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We report mesoscale regions with distinctive magnetic properties in epitaxial$8gaMnO; films which
exhibit tunneling-like magnetoresistance across grain boundaries. By using temperature-dependent magnetic
force microscopy we observe that the mesoscale regions are formed near the grain boundaries and have a
different Curie temperatur@ip to 20 Khigher) than the grain interiors. Our images provide direct evidence for
previous speculations that the grain boundaries in thin films are not magnetically and electronically sharp
interfaces. The size of the mesoscale regions varies with temperature and nature of the underlying defect.
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Since the observation of large low-field magnetoresisference devicéSQUID) magnetomete(see the inset of Fig.
tance in polycrystalline La ,A,MnO; (A=Ba,Ca,S;,'™* 1). M as a function ofT was measured for the film compo-
where the effect was attributed to domain-wall scattering osition x=0.3 and its corresponding target matelglg. 1).
spin-polarized tunneling between grains, much attention hasc for the film and the target material are 350 and 373 K,
been drawn to the role of grain boundari&@B’s) in the  respectively, with the target material displaying awhich
magnetotransport of manganifé<. To isolate the grain IS 23 K higher than that of the film. _ ,
boundary contribution to magnetotransport, mesoscopic de- e used MFM to image the magnetic domain patterns in
vices were patterned on La,A,MnO; films grown on bic-  °U" films. The microscope was operated in the tapping mode

. g : - . here the phase shifp of the oscillating cantilever was
rystal substrates with an artificial grain bound&r’ Despite . . .
evidence that the grain boundaries contribute in a crucia‘fjetGCted as the tip was scanned at a fixed height above the

. . ; sample. The magnetic tips were magnetized along the lon
way to the eIeptncaI properties Of. colossa! magnetorgsstanchis %f the tips vghich is Berpendiculagr to the film p?ane. All k
(CMR) materialst! there is no microscopic information on '

; . . . the scans were done for zero external field. Since the films
the magnetic and electronic properties of the grain boundpye an in-plane easy axis, the MFM will be sensitive to the

aries themselves. Here, we prowae such mfo_rmatlon in th‘?egions where the magnetization vector is rotating, or, in
form of temperatureT)-dependent images obtained by mag-gther words, the magnetic domain walls. Pagiglof Fig. 2
netic force microscopfMFM), which has a much higher shows a typical magnetic domain pattern for the
resolution(30 nm than other magnetic microscopies used to| g, .Sy, ,4MInO; film around the artificial grain boundary.
study manganite§** The images lead to the discovery of panel (@) is the corresponding atomic force microscope
mesoscale regions around the grain boundaries which hay&FM) image, which attests both to the sharpness of the
magnetic, and therefore also electronic, properties differendlomain wall as well as the smoothness1 nm root mean
from those away from the grain boundaries. Apart fromsquare(RMS) variation in thickness over a 2020 um?
yielding an essential fact about thin transition metal oxidearea of the film. We can clearly see a sharp magnetic do-
films, which are important both scientifically and technologi- main wall that coincides with the artificial grain boundary. In
cally (especially where microelectronic applications are con-addition, there are magnetic domain walls on opposite sides
cerned, our work is significant as a demonstration of the useof the grain boundary which are not nucleated along any
of force microscopy for discovering a spatially inhomoge-feature visible in the AFM image. Although they meet at the
neous tempera’[ure_dependent magnetic phenomenon_ art|f|C|a| grain boundary, they have dlfferent Origntations on
We prepared our samples via the same procedures used@8her side, which represent the crystal orientation of the un-
prepare the material for the grain boundary magnetotranspofterlying substrate and consequently that of the film itself. On
device1° Epitaxial La_ SrMnO; films with x=0.3 and the left side of the_graln boundary,_ the domain walls are
0.23 were grown by pulsed laser deposition on bicrystaP@rallél or perpendicular to the grain boundary. From the
SrTiO;(001) substrates with an artificial grain boundary _rlght side of the grain boundary, a Enagne_Uc domain Wa_‘”
where the crystals are misaligned by 45°. On one side of thm't'alljy emgnates at az imglelof ?5 rﬁlatlve to thehgram
artificial grain boundary th¢100] crystal axis of SrTiQ oundary. Because a 45" angle also characterizes the rota-

