The metal-insulator tr
sition temperature increases and resistivity decreases
decreasing thickness. Figure 2~c! shows the temperature de
pendence of the MR ratio at 0.8 T. It was also found that
MR ratio was enhanced for thin films andTMR increased
with decreasing thickness~from 273 K at 1750 Å to 329 K at
200 Å!.

B. Anomalous strain effect on the LBMO thin films

Figure 3 shows the dependence ofTC on the thickness of
LBMO layers with different tensile strains~0.3% and 1.0%!.
TC of the 1.0% tensile-strained films is higher than that
0.3%, compared to both strained films for the same degre
thickness. The tensile-strain effect is therefore the esse
factor in the increase ofTC . In the enhancement ofTC by a
combination with tensile strain, the Gonget al. result in
~La,Ca!MnO3 /SrRuO3 superlattice is interesting.14 However,

e
s

FIG. 2. ~a! Temperature dependence of magnetization
LBMO bulk sample and thin films on SBTO buffer layers wit
various thicknesses~1.0% tensile strain! at an applied magnetic
field of 100 Oe. The inset shows out-of-plane lattice parameters
LBMO/SBTO/LSAT thin films as functions of thickness.~b! Resis-
tivity of thin films under a field of 0 or 8000 Oe.~c! The MR ratio
at an applied field of 8000 Oe for the bulk and the thin films w
s, 1750 Å; d, 1300 Å; n, 630 Å; andm, 200 Å thickness.
8-2
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their superlattice was composed of two ferromagnetic m
rials so that neighboring magnetic order through the interf
strongly influenced the magnetic property of~La,Ca!MnO3,
as already reported in several papers.15–17The interface mag-
netic interaction between Ru and Mn is ferromagnetic, ju
ing from the work in Ref. 18 on the~La,Ca!~Mn,Ru!O3 solid
solution, leading to enhancement ofTC in the superlattice.
On the other hand, there are many reports showing that
sile strain reduces ferromagnetism in~La,Sr!MnO3 and
~La,Ca!MnO3 ~Refs. 7–11! by using nonmagnetic counte
parts. Therefore, enhancement ofTC by tensile strain alone
in LBMO thin films is extremely unique. We also show
lattice change through strain on LBMO thin films. The ins
in Fig. 2~a! shows the thickness dependence of thec-axis
lattice parameter of LBMO films deposited on the SBT
buffer layer/LSAT @(LaAlO3)0.3(Sr2AlTaO6)0.7# (d
53.868 Å) substrate~1.0% lattice mismatch!. It was found
that thec axis decreases with decreasing thickness, wh
indirectly means extending the lattice parameter in the
plane (x-y) direction and indicates an increase of the tens
strain effect. Normally, the tensile-strain effect induces a
crease of TC in the ~La,Sr!MnO3 ~Refs. 7–9! and
~La,Ca!MnO3 ~Refs. 10 and 11! films as shown in the inse
of Fig. 3. TC of these films decreases with decreasing thi
ness~i.e., increasing effective tensile strain!. This is caused
by a decrease of the transfer integral on in-planeeg elec-
trons. A theory considering only the transfer integral can
possibly explain this anomalous strain effect on LBMO th
films. We therefore developed a theory including not only
transfer integral but also the orbital degree of freedom, wh
occupies either thedx22y2 orbital or thed3z22r 2 orbital.

C. Mechanism ofTC enhancement by the tensile-strain effect

According to Zener,1 TC in double-exchange ferromag
netism is proportional to the transfer integral between nei
boring Mn ions through the oxygen pass. Considering
orbital degree of freedomTC is given as follows:

FIG. 3. TC of LBMO thin films deposited on STO and LBMO
thin films deposited on SBTO on STO as a function of thickne
The inset showsTC of (La12xSrx)MnO3 @h, x50.1 ~Ref. 7!; s,
x50.25~Ref. 8!; andn, x50.4 ~Ref. 9!# and (La12xCax)MnO3 @d,
x50.33 ~Ref. 11! andm, x50.33 ~Ref. 10!# thin films with tensile
lattice strain as a function of thickness.
22441
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TC}td-d5(
^ i , j &

a~g i !a~g j8!t0 ~ t0}Vpd
2 !. ~1!

Here,a~g! is the intensity of theeg electron transfer from the
dg orbital in Mn ion ~g5ux22y2& or g5u3z22r 2&! to oxy-
genp orbital, anda~g8! is that from the oxygenp orbital to
the dg orbital in the neighboring Mn ion~g85ux22y2& or
g85u3z22r 2&!. The intensitiesa~g!a~g8! are given in Table
I. Vpd is the matrix element betweenp and d orbitals, and
according to Harison19 is proportional todMn-O

27/2 .
In the tensile-strained perovskite film on STO~001! sub-

strate, the Mn-O bond length along@100# and@010# orienta-
tions ~in-plane direction,din! becomes longer and that alon
the @001# orientation~out-of-plane direction,dout! becomes
shorter, as shown in Fig. 4~a!. Considering four Mn-O bonds
along the in-plane direction, the two bonds along the out-
plane direction, and the ratio of electron occupancy in e
eg orbital ~nx22y2 for the dx22y2 orbital, n3z22r 251
2nx22y2 for the d3z22r 2 orbital!, Eq. ~1! is expanded as fol-
lows:

TC}td-d}
1

6
„4$nx22y2a~g5ux22y2&!@a~g85ux22y2&!

