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Magnetization reversal of a structurally disordered manganite thin film
with perpendicular anisotropy
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The field-dependent domain structure of & k3, sMnO; thin film epitaxially grown on a LaAl@ (001
substrate has been investigated at low temperatures by magnetic force microscopy. Due to the lattice mismatch,
the ferromagnetic thin film is structurally disordered and exhibits a stress induced perpendicular easy axis of
magnetization and stripe domains at zero field. The magnetization reversal is imaged in a movielike manner
along the easy axis major hysteresis loop. Individual Barkhausen jumps are distinguished as either nucleation,
growth, or annihilation processes, and analyzed with respect to size, contrast, and position. Nucleation and
annihilation occur only in a limited field range just below saturation while growth due to wall propagation
dominates the domain formation. The role of disorder in the material in comparison to demagnetization effects
is discussed in detail, particularly with respect to the size distribution of nucleation and annihilation as well as
growth processes, domain wall pinning, and preferred nucleation sites.
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[. INTRODUCTION the same area, the quantitative analysis of these reversal pro-
cesses in real space reveals the interplay between structural
The magnetization reversal of a ferromagnet is a technoand magnetic properties.
logically very important process which is governed by struc- In this article, we investigate the magnetization reversal
tural as well as magnetic properties of the material. It isof a ferromagnetic manganese perovskite thin film
characterized by the hysteresis loop, which consists of a s&-a, ,Sr, ;MnO;. The domain structure of this sample at zero
ries of discrete magnetization jumps, long known as thefield after various magnetization histories has been examined
Barkhausen effect.Conventionally, this effect has been ob- recently® Here, we provide a more detailed and complete,
served by slowly changing the external magnetic field and.e., for increasing and decreasing field, analysis of nucle-
picking up voltage pulses in an induction coil around theation, annihilation, and domain wall motion processes. In
ferromagnetic sample. Each voltage pulse represents a prparticular, we clarify the relative contributions of structural
cess of magnetization reversal, and the time integral of thgroperties and demagnetization effects.
voltage is proportional to the change of magnetic flux
through the coil. The thorough evaluation of these
Barkhausen jumps yielded important information with re-
spect to the critical behavior in the presence of an external Topography and magnetic force microscopy data are re-
field 2 corded using a home built low-temperature scanning force
Most investigations of the Barkhausen effect have beemicroscopeHamburg Desigh The setup of this instrument
carried out by this induction technique, which provides onlyand our MFM measurement procedure are described in more
integral information over the whole sample and is difficult to detail elsewheré.The microscope is located inside an ultra-
apply to magnetic thin films because of the lower signal levehigh vacuum(UHV) bath cryostat at a temperature of 5.2 K.
compared to bulk samples. Thus, few direct observation&ll MFM experiments have been performed at this tempera-
exist®* In a recent letter, we demonstrated that magnetid¢ure. To apply a perpendicular magnetic field of up to 5 T, the
force microscopyMFM) can visualize the domain evolution microscope is surrounded by a superconducting split-coil
forming a hysteresis loop out of many Barkhausen jufps.magnet. The stability of our instrument is such that the rela-
Their size distribution, recorded in a decreasing field, hasive tip-sample positiorfin particular the distangedoes not
been analyzed with respect to their scaling behavior and thehange significantly within one day and during ramping the
physical mechanisms behind them. MFM therefore providesnagnet to high fields.
a detailed insight into the physical principles governing non- As force sensors, we use commercially available silicon
equilibrium magnetization reversal processes, such as nucleantilevers with resonance frequencigs=183-203 kHz
ation and domain wall propagation, driven by the externaland force constants,=40-57 N/m. They are prepared
magnetic field variation. Imaging the field dependent magnesitu by argon ion sputtering and evaporation of nominal 5 nm
tization permits relating the Barkhausen jumps directly to tharon on one triangular side face of the tip pyramid as shown
micromagnetic configuration. Since force microscopy en4n Fig. 1(a). The geometry of tip and sample surface is
ables the observation of domains and surface topography sketched in Fig. (b). Micromagnetic simulatiorfsindicate