) . tion of the crystal axes across the grain boundary in the bi-
crystal is parallel to the grain boundary, whereas on the Othe(frystal substrate, this confirms that our L, ,MnO; film

side, the[100] axis is rotated by 45° with respect to the grain j5"epjtaxial and a bicrystal with an artificial grain boundary
boundary. The films are 100 nm thick. Because the latticgincident with that of the bicrystal substrate. The magneti-
constant of SrTiQis larger than that of La ,Sr,MnOs, the  zation vectors of the magnetic domains in the film are
films grown on SrTiQ are subject to tensile strain, resulting coupled to the crystal axes of the substrate—as we cross the
in a suppression of the Curie temperatufig)(compared to  grain boundary the magnetization vector has to rotate, and
the bulk® and a magnetization vectM lying in the plane of  therefore it is natural to form a magnetic domain wall at the
the film® We confirmed the in-plane orientation ® by  grain boundary. Figure 2 shows large magnetic domains at
measuring hysteresis loops at 300 K with the fieldn the  room temperature. Their sidelengths are of order /50,
plane of the sample using a superconducting quantum intemuch larger than the 100 nm film thickness.

0163-1829/2000/62)/0204024)/$15.00 63 020402-1 ©2000 The American Physical Society



RAPID COMMUNICATIONS

SOH, AEPPLI, MATHUR, AND BLAMIRE PHYSICAL REVIEW B63 020402ZR)
I L I I I = = e =
4004 bulk powder target = 4
— -‘.‘-‘\%icwsw film 5. -—
_300- - - 0
L)
E Lag 751, sMNnO; on SrTi0, I
3 | : K
E 2009 g0t ——= i - 8
q:| { !
- z 4 1
= E o | . ia) ik
100 s -4 ' =
Bl 1 | FIG. 2. (Color) Room temperature AFM and MFM images of
-100 0 100 the region around the artificial grain boundary in the
0 H_'['ii:l e Lag 7:SIp ,MnO;5 film grown on a bicrystal SrTigi001) substrate.

T T T T
150 200 250 300 350
T(K)

The scan size is 74um for both images(a) The AFM image

shows the topography of the film, which indicates the presence of

an artificial grain boundary. Thescale is in units of nm(b) The

FIG. 1. (Color) M versusT of Lag;SrpMnO; film and bulk MFM _|mage_d|§p|ays _the magngt]c' doma_m walls in the system, one
owder sample. For the filmH was 20 G (& coercive field and of which coincides with the artificial grain boundary. Thescale

P ample. ' ) represents the phase shift of the oscillating cantilever in degree

was applied in the plane of the sample and perpendicular to the

grain boundary. For the bulk powder sample which had a needlgmts'

shapeH was 500 G and was applied along the long axis of the, oo j5 haramagneti®®M) at T=T,. When both the mesos-
sample. TheT; of the film is 350 K, V\.’h'Ch Is 23 K lower than the copic r£gion ar?d the bulk part oi‘ the film are ferromagnetic
T.=373 of the powder target material. The inset shows the mag- - .

. i i . . - - C(whenT<T,, i.e., at 300 K, the magnetization vector has a
netic hysteresis loop of the film at 300 K, with the field applied in | tud d theref the int tion bet th
the plane of the film and perpendicular to the grain boundary. arge magnitude, an erefore the Interaction between he

tip and the sample is strong, resulting in a large magnetic
contrast in the MFM image at regions where the magnetiza-

We established the evolution of magnetic domains as &on vector rotatesi.e., at the domain walls When the film
function of T for an x=0.3 bicrystal film by imaging the becomes weakly ferromagnetiwhen T~T,), the interac-
domains using the MFM with the sample mounted on a varition between the tip and the sample is weak all across the
able temperature sample stagés shown in the left column  sample. Therefore, the variation @facross the scanned im-
of Fig. 3, raisingT towardsT=T, [panel (b)] reduces the age is small resulting in a smafls. As the ferromagnetism
magnetic contrast which exists at room temperafpnel  of the bulk part vanishes, the difference in magnetic force
(@]. As we increaseT further, aboveT., we notice a re- between the mesoscopic regifierromagneti¢ and the rest
markable thing—the emergence of a magnetic rediodi-  of the sampléparamagneticincreases, giving rise to a large
cated by blue in panel)], very different from the domain variation of ¢ across the image and resulting in a lagjg,
pattern observed beloW, . Specifically, at 355 K, there is @ as shown in Fig. &). Eventually, the difference in magnetic
distinct mesoscale region along the grain boundary, with dorce between the two regions decreases and vanishes as the
half width of approximately 0.7um. At T=360 K, the me- ferromagnetism of the mesoscopic region vanishes and the
soscale region shrinks to a half width of 0/m and it dis-  whole film becomes paramagnetic.
appears entirely aT=370 K. The effect is observed not It is notable that the magnetic regions abdyeare mag-
only at the artificial grain boundargwhich was introduced netized in one direction when imaged with the MF(ds
intentionally but also at other locations on the filigee right  evidenced by the dominant blue color in the imagesd the
column of Fig. 3, where there are naturally occurring sub- force between the tip and these ferromagnetic regions is al-
strate defects. These defects can be clearly seen in the topogays attractive. We believe that the tip magnetizes these
raphy (AFM) channel. In such a location, we followed the regions in a direction perpendicular to the film plane as it
evolution of the magnetic images in smallerincrements.  scans the sample. This is likely to happen given that these
The T dependence of the new magnetic region is the same aggions are isotropic soft magnets with a small coercive field
that around the artificial grain boundary. It appearsTat (H.<8 G), as described below and shown in Figb)4
=T, peaks at 360 K, and vanishes at 370 K. From the imagesT, can be mapped spatially by locating the

