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Magnetic domain-wall width in La 0.7Ca0.3MnO3 thin films measured using Fresnel imaging
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Magnetic domain walls in ferromagnetic La0.7Ca0.3MnO3 films (TC;260 K) have been studied in the trans-
mission electron microscope. Epitaxial films grown on SrTiO3 and NdGaO3 substrates were prepared using a
focused ion beam microscope to create electron transparent areas. Energy filtered domain-wall images taken at
100 K as a function of defocus were used to determine the width of a 180° domain wall. A linear extrapolation
of the inferred angular dependence of moment on position, from the wall center to690°, gives a wall width of
38610 nm in agreement with theoretical predictions.
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The profile of a magnetic domain wall in a simple ferr
magnet may be described in terms of a balance between
quantum mechanical exchange stiffness and any anisotro
present.1 We demonstrate here that the relation also appe
to hold in a strongly correlated system, namely the mang
ite La0.7Ca0.3MnO3. This is not a safeab initio assumption
because the magnetic, electronic, and crystal structures o
manganites interact strongly with each other~as explained
below!. This strong interaction creates exotic effects such
colossal magnetoresistance,2 long-range texture—viz. phas
separation,3 and, of particular interest here, short-range te
ture. For example, if the magnetic and charge order par
eters couple strongly, then there is the possibility of cha
order at the wall center.4,5 This scenario is now supported b
a growing body of evidence that points to enhanced dom
wall resistance.6 The strong interaction described above c
be understood as follows. The magnetic structure of a pe
skite manganite arises primarily from the 3/2 core spins
the Mn atoms that sit at the center of MnO6 octahedra. These
octahedra form a~distorted! cubic corner-sharing networ
through which potentially itinerant electrons may pass. Th
electrons are strongly exchange~Hund! coupled to the Mn
core spins and therefore the electronic structure is intima
related to the magnetic structure. The crystal structure
plays a significant role for two reasons. First, if a potentia
itinerant electron is localized on a Mn site then there is
large distortion~because Mn is a Jahn-Teller ion!. Secondly,
the A-site cations in-between the octahedra~that act as a
charge reservoir for the octahedra! are invariably too small to
realize the ideal perovskite structure.7 Therefore the O-Mn-O
bonds are distorted and the electronic bandwidth is redu

In this Brief Report we investigate whether the narro
domain walls suggested above arise in a manganite th
deep in the ferromagnetic regime. We have therefore stu
the domain wall profile in La0.7Ca0.3MnO3 at 100 K by com-
bining a recently developed electron holographic meth8

with an alternative sample preparation technique.
200 nm thick films of La0.7Ca0.3MnO3 ~LCMO! were

grown on single crystal SrTiO3 ~STO! and NdGaO3 ~NGO!
103531 mm3 substrates by pulsed laser deposition as
scribed in Ref. 9. The structures of the films were examin
using x-ray diffraction and cross-sectional TEM and the
sistance of the films was measured as a function of temp
ture. The FWHM of the~002! rocking curve was found to be
0163-1829/2001/64~17!/172407~4!/$20.00 64 1724
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0.1° and a sharp decrease in the resistance was seen for
films near 260 K.10 Atomic force microscopy data for ou
films is published elsewhere.9

A schematic of a plan-view specimen suitable for ma
netic imaging in the TEM is shown in Fig. 1. Initially a
;231 mm slice was cut and the substrate ground to;50
mm before gluing the slice to a 3 mmdiameter Cu grid.
Since a large area with uniform thickness was required,
final thinning to electron transparency was performed usin
FEI200 focused ion beam~FIB! workstation. This instrumen
uses 30 kV Ga ions to mill away the substrate in chos
areas.11 ~The secondary electrons emitted during this proc
can be used to form high contrast images of the specim!
Since the edge of the specimen is preferentially milled, gr
care was taken to avoid imaging the edge containing the
except in the final stages of thinning at which point only lo
beam currents were used. The angle of the specimen
respect to the beam had to be carefully controlled to av
undercutting the film or producing a tapered thickness p
file. With care it was possible to produce a homogene
area of electron transparent film;1838 mm2.

The electron microscopy was performed on a Phil
CM300 field emission gun~FEG! TEM operating at 297 kV
with the main objective lens turned off and a ‘‘Lorentz len
excited to ensure a magnetic field free environment for
specimen.12 In this configuration the point resolution i
around 2 nm. Since the Curie temperature (Tc) of the films is
;260 K, the specimen was cooled in a Gatan liquid nitrog
cold holder in order to create and see domain walls. T
specimen temperature at which the measurements were m
was approximately 100 K.

