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Magnetic domain-wall width in La y/Cagy sMnO 3 thin films measured using Fresnel imaging
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Magnetic domain walls in ferromagnetic 4 #& ;MnO; films (T~ 260 K) have been studied in the trans-
mission electron microscope. Epitaxial films grown on Sglabd NdGaQ 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 cented() gives a wall width of
38+10 nm in agreement with theoretical predictions.
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The profile of a magnetic domain wall in a simple ferro- 0.1° and a sharp decrease in the resistance was seen for both
magnet may be described in terms of a balance between ttigms near 260 K° Atomic force microscopy data for our
quantum mechanical exchange stiffness and any anisotropiéims is published elsewhere.
present. We demonstrate here that the relation also appears A schematic of a plan-view specimen suitable for mag-
to hold in a strongly correlated system, namely the manganAetic imaging in the TEM is shown in Fig. 1. Initially a
ite Lay,CayMnO,. This is not a safeab initio assumption ~2X1 mm slice was cut and the substrate ground-t0
because the magnetic, electronic, and crystal structures of then before gluing the sliceota 3 mmdiameter Cu grid.
manganites interact strongly with each otlfas explained Since a large area with uniform thickness was required, the
below). This strong interaction creates exotic effects such a#inal thinning to electron transparency was performed using a
colossal magnetoresistarcéng-range texture—viz. phase FEI200 focused ion beafifIB) workstation. This instrument
separatiorf, and, of particular interest here, short-range tex-uses 30 kV Ga ions to mill away the substrate in chosen
ture. For example, if the magnetic and charge order paramareas: (The secondary electrons emitted during this process
eters couple strongly, then there is the possibility of charge€an be used to form high contrast images of the specimen.
order at the wall centér® This scenario is now supported by Since the edge of the specimen is preferentially milled, great
a growing body of evidence that points to enhanced domaigare was taken to avoid imaging the edge containing the film
wall resistanc&.The strong interaction described above canexcept in the final stages of thinning at which point only low
be understood as follows. The magnetic structure of a peroeam currents were used. The angle of the specimen with
skite manganite arises primarily from the 3/2 core spins ofespect to the beam had to be carefully controlled to avoid
the Mn atoms that sit at the center of Mg@ctahedra. These undercutting the film or producing a tapered thickness pro-
octahedra form &distorted cubic corner-sharing network file. With care it was possible to produce a homogeneous
through which potentially itinerant electrons may pass. Thesarea of electron transparent film18x 8 um?
electrons are strongly exchan@dund coupled to the Mn The electron microscopy was performed on a Philips
core spins and therefore the electronic structure is intimatelzM300 field emission gufFEG) TEM operating at 297 kV
related to the magnetic structure. The crystal structure alswith the main objective lens turned off and a “Lorentz lens”
plays a significant role for two reasons. First, if a potentiallyexcited to ensure a magnetic field free environment for the
itinerant electron is localized on a Mn site then there is aspecimert? In this configuration the point resolution is
large distortion(because Mn is a Jahn-Teller jorSecondly, around 2 nm. Since the Curie temperatufg)(of the films is
the A-site cations in-between the octahedthat act as a ~260 K, the specimen was cooled in a Gatan liquid nitrogen
charge reservoir for the octahefleae invariably too small to  cold holder in order to create and see domain walls. The
realize the ideal perovskite structur&herefore the O-Mn-O  specimen temperature at which the measurements were made
bonds are distorted and the electronic bandwidth is reducesvas approximately 100 K.

In this Brief Report we investigate whether the narrow
domain walls suggested above arise in a manganite that is electron
deep in the ferromagngtic regime. We have therefore studied b%aénMin SHAm Cutlo! ool
the domain wall profile in Lg;Ca sMnO5 at 100 K by com-
bining a recently developed electron holographic method

with an alternative sample preparation technique.

200 nm thick films of Lg/CaMnO; (LCMO) were
grown on single crystal SrTi(STO) and NdGaQ (NGO) :
10X 5x 1 mn? substrates by pulsed laser deposition as de- ?I?llggs

scribed in Ref. 9. The structures of the films were examined

using x-ray diffraction and cross-sectional TEM and the re- FIG. 1. Schematic diagram of the plan-view TEM foil prepared
sistance of the films was measured as a function of temperay focused ion beartFIB) microscopy that was used to image the
ture. The FWHM of thg002) rocking curve was found to be domain walls.
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FIG. 2. Schematic diagram illustrating the contrast formed from
domain walls separating appropriately oriented domains. If the elec- FIG. 3. Domain walls in an LCMO film grown on STO. Small

tron beam is coherent then interference fringes will appear in @nd large arrows indicate the position of the convergent and diver-
defocused image. gent walls, respectively. The finer scale “maze” pattern arises from

] o ) local variations in the film thickness.