Il. EXPERIMENTAL SETUP
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attracted a lot of attention because of the large variety of
coupled magnetic, electronic, and structural effé&tsFol-
lowing the compositiork;,AMNO;, whereR is a rare-earth
andA is an alkaline-earth element, this class of material ex-
hibits a rich phase diagram with structural, magnetic, and
electronic transitions in dependence of compositioand
, ) , . temperature. The most prominent property of some of these
FIG. 1. (a) Scanning electron microscopy image of a typical compounds is the colossal magnetoresistance ef@dR),
silicon cantilever showing the direction of the iron evaporation 4 strong decrease of electrical resistance in an external mag-
beam.(b) Geometry of the magnetic film with respect to the samplenetic field. It has been discovered, among others, in thin
surface. The magnetization directions are indicated by arrows. Thiﬁlms of La-Ba-Mn-0O4 La-Ca-Mn-O%6and in our sample
configuration responds nearly exclusively to the out-of-plane comypaterial La-Sr-Mn-Q(LSMO),Y7 which is of particular inter-
ponent of the sample stray field. est because its Curie temperature lies above room tempera-
rure. However, for all materials CMR requires a high mag-
isotropy, which forces the tip magnetization not only into theNetic field corresponding to a ﬂU)_( de_n8|ty of several T, which
film plane but also into the direction of the symmetry axis of 'S 100 1arge to be useful for applications such as data storage
the film, pointing towards the tip end. This behavior has beerf" SENsor devices. Therefore, endeavors have been made to
verified by observing the tip magnetization switch in an ex-€Xplore the low field magnetoresistive behaWbFMR) of
temal field (at typically 30 mT while imaging a domain Manganites under the influence of extrinsic effects such as
structure with a considerably higher coercive field. In thisdrain boundaries, strain, spin-polarized transport in t‘fgnne“”g
case, the image contrast suddenly inverts, because the magnctions, and domain-wall magnetoresista@&/MR).™ It
netization direction of the tip changes by 180° and the forJ1as been found that LFMR is enhanced if the film exhibits a
merly attractive interaction becomes repulsive and vicestress induced magnetic out-of-plane anisott®@nd that
versa. No signs of instability before and after the instantagrain boundaries could provide a significant contribution due
neous reorientation have been observed. The image contrdstdomain wall pinning?® Both effects can be investigated by
on a CoPt multilayer test sample shows that these tips amagnetic imaging, analyzing the magnetic configuration in
nearly exclusively sensitive to the out-of-plane component oflifferent fields.
the sample stray field. A Lag ;S sMnOs film of 80 nm thickness was deposited
All measurements are performed in the noncontd)  on a LaAlO; (001) substrate by pulsed laser deposition
regime using the frequency modulatigfM) technique®  (PLD) at 750 °C and under 10 mTorr oxygen partial pres-
The cantilever is oscillated by self-excitation with a constantsyre. After deposition, the sample has been annealed for 30
amplitudeA, at its current resonance frequerfcgtetermined  min at 600 °C under 500 Torr oxygen atmosphere. This
by its eigenfrequency, and the tip-sample interaction. The method has already successfully been applied to the growth
measured quantity is the frequency siift=f—fo. For topo-  of gther manganese perovskite thin fil&sSuch films grow
graphic imaging FM-AFM), thez feedback, which controls  gpitaxially under a compressively stressgiplane and an
the tip-sample distance, is active, and a map of CON& oy endedc lattice parameter, because the lattice constant of
acquired. To record topographic images with a ferromagnetlizne substrate is 2.4% smaller than that of the & order

tip, the sample magnetization is fully saturated at 800 mT 95 relax this stress, misfit dislocations are formed in a rect-

tc?lcirr']mnate any magnetostatic crosstalk during data acqu'S'énguIar pattern along main crystallographic a3&sbove a

