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We have studied the magnetoresistance~MR! of compressively strained La0.7Sr0.3MnO3 ~LSMO!
films in various magnetic states in order to understand the role of magnetic domain structure on
magnetotransport. In thin films of LSMO on~100!LaAlO3, the perpendicular magnetic anisotropy
results in perpendicularly magnetized domains with fine scale;200 nm domain subdivision, which
we image directly at room temperature using magnetic force microscopy. The main MR effects can
be understood in terms of bulk colossal MR and anisotropic MR. We also find evidence for a small
domain wall contribution to the MR, which is an order of magnitude larger than expected from a
double exchange model.
n
c

,
s
ti
s

as
ni
th
y,
to
e
lm
uc

re
ng
n
d-
nd

c

a
y

a
e
e

se

the
tic
tics

nd
in
f
uble
ude
of

e-

on

lat-
ci-

bout
he
of
e
eter

lm

-

s
res-
The doped perovskite manganites have received an e
mous amount of attention recently because they exhibit
lossal magnetoresistance~CMR! and may be half metallic
with complete spin polarization at the Fermi level. For the
reasons, they may find important uses in magnetoresis
devices, such as magnetic random access memory and
sors. As has been found in magnetoresistive devices b
on transition metal ferromagnets, controlling the electro
transport and magnetic properties of these materials in
film form will be essential to applications. Experimentall
the magnetic and transport properties of colossal magne
sistance materials have been shown to be highly sensitiv
microstructure as well as lattice distortions both in thin fi
and bulk form. Many groups have shown that properties s
as Curie temperature, resistivity and magnetoresistance
fect are extremely sensitive to chemical and hydrostatic p
sure as well as lattice mismatch with an underlyi
substrate.1–11 Studies of bulk polycrystalline pellets, thi
films of varying polycrystallinity and isolated grain boun
aries have shown that the magnetoresistance is profou
affected by transport across grain boundaries.2,12,13

Magnetic domain structure may also to lead to distin
tive magnetotransport effects in thin films. Mathuret al. re-
port that the measured resistivity of a magnetic domain w
is four orders of magnitude larger than that predicted b
simple double exchange picture.14 Wanget al.have also sug-
gested that large low field magnetoresistance~MR!, in ultra-
thin compressively strained doped manganite thin films, m
be due to domain wall scattering.9 In order to address thes
questions in LSMO, we have prepared in-plane compr
sively strained films of LSMO on~001! LAO (a5b5c
53.79 Å) substrates using pulsed laser deposition.9 These
films naturally split into stripe domains with length scales

a!Electronic mail: suzuki@msc.cornell.edu
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by the strain and film thickness. This enables us to study
effect of magnetic microstructure on MR in a systema
manner. In this letter, we have investigated the magne
and magnetotransport of epitaxial La0.7Sr0.3MnO3 ~LSMO!
films. The main MR effects can be explained by CMR a
anisotropic MR. We also find evidence for a small doma
wall ~DW! contribution to the MR, which is an order o
magnitude larger than expected based purely on a do
exchange picture. The results are consistent in magnit
with those reported by Mathur in constricted tracks
La0.7Ca0.3MnO3 films.14

The biaxial compressive strain of LSMO on LAO is pr
dicted to give rise to a perpendicular anisotropy.5 In order to
get a direct measure of the compressive strain imposed
the LSMO (abulk5bbulk5cbulk53.88 Å) by the LAO sub-
strate, we have measured the out-of-plane and in-plane
tice parameters of these films by normal and grazing in
dence x-ray diffraction ~GID! respectively. GID
measurements probe the crystal structure to a depth of a
100 Å below the surface. As the films are grown thicker, t
in-plane lattice parameters relax toward the bulk value
3.88 Å. Table I shows that very thin films have in-plan
lattice parameters closer to the substrate lattice param
than thicker LSMO and that complete relaxation of the fi
does not occur even at length scales of 1000 Å.15,16

Magnetic force microscopy~MFM! measurements re

TABLE I. Grazing incidence diffraction~GID! measurements provide u
with in-place lattice parameters that are indicative of the degree of comp
sive strains in films of various thicknesses.

Film thickness~Å! aout-of-plane~Å! ain-plane ~Å!

280 3.947 3.83260.005
600 3.939 3.84160.003

1500 3.910 3.86060.005
4500 3.897 3.88060.005

http://apl.aip.org/
http://nbn-resolving.de/urn:nbn:de:bsz:352-opus-53311
http://www.ub.uni-konstanz.de/kops/volltexte/2008/5331/
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veal small scale ‘‘stripe’’ domains consistent with a pr
dominantly perpendicular anisotropy. Figure 1 shows ima
taken in zero field at room temperature after the films h
been demagnetized with an in-plane magnetic field. St
domains form due to a competition between the exchan
magnetostatic and magnetic anisotropy energies. The m
netic anisotropy must be sufficient to overcome the mag
tostatic energy of the stripe domain state, which is sign
cantly less than the maximum magnetostatic energy
2pM2 ~whereM5magnetization!for a perpendicular mag
netized single domain film. In the weak stripe domain lim
Q5K/2M2,1 ~where K is the magnetic anisotropy!, re
evant to our films (Q;0.2), this condition amounts to th
film thickness being greater than approximately the dom
wall width (5(A/K)1/2;300 Å, whereA is the exchange
stiffness!.17 We observe a trend toward increasing dom
size with film thickness~Fig. 2!, which reflects the basi
scaling expected for the magnetic interactions with fi
thickness as well as a reduction in the magnetic anisotr
with film thickness, due to reduced average strain in thic
films.18 Since MFM images the magnetic structure of t
surface, the domain structure is representative of dom
structure averaged over approximately an exchange le
~;500 Å! below the surface, which is a significant fractio
of the film thickness.