As illustrated in Fig. 2, walls between domains magne-
fuzed in the plane of the foil can be vi_ewed_in defocusedsy;| thickness, B, tanh/8)dx is the in-plane component of
images either as a “convergent image” in which the beamspe magnetic field in the sampl@ssumed to be uniform
deflected by adjacent domains interfere with each other t‘ﬂwroughout the thickness of the fpiland = ,(A/K) where
form fringes, or as a “divergent image” where an electron a s the volume exchange stiffness aKdis the (uniaxial
deficient region is formed. The method we have developed terystabm anisotropy. The volume exchange stiffnésis re-
measure domain wall width uses the variation in fringe in-|5ted to the quantum mechanical exchange stiffik#s a
tensity in 'Fh_e convergent image as a function of defd’cus.cubic system by the formula=J/a, wherea is the lattice
The sensitivity of the contrast to domain wall width increasesparameter an@ is the spin of the local moments. Here we
with the foil thickness and its magnetic induction since the;gia the domain wall width to ber (A/K)= 5. This cor-
phase change introduced by the foil is proportionately inyegn4nds to a linear extrapolation of the angular dependence
creased. For the material examined here a foil thicknesss moment on position, from the wall center #90° * Equa-
greater than about 100 nm was required for accurate dete{l-On (1) is valid for bo'Eh a Nékand Bloch wall*® Simula-
mination of the domain wall width. At large foil thicknesses, ti,1s showed that the contrast from the domain wall is rela-
inelastic scattering significantly reduces image contrast anf ey insensitive to the exact spin distribution in the whall.
makes quantitative comparison with simulated images im- Figure 3 is an image, of the LCMO grown on STO, at a
possible. For this reason a Gatan imaging filter was used tQaocus of—500 um. D'omain walls can be seen run,ning
acquire the images, with a 10 eV slit that removed the in-, ., 4yimately parallel to theL00] direction in the STO and
elastically scattered electrons before recording the images af}o spaced about 300 nm apart. A network of bright lines in
a CCD chip. The FEG source on the microscope ensured & ,are arrays, spaced about 50 nm apart, is also visible in
high beam coherence. This is essential to see the mterferen%. 3. These lines disappear close to focus, but the contrast
1f‘_r|ng'es mf t?]e convergent series at large dEfOC'I' The magnig 1ot magnetic in origin. It is Fresnel contrast arising from
_|cat|r(])n fo_ the images was determined a(_:ﬂ%u_rate y by measuziations in the foil thickness due to 3D island and therefore
Ing the fringe spacing in a catalase speci maged und_er uneven growth. Cross-sectional images showed that this sur-
the same conditions. The defocus step size was calibratgd .o roughnesé~30 nm in height is associated with dislo-
frrc])m the pgs:lgon of the rings in & power spectrum of amor-cations forming in the film as a result of the 1% lattice pa-
phous clar 3 N ; | rameter misfit between the film and STO substrate. Since the

Simu ":‘jte |r_1l’;a?je_s were generated from mode %’%_""" SUCtontrast arising from the rough surface was a similar magni-
tures as described in R_ef. 15. A stand_ard_tanh f“r_‘ 12fAS tde to that from the domain walls and also varied as a func-
used to model the projected magnetization profile across g, of defocus the LCMO film grown on STO proved un-
domain wall so thaw, the phase change in the path of ang iapie for further analysis.

incident electron beam brought about by the change in the g syitable for analysis of the domain wall width were

magnetization at any given point in a wall is given by grown on NGO. These were also 200 nm thick but because
2.t X of the smaller lattice mismatc{0.1% between the LCMO
¢(x)=mj Botan)'(g)dx, (1) and the NGO there was no relaxation during growth and

hence the roughness of the film surface was only a few nm as
where x is the direction perpendicular to the plane of themeasured by atomic force microscopy. The domain walls in
wall, e is the electronic chargé, is Plank’s constant,is the  this film were more widely spaced and more mobile—
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FIG. 5. Intensity profiles as a function of defocus for both the

FIG. 4. Domain walls in a LCMO film grown on NGQa) A experimental profiles as well as simulated domain walls of different
single image at a defocus of 1.4 nil) a montage of images at ijdth, =s. The experimental profiles were divided by their mean
different defoci @ f ) from the boxed region irta). intensity to allow comparison with simulations. The beam conver-

gence semiangle used in the simulations was2és.

