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Substrate effect on the magnetic behavior of manganite films
L. B. Steren,a) M. Sirena, and J. Guimpela)

Centro Atómico Bariloche-Instituto Balseiro, Avda. Bustillo 9.5, (8400) S.C. Bariloche, Argentina

The film thickness~t! dependence of the magnetic properties of La0.6Sr0.4MnO3 ~LSMO! films
grown on~001! MgO and~001! SrTiO3 substrates has been studied. Hysteresis loops measured at
low temperature show a smooth increase of the retentivity accompanied by a decrease of the
coercitive field as the film thickness increases. The increase of coercitivity with decreasingt can be
interpreted in terms of a change in the domain structure of the films mainly due to an augmentation
of domain pinning defects. The magnetic anisotropy has been measured using ferromagnetic
resonance~FMR!. A volume ~VA ! and a surface~SA! anisotropy contribution have been deduced
from FMR angular dependence studies for both series of samples. In the LSMO films grown on
MgO a VA component that corresponds to an easy-axis perpendicular to the plane of the films has
been found while in contrast, the LSMO films grown on SrTiO3 present an easy-plane anisotropy.
The SA is positive for both series favoring a perpendicular magnetic anisotropy. The measured
magnetic anisotropy has been assigned to substrate-induced effects. ©2000 American Institute of
Physics.@S0021-8979~00!55708-9#
i
is

nd
o

at
a
re
-

th
ne
d
d

rin

an
R
r-
ic

.
lm
n
o
nc

ed
of

s
d
e
for
is
d

den-
he
re.

in-

wth
ely

ased
e-
w
ca-
on-
and

xial
x-

rac-
ray
or
in
ed

g a
he
t a
The ‘‘colossal’’ magnetoresistance~CMR! effect ob-
served in doped manganite materials1 have received much
attention in the last years due to its potential applications
magnetic devices. In contrast to the ‘‘giant’’ magnetores
tance observed in metallic nanostructures,2 the CMR is an
intrinsic effect. The crucial role of the crystal structure a
lattice distortions in the magnetic and transport properties
these materials has been investigated by Goodenough3 and
co-workers. Experimental studies on the effect of hydrost
pressure and cations substitution on the magnetic order
metal–insulator transition of bulk compounds have been
ported in several papers.4,5 In films, substrates impose con
straints that influence different physical properties like
magnetoresistance, the Curie temperature and the mag
anisotropy. In a recent theoretical work, Millis an
co-workers6 outlined the importance of biaxial strains an
uniform compression pressure in the ferromagnetic orde
of manganate oxides and discussed possible effects on
transport properties of thin films. Zhanget al.7 and Juet al.8

showed the effect of substrate-induced strains on the tr
port and magnetoresistive properties of manganite films.
cent investigations9,10 have reported a decoupling of the fe
romagnetic order and the metal–insulator transition wh
depends on the thickness of the films. Suzukiet al.11 com-
pared the magnetic anisotropy of La0.7Sr0.3MnO3 single crys-
tal and films by magnetization and torque measurements

In this article we present a systematic study of fi
thickness dependence of the magnetic behavior of manga
films deposited on different substrates. Our results were
tained from magnetization and ferromagnetic resona
~FMR! measurements.

Two series of La0.6Sr0.4MnO3 films were grown by dc
sputtering on~100! MgO ~LSMO-M! and ~100! SrTiO3