We have measured the hysteresis loops of~100! LSMO
films on ~100! LAO substrates. Magnetization loops wit
fields applied parallel and perpendicular to the film pla
show zero remanence and are consistent with that of a w
stripe domain material. We can attribute the linear slope
the perpendicular magnetization curve~Fig. 2! to reversible
domain wall motion, with saturation at a field of approx
mately half the film demagnetization field (4pMs

54500 Oe).19 The fact that the film saturates at a field le
than the demagnetization field is due to energy gain ass

FIG. 1. Magnetic force microscopy in zero applied field of films of thic
ness:~a! 800 Å, ~b! 1450 Å, and~c! 3750 Å after a magnetic field had bee
applied in-plane~vertically in image!. The domains are aligned in stripe
along the direction of the demagnetization field. Domain size is see
increase with increasing film thickness.

FIG. 2. Magnetization hysteresis loops of a 800 Å LSMO/LAO film wi
field applied perpendicular and parallel to the plane of the film respectiv
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ated with the erasure of domain walls.20 The in-plane hyster-
esis loop saturates at 1200 Oe and corresponds to do
rotation away from the easy axis. From this saturation fiel
magnetic anisotropy energy density of 23105 ergs/cm3 is es-
timated for this film.

As the films become thicker, magnetization loops in
cate an increasingly larger contribution from magnetic ma
rial that is less strained and hence have a smaller satura
field and magnetic anisotropy. Temperature-dependent m
surements of the magnetization loops also confirm that
saturation fields and magnetic anisotropy increase with
creasing temperature as expected. These trends can b
rectly correlated to features in the magnetotransport.

We have also performed magnetotransport meas
ments on these compressively strained LSMO films. We
understand the salient features of the magnetotranspo
terms of the magnetics. Figure 3 shows the magnetotrans
measurements for an 800 Å film. Let us first consider
configuration in which the field is applied perpendicular
the plane of the film. We observe a negative MR with a hi
field linear dependence on the applied field. We attribute
negative MR to the suppression of spin fluctuations at h
fields ~CMR!. At lower fields, there is a sublinear deviatio
of the MR from the linear high field behavior, with the re
sistivity approximately field independent. The field at whi
the deviation occurs corresponds to the magnetic satura
field, Hsat ~see Fig. 2!. As the field is lowered belowHsat,
reversed magnetic domains form and, while the applied fi
is varying, the internal magnetic fieldB is approximately
constant and the CMR is suppressed.

The negative linear high field MR response for appli
fields in-plane and transverse to the current is again ass
ated with CMR. Here, the MR behavior for fields less th
the saturation field is due to the rotation of the magnetizat
away from the in-plane applied field direction toward t
film normal. Due to demagnetization effects the internal fie
is reduced as the moments rotate, which by CMR alo
would lead to a superlinear deviation of the MR. Howev
the resistivity anisotropy in our films is such that the res
tivity is smallest when the magnetization is perpendicular
the film plane and for this reason the MR deviation
sublinear.21–23

to

y.

FIG. 3. Magnetoresistance vs applied field of a 800 Å LSMO/LAO at roo
temperature with the applied field perpendicular to the film plane as we
in the film plane and transverse to the current direction. The small differe
in resistivity atH50, labeledD tp , is the effect of domain configurations o
resistivity. Insets indicate domain structure at zero field after saturatio
the two directions.
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The difference between the in-plane transverse and
pendicular MR atH50 reflects the effect of domain con
figurations on film resistivity. This difference,D tp , is indi-
cated in Fig. 3. After demagnetization with a perpendicu
applied field, MFM images show that domains form in
‘‘maze’’ configuration, so that DW structures are orient
randomly with respect to the current flow. In contrast, wh
films are demagnetized with an in-plane applied field, d
mains are elongated along the applied field direction~Fig. 1!.
Thus, for applied fields in-plane and transverse to the c
rent, the DW structures atH50 are arranged mainly perpen
dicular to the current. If domain wall scattering were sign
cant,D tp would be large since domain wall scattering wou
lead to significantly larger resistivities for current perpe
dicular to the DW structures~i.e., after in-plane transvers
saturation!. We are assuming that in the ‘‘maze’’ configu
tion a portion of the current is shunted by the domains a
need not cross domain walls producing a smaller resistiv
We find that the difference,D tp , is on the order of 0.1%
~Fig. 3!. Differences of this order were also observed
other thickness films studied. The DW MR is then given
MRinterface5(d/d)Dpt5331023 ~or a specific resistivity of
r interface5(d/d)Dptrd5D tprd;1310211V cm2), where d
is the domain size,d is the domain wall width, andr is the
film resistivity. Within the double exchange picture, we c
estimate a DW MR. Experimentally, the anisotropy is a
proximately 23105 erg/cm3 and we can estimate the ex
change interactionJex;2.0310215erg24 so that the domain
wall width is about 320 Å or 82 unit cells. Therefore with
a double exchange picture, the adjacent Mn moments
misaligned by aboutu1252°, thus resulting in a bandwidth
reduced by cosu12 /2. If we assume that the carrier mean fr
path is on the order of the domain wall width, then we c
the estimate the MR due to the domain wall to be 1
31024. This value is more than order of magnitude smal
than the observed MR.25 A more detailed model of the do
main wall MR, in double exchange ferromagnets, predict
1%–2% effect which is consistent with our measured MR26

Finally, it is also interesting to note that a macrosco
mechanism based on the Hall effect~which produces curren
deflection near DWs!could also potentially lead toD tp val-
ues of the order of those measured.27
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