presumably because fewer pinning sites were present than in
the film grown on STO. Sometimes no domain wall wasages was normalized by dividing by the mean value of the
visible within the electron transparent window in which caseimage) As an initial analysis the experimental and simulated
the specimen was tilted with the objective lens weakly ex-data were compared in terms of the ratio of the intensity of
cited (to apply an in-plane magnetic figldo that a domain the central and first adjacent fringé, (1,) as a function of
wall could be moved into the field of view. The specimendefocus. Figure 6 plots the defocus at which a maximum is
was also tilted to minimize diffraction contrast in the region obtained inl; /I, as a function of wall width. From experi-
containing the domain wall, while at the same time keepingnent the intensity ratio maximum was found to be at a de-
the wall as vertical as possible. focus of 1.38-0.02mm which gave a value ob=12

An image of a domain wall at large defocus is shown in=3 nm. The error in is largely dependent on the error in
Fig. 4@ and a montage of images at different defoci fromBot as determined from the fringe spacipigq. (2)], since
the region marked in Fig.(d) is shown in Fig. 40). Com-  the position of the maxima df; /1 shifts as a function of
monly the width of the domain wall is estimated by measur-Bot for a given value ofs.
ing the width of the divergent wall image as a function of However, this comparison between the intensity of the
defocus and extrapolating to zero defotsiowever it is  central and adjacent fringes only uses a small portion of the
difficult to measure the width of the divergent wall accu- data. Sensitivity to wall width is seen in the relative intensity
rately as it is of inherently low contrast, particularly close toof all the fringes. For example the profiles in Fig. 5 at a
focus. In addition a simple extrapolation to zero defocusdefocus of 1.55 mm show that the relative intensity of the
tends to overestimate the domain wall width—particularlyfirst and second fringes from the center reversessds
for narrow walls only a few nm wid& Here, extrapolating changed from 8 to 16 nm. To make use of all the data, a least
the feature width in the divergent series indicated thatas  squares fit was used to compare the whole experimental de-
less than 20 nm. To obtain a more accurate value we modocus series with simulations encompassing a region of 100
elled the contrast in the convergent series. From Figl #  nm either side of the domain walhs shown in Fig. b This
is clear that the relative intensities of the middle and adjacenmore detailed analysis confirmed our preliminary finding that
fringes vary as a function of defocus. The period of oscilla-6=12+3 nm, giving a wall width of 7 /(A/K)=238
tion is characteristic of both the magnetization-thickness+10 nm.
product B,t) and also the domain wall width.

Assuming the magnetic field away from the wall is uni- bt
form within a domain, then the fringe spacing in the conver- Lo
gent series at high defoci can be used to deterndge §1.5* simulation
. 7 N
using 214
§ 13- experiment
L %
Bot=|—=]%=, 2 2
0 e/2s @ 11 | | ! !
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10 1
wheres is the spacing of the fringes. For the domain wall 8 ()

examined her®,t=110=3 T nm. Simulated convergent se-  F|G. 6. Defocus at which a maxima is obtained in plot$ o,
ries profiles were then generated using this valugiffor  as a function of defocus for different wall widthsg. The error bars
various values of defocus andl In Fig. 5, simulated inten- show the shift in the position of the maxima Bgt is changed by
sity profiles for three differens are compared with the ex- +3%. The error in the position of the maxima obtained from ex-
perimental profiles(The intensity in the experimental im- periment is given by the width of the shaded region.
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If we combine our low temperature value dfA/K) with  we deduce from our wholly static measurements. This sug-
the low temperature value d€=3.6x10*Jm 3 that we gests that the magnetic twist imposed by a domain wall in
measured in a separate study of LCMO on NGO using &CMO decays according to conventional expectations over a
vibrating sample magnetome®@rwe find A and hencel. ~ Mesoscopic length scale. However, our findings do not pre-
Taking a=0.386 nm we havé=_8.9x 10"22J. This is com- clude the p035|b|llg/ of additional short-range orde( near the
parable to the value of 5.3710 22J obtained from neutron CeNter of the waft® that would scatter charge carriers and
spin wave stiffness studies at low temperatre. produce a large domain wall reS|stance._Th|s is particularly

Domain walls in LCMO films grown on STO and NGO likely near the border of the ferromagnetic state.
have been examined and the width of a static domain wall in - \We thank P. B. Littlewood for ideas that led to this study
the film grown on NGO was measured at 100 K to beand M. G. Blamire for providing facilities that made this
7y(A/K)=38x10nm. The spin wave stiffness measuredwork possible. We are grateful to the EPSRC and the Royal
dynamically in neutron studies is very similar to the valueSociety for financial support.
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