For magnetic force microscopy imagéEM-MFM), we thickness of around 70 nm, the_ film breaks up into rectangu-
apply the plane subtraction mode, i.e., the tilt betweed@ columns of 20-35 nm in size, separated by amorphous
tip and sample is compensated by adding appropriate vol@"ain boundarie? Magngncally, the (_j|st9rt|on of thg unit
ages to thez electrode of the scanner, dependent onstpe  Cell leads to an easy axis of magnetization perpendicular to
position. The tip is then scanned in a constant heightthe film plane. _
h~20---30 nm, above the sample surface. Since magneto- For LSMO on a LaAIQ (LAO) substrate, the perpendicu-
static interactions are of long-range nature compared to thi@r anisotropy was confirmed by magnetic force microscopy
oscillation amplitude, the frequency shift is proportional toshowing a characteristic maze type stripe pattér@ther
the force gradientAf~—(fy,/2c,)(dF,/9z). Using conven- investigations focused on the domain pattern in zero field
tional color coding, bright and dark image regions corre-after different field historie§?>-27 on the surface
spond to attractive and repulsive tip-sample interactions, remorphology?® and the field-dependent domain structure in
spectively, and therefore reflect the domain configurationin-plane fields®
Topographic crosstalk due to the long-range electrostatic After preparation, our sample was transferred under am-
force is eliminated by applying a constant bias voltalg, bient conditions and introduced into the ultrahigh vacuum
which compensates the average contact potential differendemaging environment via a load lock. Topographic images
between tip and sample. All images presented in this articlésee Sec. VIl reveal a granular morphology with a rms
show raw data. roughness of 0.4 nm and an average grain siz€3aft2)

nm, which matches the value obtained from transmission
lll. SAMPLE electron microscopy (TEM) investigations on similar

The ferromagnetic thin film studied in this work belongs samples? but is a little smaller than reported by Desfegix

to the class of manganese perovskites, which recently hawa., using AFM?2 However, for AFM these values depend on

that the resulting triangular film develops a strong shape al
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the tip radius, because the real surface structure is geometri-
cally convolved with the tip shape. In addition to structural
defects, variations of the chemical composition such as
strontium segregation have been repofedlote that this
does not affect the MFM signal, which originates also from
regions below the surface.

Temperature-dependent magnetization data have been ac-
quired using superconducting quantum interference device
(SQUID) magnetometry. The Curie temperature was deter-
mined from its point of inflection to b& =325 K. The
saturation polarization at 10 K ig=300 mT, resulting in a
shape anisotropy constamdzlélz,uo of approximately
36000 J/m. For a similarly prepared sample on the
same substrate and with nominally identical film thickness,
Wu et al. determined a substrate induced perpendicular an-
isotropy of K,~20000 J/m.3° The exchange stiffness,,
can be estimated fror: by using the Heisenberg model.
Assuming that the magnetic interaction is limited to nearest-
neighbor Mn sites with the coordination numtzer6, a spin
S=3/2, and alattice parametea=389 pm, the molecular
field theory yieldsJ~3kgTc/2z23S+1)=3.0x10%?J and
Ay=JS/a=1.73x 1072 J/m for the exchange integral and
the exchange stiffness, respectively.

IV. FIELD-DEPENDENT DOMAIN STRUCTURE FIG. 2. Magnetization reversal, visualized by MFM. All images

L. . rth m mple area. Bright contrast indi i here ti
To study the magnetization reversal, we continuously reoOVe the same sample area. Bright contrast indicates sites where tip

- : . . ., ~and sample magnetization are paralie).and(b) were recorded in
corded MFM images while ramping a perpendicular field. : : N .
. d d d field(c) | turat

uoH, from O T to saturation at 600 mT and back to zeromcreasmg’( ) and (e) in decreasing field(c) In saturation, a

field. Th bili f . I hi ielik topographic feature, marked by an arrow, can be clearly seen
ield. The stability of our instrument allows this movielike and traced through the whole sequence. Parameters: scan area

measurement mode without readjusting any imaging parany 4 um2, h=24 nm, f,=195 kHz,Ay=+5 nm, c,=51 N/m, scan
eter during the 22 h of data acquisition time. Thus, everyspeed gum/s, Uy,e=—100 mV.

image of this sequence shows the same sample area. The
recording of one image took about 8.5 min. Since the ramp
rate was varied according to the activity of magnetization
reversal processes, each image covers a field range of 5
(from 300 up to 500 mT, and 400 down to 200 poF 10 mT
(others.