~LSMO-S! substrates. The thicknesst of the samples was

a!Also at Consejo Nacional de Investigaciones Cientificas y Te´cnicas, Ar-
gentina.
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varyed from 5 nm to 500 nm. The EDAX analysis perform
on the films showed that the films composition is that
target ~La12xSrxMnO3 x50.4!, within the experimental
resolution~10%!. The x-ray diffraction patterns for the film
only show LSMO pseudocubic@001#c and substrate relate
diffraction peaks, indicating a good texturation of th
samples. The rocking curve width is found to be the same
all diffraction orders, indicating a mosaic spread origin. Th
width has a value of around 0.8° for the LSMO-M films an
0.1° for the LSMO-S films. Fort thinner than 50 nm this
value increases, fact that could be due to thickness broa
ing of the diffraction peaks. The lattice parameter of t
films was determined indexing in the pseudocubic structu
For the LSMO-M filmsac50.3882(4) nm with negligible
thickness dependence. For the LSMO-S films a smooth
crease with thickness fromac50.384 nm toac50.385 nm is
observed. These structural results suggest that the gro
mode of the two series of films is different. For the sever
lattice mismatched LSMO-M system~;9%!, we interpret
the thickness independent lattice parameter and the incre
rocking curve width as originating in a film which has r
laxed the stresses in an ‘‘accommodation layer’’ of a fe
nanometers, probably through structural defects like dislo
tions or point defects. For the LSMO-S series, on the c
trary, the thickness dependence of the lattice parameter
the smaller mosaic spread indicate the possibility of epita
growth. In effect, if epitaxial growth were present, the e
pansive biaxial stress introduced by the SrTiO3 substrate
would produce a thickness dependent out-of-plane cont
tion, as observed. Preliminary results on pole figure x-
diffraction show that the growth is indeed epitaxial both f
SrTiO3 and MgO substrates, the later one surprisingly
spite of the large mismatch. These results will be publish
elsewhere.12

Measurements of magnetization were performed usin
SQUID magnetometer with the magnetic field applied in t
plane of the films and normal to them. All the films presen
5 © 2000 American Institute of Physics
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paramagnetic–ferromagnetic transition, that has been
served in remanent magnetization (MREM) vs temperature
curves. The onset ofMREM is a marker of the magnetic tran
sition. The Curie temperature (TC) decreases from 238 K to
210 K when the film thickness decreases from 425 nm to
nm for the LSMO-M films and from 200 K to 188 K in th
same thickness range for the LSMO-S films. The differen
found in the ordering temperature of both systems can
attributed to the different strains induced by MgO a
SrTiO3 substrates, respectively. However, all the measu
values are lower than that of the bulk compound~374 K!
evidencing a non-negligible effect of the substrates in b
cases.10

Different parameters of the hysteresis loops are thi
ness dependent but the saturation magnetization,Ms , mea-
sured at low temperature corresponds to the expected v
(Ms5545 emu/cm3) in all the samples. A smooth increase
the retentivity (MREM/Ms) together with a decrease of th
coercitive fields as the thickness of the films increases
observed in 50 K hysteresis loops of both LSMO-M a
LSMO-S films. This dependence is more noticeable in
former series. The retentivity increases exponentially witt,
saturating above 100 nm at 0.5Ms in both series of samples
The saturation value can be interpreted in terms of bia
anisotropy axis or random oriented anisotropy axis.13 The
reduction ofMREM/Ms below 100 nm could be explained b
a change of the magnetic anisotropy of the films, as will
discussed below. The change of coercitivity with the fi
thickness can be attributed to a consequent change in
domain structure of the samples. Higher coercitive fie
could be attributed to higher in-plane anisotropy or an a
mentation of domain pinning defects~Fig. 1!. As we already
mentioned, a more disordered structure is expected in
thinner films where the lattice mismatch with the substr
have to be overcome and so the second argument se
more plausible.

Room temperature loops~far aboveTC! present a revers
ible behavior fort r.100 nm and very small hysteresis~re-
tentivity ;0.10 and coercive fields;2 mT! for films thinner
than t r . The reversible component can be fitted by a B
louin function but the calculated moments are much big

FIG. 1. Thickness dependence of the coercive field in La0.6Sr0.4MnO3 films.
Open symbols correspond to the LSMO-M films and solid symbols to
LSMO-S ones. Solid lines are to guide the eye.
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than the ones corresponding to paramagnetic manga
ions. The hysteresis measured aboveTC may indicate that
the samples are not magnetically homogeneus; it sugg
the existence of short-range ordered regions, already
served by neutron diffraction in bulk materials.14 The disor-
dered regions would be mainly located at the substrate in
face, representing a small fraction of sample in thick film

The hysteresis loops measured with the magnetic fi
applied perpendicular to the films show saturation fie
close to the magnetostatic one (4pMs) for the thick films.
However, a progressive departure from this value is obser
with decreasing thickness, indicating the effects of oth
sources of anisotropy. FMR measurements were perform
to study with more detail the magnetic anisotropy of t
samples. These measurements were carried out atX band
~9.3 GHz! in a BRUKER spectrometer, in the 100–350
temperature range. We studied the angular dependence o
FMR spectrum as the applied dc field is rotated from
plane of the films to its perpendicular direction. The res
nance fields as a function of the angle between field and
plane,C, are shown in Fig. 2. To quantify the anisotrop
constants, the perpendicular and parallel resonance field
fitted with the resonance conditions,15