To quantify the magnetic contrast, we calculated the RMSerromagnetic—paramagnetic boundary as a functionT of
of ¢ in the MFM image at each temperature, whefg,s  since at the boundar= T, [Fig. 4@)]. That the mesoscopic
= W[ p(X,y)— dal)?). d(Xx,y) represents the phase shift at regions shrink ag is raised shows thaf, varies spatially,
each pixel andg,, is the average phase shift in the MFM with the regions closer to the grain boundary having a higher
image. The results are plotted in Fig(ch The magnetic T,.
contrast between the mesoscale rediodicated by blue in We have discovered that a thin manganite film has inho-
panels(c), (d), (g), and(h)] and the rest of the sampandi- mogeneous magnetic properties due to both natural and arti-
cated by yellow and green ift), (d), (g), and (h)] arises ficial grain boundaries. Because the grain boundaries, espe-
because the mesoscale region is ferromagriEtt) and the  cially when the micron scale healing length observed directly
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FIG. 3. (Color The evolution of the magnetic pattern in the ooz{ ® m 0
Lag /Sy sMnO; film around the artificial grain boundary and around aE0. 338 80 385 370

natural defects as a function @f Images(a), (b), (c), and(d) were
taken around the artificial grain boundary at 300, 350, 355, and 365
K, respectively. The scan size for these images wagrb and a FIG. 4. (Color) Comparison between magnetic information de-
commonz scale was used, which is displayed at the left of therived from MFM measurements and standard bulk magnetometry
images in degree units. Imagés), (f), (9), and (h) display the  data.(a) Dependence of . on the distance from the artificial grain
magnetic pattern around natural defects at 300, 350, 355, and 3@fpundary, as established from the MFM images in FighBMag-
K, respectively. The scan size for this region was Af. Thez  netic hysteresis loops of the 481, MnO; film for T>T, were
scale for the scans is displayed at the right of the image in degregieasured with the magnetic field applied in the plane of the film
units. AsT is raised from 300 K, the magnetic contrast diminishes.and perpendicular to the artificial grain boundary. The loops, which
As T is raised aboveél;, a magnetic region emerges around the are open aff<370 K, close at 370 K(c) Left axis shows the
grain boundary. The width and strength of this magnetic regiormagnetic contrast of the MFM images in Fig. 3 represented by the
evolves as a function of. The region eventually vanishes &  RMS of ¢ in the MFM signal as a function 6F. This is compared
=370 K. against the quantity plotted on the right axis, which is the coercive
field H, of the Lg-SryaMnO; film at T>T. extracted from the
in the MFM |mages is taken into account' occupy an appremagnetic hysteresis |00pS in pal(lb] The solid line is a smooth fit
ciable volume of the film, we expect to see evidence forof the RMS of¢ and serves as a guide to the eye. Theepen-
ferromagnetism extending up to 370 K in very sensitive bulkdence ofH. aboveT,. has a similarT dependence agys for fol-
magnetization measurements. Therefore, we have measurl9§/in9 similar reasons. The measured magnetization is the super-
hysteresis loops using SQUID magnetometry. Indeed, waosition of a hysteretic contribution from th_e FM QB regions and a
found that although the temperature dependence of the ordQPnhySteret'C term due to the rest of the film, which is PM. For

o - o . .~ ~T¢, the second term will dominate because of the high suscepti-
parameter indicates B;=350 K for x=0.3 film composi- 1u"" ¢ the pM film, with the result that the apparertt, defined
tion, there is still a tiny hysteresis left &i= T, [see Fig.