The mean domain width of such an irregular structure can
defined as the ratio of total image area and domain wall
ength. This value is estimated using a stereological method
by drawing arbitrary cross sections of total lendthand
Figure 2 shows six images of this movie. Starting from counting the numben of intersections with domain walls.

maze type pattern at remanence, the coercive field is passegen'W_ZIIWn represents the doma_ln width matc_hmg the
at about 75 mTa), where an equal distribution of dark and common value for parallel allgned_ stnpme p. 3311in R?f-
bright contrast is observed. With increasing field, antiparalle?l)' In re(rjnanence, a rr:jeantdomsa:anrv:;ndthvmt 7?ti3 nrt?] 'S |
domains shrink, until just before saturation only domains o deerﬁzu;eeti’zati%%mpare ° = nm - ater erma
circular contrast and opposite polarity rem#. These cir- 9 :

cular domains are annihilated at a field above 400 mT, until

at 600 mT, the magnetic contrast vanishes because the film i\s/' QUANTITATIVE ANALYSIS OF THE MFM SEQUENCE
homogeneously magnetizéd. The very few remaining fea- The evolution of domains can be clarified by using the
tures(such as the most prominent one marked by an grrowconcept of difference images: Since there is no significant
are of topographic origin. They can be used to track thedrift compared to the domain size during the movie, we can
relative tip-sample position throughout the whole measuresirectly subtract two consecutive images in order to show the
ment. The lateral drift was less than 10 nm, which is approxichanges of the MFM contrast. In fact, all images of this
mately the distance of two image pixels. In a decreasing fielanovie can be subtracted from each other without further cor-
after saturation, domain formation starts at around 340 mTections, independent of the difference in their acquisition
with the nucleation of few domains which mostly exhibit a time. In increasing fields the bright areas grow, because they
circular configuratior(d). Below 280 mT, the domains start are magnetized parallel to the external field and the tip mag-
to become increasingly elongated while new domains stilhetization, while in decreasing field the fraction of dark re-
nucleate down to 200 mT. Below this field, only domain gions increases. Therefore, the difference images exhibit
growth is observede) forming a maze-type domain pattern bright contrast in increasing, and dark contrast in decreasing
in remanencéf). fields.
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FIG. 4. Hysteresis from the accumulated magnetization changes,
computed from all difference images of the sequence recorded over
half a major hysteresis loop.

For various scan heights near 25 nm, we have computed

FIG. 3. Identification of annihilatiorin) and growth(g) pro- the_s”"?‘y f'elq of the magnetic tip coating usmg mlgromag-
cesses(a) and(b) show original images in increasing fielg) the n_eth S|mulat|or18._ Thg shape of the cor.respondlng field Qe-
difference image(d) Changes of the domain structure are high- r'Vat'Ye in thez direction can be approxmated by evalgatlng
lighted with respect to imagé). For parameters, see Fig. 2. the difference between the stray fields at two scan heights 20
and 30 nm, corresponding to a cantilever oscillation ampli-
tude of £5 nm. We found that this effect is comparable to a

Figure 3 shows an example of two consecutive Ima‘ge%moothing filter of Gaussian shape with a diaménHM)

obtained at increasing fieltd),(b). The areas of changed of 37 nm. As a result, the total apparent area of magnetiza-

magnetization can be found in the difference image In . tion changes summed over all difference images is five times

order to distinguish between annihilation and growth, the'.rlarger than the true reversed area calculated from the coer-

contours are then plotted into the original image as shown e field image(which is half of the image argaSince the
(d). Contours not connected with dark areas are considere onvolution effect is more severe for smaller areas, it is not

annvlvrllrllagon ?ltes v;/lhereas tht‘? Othﬁrs %re regalrdedf.alz dorr; Utficient to just divide the apparent areas obtained from dif-
gro ue to wall propagation. or decreasing Nields, Cl.¢o o 00 images such as FigcBby this single correction