1a~g85u3z22r 2&)] %1~12nx22y2!a~g5u3z22r 2&)

3@a~g85ux22y2&!1a~g85u3z22r 2&)]din
2712

3~12nx22y2!a~g5u3z22r 2&)a~g85u3z22r 2&)dout
27

….

~2!

Using the intensities of electron transfer depending on
type of orbital in Table I, we are able to develop the follow
ing equation on the assumption of constant cell volume
2dout5V0 /(2din)

2:

TC}td-d}H ~11)12nx22y2!din
27

12~12nx22y2!S V0

8din
2 D 27J 1

6
. ~3!

The electron occupancy (nx22y2) is a function of lattice
structure (din), and we examined its relationship by a m
lecular orbitals calculation using discrete variationalXa-

.

TABLE I. d-d transfer intensities@a(g)a(g8)# for the x-y di-
rection andz direction.g is the transfer from thed orbital to thep
orbital andg8 is the transfer from thep orbital to thed orbital.
ux22y2& andu3z22r 2& showeg orbitals occupied with the focuse
carrier.
8-3
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techniques.20 Figures 4~b!–4~d! show the tensile-strain de
pendence ofTC for La0.8Ba0.2MnO3, La0.8Sr0.2MnO3, and
La0.8Ca0.2MnO3 thin films, respectively, using Eq.~3!. The
structural data of bulk state used in calculation are show

FIG. 4. ~a! Schematic illustration of the deformation of cryst
structure by tensile strain. Tensile strain in the in-plane direct
stabilizes thedx22y2 orbital, leading to an increase innx22y2. The
relationship between the stabilization of thedx22y2 orbital and the
increase innx22y2 can be quantitatively decided on a one-to-o
correspondence. This relationship may be calculated using dis
variational Xa techniques~Ref. 20!. In the calculation, the Mn-
O-Mn bond angle is assumed to be 180°. The calculatedTC are
shown on the track of broken lines in the bond length (din) –nx22y2

plane of~b! LBMO, ~c! La0.8Sr0.2MnO3, and~d! La0.8Ca0.2MnO3 by
using Eq.~3!. Thenx22y2 value is obtained with the discrete varia
tional Xa method.
22441
in

Table II. Remarkably, the calculatedTC of La0.8Ba0.2MnO3

also increases with an increase of the in-plane bond len
din , whereas that of La0.8Sr0.2MnO3 and La0.8Ca0.2MnO3 de-
creases. Equation~3! shows good agreement with exper
mental results on strain effect. Bulk LBMO has a relative
largec/a ratio, so electron occupancy in thed3z22r 2 orbital
is larger than that in thedx22y2 orbital. With increasing ten-
sile strain, thedx22y2 orbital with a large transfer intensity i
gradually stabilized, and then the electron occupancynx22y2

becomes large, leading to an increase ofTC . Conversely, the
decrease in the transfer integral itself induces a decreas
TC (}din

27). Nevertheless, judging from theDTC}
2Ddin /din

8 equation, the magnitude of the decrease is re
tively small in the~La,Ba!MnO3 system with a larger bond
length in comparison with~La,Sr!MnO3 and ~La,Ca!MnO3.
The elongation of the in-plane bond length, which cor
sponds to the tensile strain, induces a decrease ofTC in the
case of La0.8Sr0.2MnO3 and remarkably in the case o
La0.8Ca0.2MnO3, as shown in Figs. 4~c! and 4~d!. In both
these cases, the effect of the decrease in the transfer int
is more dominant. Consequently, it is quite reasonable
assert that theTC of LBMO increases with tensile strain in
terms of the orbital degree of freedom.

IV. CONCLUSION

We discovered an anomalous tensile-strain effect t
causes a remarkable increase inTC of La0.8Ba0.2MnO3 thin
films, and additionally acquired the valuable result of e
hancement of CMR at room temperature~52% at 297 K and
0.8 T!. It was found that the orbital degree of freedom is t
important factor in determiningTC , showing the influence of
the anomalous strain effect in strained LBMO thin film
compared with that of~La,Sr!MnO3 and ~La,Ca!MnO3 sys-
tems.
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TABLE II. Lattice parameters for each bulk Mn perovskite o
ides. The Mn-O bond lengths are given asdin5a* /2 and dout

5c/2.

Lattice parameter a/& b/& c V0 c/a* a

La0.8Ba0.2MnO3 3.8904 3.8907 3.9267 59.4360 1.009
La0.8Sr0.2MnO3 3.8780 3.8958 3.9137 59.1278 1.006
La0.8Ca0.2MnO3 3.8725 3.8795 3.8795 58.2831 1.000

aa* 5(a1b)/2&.
8-4
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