FIG. 1. Schematic diagram of the plan-view TEM foil prepar
by focused ion beam~FIB! microscopy that was used to image th
domain walls.
©2001 The American Physical Society07-1
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BRIEF REPORTS PHYSICAL REVIEW B 64 172407
As illustrated in Fig. 2, walls between domains magn
tized in the plane of the foil can be viewed in defocus
images either as a ‘‘convergent image’’ in which the bea
deflected by adjacent domains interfere with each othe
form fringes, or as a ‘‘divergent image’’ where an electr
deficient region is formed. The method we have develope
measure domain wall width uses the variation in fringe
tensity in the convergent image as a function of defocu8

The sensitivity of the contrast to domain wall width increas
with the foil thickness and its magnetic induction since t
phase change introduced by the foil is proportionately
creased. For the material examined here a foil thickn
greater than about 100 nm was required for accurate de
mination of the domain wall width. At large foil thicknesse
inelastic scattering significantly reduces image contrast
makes quantitative comparison with simulated images
possible. For this reason a Gatan imaging filter was use
acquire the images, with a 10 eV slit that removed the
elastically scattered electrons before recording the image
a CCD chip. The FEG source on the microscope ensure
high beam coherence. This is essential to see the interfer
fringes in the convergent series at large defoci. The ma
fication of the images was determined accurately by mea
ing the fringe spacing in a catalase specimen13 imaged under
the same conditions. The defocus step size was calibr
from the position of the rings in a power spectrum of am
phous carbon.14

Simulated images were generated from model wall str
tures as described in Ref. 15. A standard tanh function16 was
used to model the projected magnetization profile acros
domain wall so thatf, the phase change in the path of
incident electron beam brought about by the change in
magnetization at any given point in a wall is given by

f~x!5
2pt

~h/e!
E B0 tanhS x

d Ddx, ~1!

where x is the direction perpendicular to the plane of t
wall, e is the electronic charge,h is Plank’s constant,t is the

FIG. 2. Schematic diagram illustrating the contrast formed fr
domain walls separating appropriately oriented domains. If the e
tron beam is coherent then interference fringes will appear i
defocused image.
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foil thickness,B0 tanh(x/d)dx is the in-plane component o
the magnetic field in the sample~assumed to be uniform
throughout the thickness of the foil!, andd5A(A/K) where
A is the volume exchange stiffness andK is the ~uniaxial
crystal!10 anisotropy. The volume exchange stiffnessA is re-
lated to the quantum mechanical exchange stiffnessJ in a
cubic system by the formulaA5JS2/a, wherea is the lattice
parameter andS is the spin of the local moments. Here w
take the domain wall width to bepA(A/K)5pd. This cor-
responds to a linear extrapolation of the angular depende
of moment on position, from the wall center to690°.1 Equa-
tion ~1! is valid for both a Nee´l and Bloch wall.16 Simula-
tions showed that the contrast from the domain wall is re
tively insensitive to the exact spin distribution in the wall.8

Figure 3 is an image, of the LCMO grown on STO, at
defocus of2500 mm. Domain walls can be seen runnin
approximately parallel to the@100# direction in the STO and
are spaced about 300 nm apart. A network of bright lines
square arrays, spaced about 50 nm apart, is also visibl
Fig. 3. These lines disappear close to focus, but the con
is not magnetic in origin. It is Fresnel contrast arising fro
variations in the foil thickness due to 3D island and theref
uneven growth. Cross-sectional images showed that this
face roughness~;30 nm in height! is associated with dislo-
cations forming in the film as a result of the 1% lattice p
rameter misfit between the film and STO substrate. Since
contrast arising from the rough surface was a similar mag
tude to that from the domain walls and also varied as a fu
tion of defocus the LCMO film grown on STO proved un
suitable for further analysis.

Films suitable for analysis of the domain wall width we
grown on NGO. These were also 200 nm thick but beca
of the smaller lattice mismatch~0.1%! between the LCMO
and the NGO there was no relaxation during growth a
hence the roughness of the film surface was only a few nm
measured by atomic force microscopy. The domain walls
this film were more widely spaced and more mobile

c-
a

FIG. 3. Domain walls in an LCMO film grown on STO. Sma
and large arrows indicate the position of the convergent and di
gent walls, respectively. The finer scale ‘‘maze’’ pattern arises fr
local variations in the film thickness.
7-2
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BRIEF REPORTS PHYSICAL REVIEW B 64 172407
presumably because fewer pinning sites were present tha
the film grown on STO. Sometimes no domain wall w
visible within the electron transparent window in which ca
the specimen was tilted with the objective lens weakly
cited ~to apply an in-plane magnetic field! so that a domain
wall could be moved into the field of view. The specim
was also tilted to minimize diffraction contrast in the regi
containing the domain wall, while at the same time keep
the wall as vertical as possible.