@v/g#25H i~H i14pMs2Ha!, ~1!

v/g5H'2~4pMs2Ha1!, ~2!

wherev is the microwave frequency,g is the gyromagnetic
ratio, H i and H' are the resonance fields parallel and p
pendicular to the plane of the films, respectively. The anis
ropy fields in Eqs.~1! and ~2! are defined byHa5Ha1

1Ha2 , Ha152K1 /M , and Ha254K2 /M , being K1 and
K2 the effective first-order and second-order anisotropy c
stants. The term 4pMs corresponds to the shape anisotrop

The total magnetic anisotropy can be written as16

K5KV11/t2KS , ~3!

where KV is the volume contribution~VA ! and KS the
surface-induced~SA! one. The prefactor 2 accounts for th
two interfaces of the films. An average value ofKs will be
estimated for our samples due to the impossibility of dist
guish between the anisotropy of each interface.

The calculated values ofHa1 and Ha2 were plotted in
Fig. 3 as a function of 1/t in order to analyze our results i
terms of volume and surface contributions. It can be s

e

FIG. 2. Resonance fields for the LSMO-M,t553.2 nm film, measured a
150 K. Solid line is a guide to the eyes.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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that Ha1 varies linearly with 1/t in both series but no clea
dependence ofHa2 on the film thickness is observed in e
ther of them. From the slope of the linesHa1 vs 1/t, KS have
been determined for both series findingKS(LSMO-M!
510.66 erg/cm2 andKS(LSMO-S!510.89 erg/cm2, respec-
tively. The SA is positive for the two series, thus favoring
perpendicular to the film anisotropy. Roughness and inter
fussion at the interfaces of the films modify the magne
static fields, introducing a SA, always positive but sm
~;0.1 erg/cm2! in general.16 The magnetoelastic energ
~ME! also contributes to the SA when the film growth is n
completely coherent. An important contribution from stru
tural disorder could be particularly expected for t
LSMO-M series due to the large lattice mismatch betwe
the manganate films and the MgO. In spite of this fact,
SA is bigger for the LSMO-S series, suggesting that the M
contribution plays a significant role in it.

The extrapolatedKV values areKV(LSMO-M!512.6
3105 erg/cm3 and KV(LSMO-S!523.63105 erg/cm3. The
magnitude of the volume anisotropy is similar for both ser
but of opposite sign. The first one corresponds to an e
uniaxial axis, parallel to the film normal while the seco
one is associated to an easy-plane, in the plane of the fi
The volume contribution may arise from magnetocrystall
or stresses anisotropy. In single crystals the main contr
tion to the magnetic anisotropy is the magnetocrystall
~MCA! one. Suzukiet al.11 observed a twofold symmetry in
La0.7Sr0.3MnO3 single crystals and attributed this result to

FIG. 3. Anisotropy fields,~a! Ha1 and~b! Ha2 , plotted as a function of the
reciprocal of the film thickness,t. The open symbols correspond to th
LSMO-M films and solid symbols to the LSMO-S ones.
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rhombohedral MCA withK51.83104 erg/cm3. In our case,
the measured anisotropy is one order of magnitude big
than the MCA and has a characteristic sign depending on
substrate of the films, facts that lead to the assignment of
anisotropy to be originated in substrate-induced strains
structural defects. The anisotropy constants estimated for
films are comparable to those found by O’Donnellet al.17

and Nathet al.18 in other manganite films.
In conclusion, we have studied the thickness depende

of the magnetic behavior of manganite films grown on d
ferent substrates. We have found a general behavior for s
parameters;~a! the ferromagnetic ordering temperature d
presses,~b! the coercitive field increases, and~c! the rema-
nence of the samples decreases with decreasing film th
ness. On the other hand, the magnetic anisotropy is v
sensitive to the substrate of the samples changing from
easy-plane to an easy-axis perpendicular to the film sym
try, evidencing its structural origin~magnetoelastic and dis
order!.
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supported by the CONICET~Grant PEI No. 0123/97!, by the
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