b he tinv h is | | | h as the field wherd/ crosses zero in thil vs H loop will be much
4(b)]. The tiny hysteresis loops close exactly at the SaME hpressed relative to the coercive fielfi® which would be mea-

temperature T=370 K) at which the mesoscale regions greq for the FM GB regions by themselves. R increased and
disappear in the MFM image. The hysteresis loopsTat e pm susceptibility drops, the observet, would rise to ap-

=T, have the same shape whether the field is applied in thgroachHS®. Eventually thoughHS® itself will drop as the GB

plane or perpendicular to the plane of the film. This indicateSerromagnetism disappears, pullitty, down as well. The outcome
that the ferromagnetic regions around the grain boundaries then thatd, will display a maximum somewhere between the

are isotropic, in contrast to the rest of the film, which showsof the bulk film and the maximurii, for the GB’s, which of course
an in-plane easy axis throughout the whole temperature precisely what we observe.

T (K]
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range including the vicinity off.. The isotropic magnetic maximum localT at the defecfsand the magnetization per
phase a >T., explains why it is easy to align the moments unit volume make it very likely that the mesoscale regions in
perpendicular to the plane with the field exerted by the MFMour films are very similar to the bulk starting material. There-
tip. fore, near the grain boundaries, the film is strain relieved
We also measured magnetization loops in the bulk powteading to aT, almost the same as that of the bulk. On the
der (ceramig target Lg ;Sip sMnO; from which the film was  other hand, away from these crystal imperfections, the film is
grown. Hysteresis ceases at 370 K, which is also. the Curignder tensile strain and if6. is suppressed by 20 K. The
temperature deduced fromil versusT data (see Fig. 1 \idth of the mesoscale region is an indication of the range
Therefore, in the bulk ceramic sample, which has a largg, er which strain propagates from the grain boundary.
number of grain boundaries, we do not detect regions with  + summarize, we have discovered distinctive magnetic

local Tcthh'??ﬁr than the n]?mm.aTE of (tjhe_ samplti. This tproperties—most notably a higher Curie temperature—in
means that the presence ot grain boundares as they exist [, (oq.5je regions around grain boundaries in manganites.
the ceramic is not sufficient for the observation of a higher.

e . The distinctive properties obtain whether the grain bound-
local T... If we compare the magnetization per unit volume
for the film to that of the bulk powder target for temperatures
aboveT, of the film, we can estimate the volume fraction of
the film which is ferromagnetic at these temperaturesT At

aries occur naturally in unplanned fashion, or are introduced
deliberately via a bicrystal substrate. They therefore need to
be incorporated in descriptions of the electronic transport in
— 355, 360, and 365 K, which are intermediate between th I CM_R films. Instead of sha_rp boundaries tha_t divide crys-
al grains, one needs to consider separate regions around the

nominal Curie temperatures of the film and the powder, the " : . : .
ferromagnetic volume fractions are 0.03, 0.02, and 0.01, redrain boundaries, which may have not only different mag-

spectively. These values are consistent with an estimat@et'c properties, but also different electronic structures. A

(0.02=1 pm width/50 xm distance between grain bound- magnetically disordered region or mesoscale region around
arieg of the volume fraction occupied by mesoscale ferro-the grain boundaries has been invokedto explain magne-

magnetic regions in the film, and so indicate that the Smal}otrar)sport resullts, which coulld not be explained by spin-
“foot” in M (T) aboveT, for the film (see Fig. 1is actually polarized tunneling at a sharp interface. Our results represent
c .

due to grain boundary magnetism. Almost needless to say, i(r:illrect evidence that the interfaces have magnetic properties

e absence of our ME ta, the foo would have man [ 8 Sealy motuaes over mesescone deonces
possible interpretations. Y P P 9 '

We attribute the variation of local, to the variation of namely exploiting grain boundaries for electronic devices,

S . . . our experiment is significant because it is pioneering in the
f}gg'gél;h?emg}'t;— dhief{/e;rtiglj:tr?:)r%?ggotz—ﬁ dOfiSCE/IRrTngVSa sense of imaging a spatially varying Curie temperature and
weII-accepteg pheno?/nenon Dgpending on theylattice misl_Jsing force microscopy as a quantitative tool in the study of
match between the film and the substrate, the strain on tha temperature-dependent magnetic phenomenon.

film can be modulated, which in turn modulafés substan- We are very grateful to Peter Littlewood for helpful dis-
tially. This phenomenon has been attributed to the Jahneussions and the contacts which made this collaboration pos-

Teller distortion arising from biaxial straff. The coinci-
dence of Curie temperatureghe ceramicT, and the

sible, as well as to Chang-Yong Kim for valuable x-ray
analysis of our films.
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