An image of a domain wall at large defocus is shown
Fig. 4~a! and a montage of images at different defoci fro
the region marked in Fig. 4~a! is shown in Fig. 4~b!. Com-
monly the width of the domain wall is estimated by meas
ing the width of the divergent wall image as a function
defocus and extrapolating to zero defocus.15 However it is
difficult to measure the width of the divergent wall acc
rately as it is of inherently low contrast, particularly close
focus. In addition a simple extrapolation to zero defoc
tends to overestimate the domain wall width—particula
for narrow walls only a few nm wide.15 Here, extrapolating
the feature width in the divergent series indicated thatd was
less than 20 nm. To obtain a more accurate value we m
elled the contrast in the convergent series. From Fig. 4~b! it
is clear that the relative intensities of the middle and adjac
fringes vary as a function of defocus. The period of oscil
tion is characteristic of both the magnetization-thickne
product (B0t) and also the domain wall width.8

Assuming the magnetic field away from the wall is un
form within a domain, then the fringe spacing in the conv
gent series at high defoci can be used to determineB0t
using17

B0t5S h

eD 1

2s
, ~2!

wheres is the spacing of the fringes. For the domain w
examined hereB0t511063 T nm. Simulated convergent se
ries profiles were then generated using this value ofB0t for
various values of defocus andd. In Fig. 5, simulated inten-
sity profiles for three differentd are compared with the ex
perimental profiles.~The intensity in the experimental im

FIG. 4. Domain walls in a LCMO film grown on NGO.~a! A
single image at a defocus of 1.4 nm;~b! a montage of images a
different defoci (D f ) from the boxed region in~a!.
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ages was normalized by dividing by the mean value of
image.! As an initial analysis the experimental and simulat
data were compared in terms of the ratio of the intensity
the central and first adjacent fringe (I 1 /I 0) as a function of
defocus. Figure 6 plots the defocus at which a maximum
obtained inI 1 /I 0 as a function of wall width. From experi
ment the intensity ratio maximum was found to be at a
focus of 1.3860.02 mm which gave a value ofd512
63 nm. The error ind is largely dependent on the error i
B0t as determined from the fringe spacing@Eq. ~2!#, since
the position of the maxima ofI 1 /I 0 shifts as a function of
B0t for a given value ofd.

However, this comparison between the intensity of t
central and adjacent fringes only uses a small portion of
data. Sensitivity to wall width is seen in the relative intens
of all the fringes. For example the profiles in Fig. 5 at
defocus of 1.55 mm show that the relative intensity of t
first and second fringes from the center reverses asd is
changed from 8 to 16 nm. To make use of all the data, a le
squares fit was used to compare the whole experimenta
focus series with simulations encompassing a region of
nm either side of the domain wall~as shown in Fig. 5!. This
more detailed analysis confirmed our preliminary finding th
d51263 nm, giving a wall width of pA(A/K)538
610 nm.

FIG. 5. Intensity profiles as a function of defocus for both t
experimental profiles as well as simulated domain walls of differ
width, pd. The experimental profiles were divided by their me
intensity to allow comparison with simulations. The beam conv
gence semiangle used in the simulations was 2.5mrad.

FIG. 6. Defocus at which a maxima is obtained in plots ofI 1 /I 0

as a function of defocus for different wall widths,pd. The error bars
show the shift in the position of the maxima asB0t is changed by
63%. The error in the position of the maxima obtained from e
periment is given by the width of the shaded region.
7-3
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BRIEF REPORTS PHYSICAL REVIEW B 64 172407
If we combine our low temperature value ofA(A/K) with
the low temperature value ofK53.63104 J m23 that we
measured in a separate study of LCMO on NGO usin
vibrating sample magnetometer,10 we find A and henceJ.
Taking a50.386 nm we haveJ58.9310222J. This is com-
parable to the value of 5.37310222J obtained from neutron
spin wave stiffness studies at low temperature.18

Domain walls in LCMO films grown on STO and NGO
have been examined and the width of a static domain wa
the film grown on NGO was measured at 100 K to
pA(A/K)538610 nm. The spin wave stiffness measur
dynamically in neutron studies is very similar to the val
.

17240
a

in

we deduce from our wholly static measurements. This s
gests that the magnetic twist imposed by a domain wall
LCMO decays according to conventional expectations ove
mesoscopic length scale. However, our findings do not p
clude the possibility of additional short-range order near
center of the wall4,5 that would scatter charge carriers an
produce a large domain wall resistance. This is particula
likely near the border of the ferromagnetic state.

We thank P. B. Littlewood for ideas that led to this stud
and M. G. Blamire for providing facilities that made th
work possible. We are grateful to the EPSRC and the Ro
Society for financial support.
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