Fig. 2 in Ref. 5, domain nucleation and growth processes CaL tor

be discriminated in the same way. To obtain a better estimate of the true reversed agaf

: In almost all parts of the sequence, 'Fhe _d|fference 'Mag€Rach individual event, we additionally evaluated the integral
display the changes of sample magnetization as an accumis o <ontrast over the apparent areg, of each event

lation of well separated units which can be analyzed indi- izfai(Af_fmechX dy, where the median contrast, .y of

vidually. These difference images are used to identify an e image to be analvzed is taken as zero level. that is. to a
characterize individual magnetization reversal processes, i oy : ogd 20010 'ma)t/'i)n tlhe mean IeZeI of txe’ nd'stl ’rbed
particular the area, contrast, and the position relative to exteV 9 pproximation, v UNdISIUTD
isting domains. areas. We defined the apparent area as those image pixels

Imaging ferromagnetic thin films that are basically two where the contrast exceeds the noise level of the neighbor-

dimensional, i.e., the volume is free of magnetic charges, thQOOd'K!’ being me_asured in Hzrfmis proportlonal to the
MFM is sensitive to the magnetic charge densitat the underlying magnetic surface charges. The integral of contrast

surfacedl is transformed into a real area using a calibration factor:
A =vK;, wherey is measured in HZ. This factor only de-
pends on the stray field distribution of the tip at the sample
dH, :
(x',y")dx' dy’, (1)  surface and can therefore be used for all images of the se-
9z quence, for isolated features in difference as well as in origi-
nal images.
whereH, denotes the tip stray field. However, for the accu- In order to find the value of this calibration factor, the
rate size measurement of individual processes in the differehange of integrated contrast in every image is measured,
ence images as well as those of isolated domains in a homaccumulated to form a normalized hysteresis l¢Bjy. 4),
geneously magnetized surrounding area, the correspondirgnd finally compared to the actually reversed area. Two cali-
apparent areas must be corrected due to the extended striagation points have been usdd) the saturation magnetiza-
field of the imaging tip. Since our experiments are performedion, (b) the average magnetization before and after the re-
in the dynamic mod¢FM-MFM) with an oscillation ampli- versal of the tip magnetization at 30 mT, computed from
tude considerably smaller than the decay length of the magpriginal MFM images. At that field, a quasiperiodic structure
netostatic interaction, the distribution of magnetic surfaces observedFigs. 2a) and 2f)], and MFM is able to mea-
charges is geometrically convolved with the gradient of thesure domain widths correctly in this case, because the peri-
tip stray field. This is equivalent to considering the magneti-odicity of a structure is not altered by the effect of
zation of the tip oscillating in the stray field of the sample. smoothing—only the contrast. However, the change in tip

f
Af(x,y) = if a(x=x,y-y')
zJ S
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FIG. 6. Size distribution of reversed magnetization areas for
FIG. 5. Number of magnetization reversal processes in increasannihilation and nucleation. For both, a Gaussian distribution is
ing and decreasing external figlsee arrowy displayed separately observed. Mean diameter: 46 nm for annihilation, 146 nm for
for annihilation, nucleation, and domain wall motion. The latter nucleation.
type dominates the evolution of the domain pattern. Significant con-

tribytions from annihilation of a domain or nucleation of new do- 5t 53 new domain wall which acts as an energy barrier.
mains occur only near saturation. The creation of a new domain is a thermally activated
process which is governed by the presence of surface and
magnetization from antiparallel to parallel with respect to thevolume energy terms. The domain wall energy of a circular
external field causes a jump in the percentage of parallelomain with radiusR is proportional to the wall area
aligned domains, indicating a tip induced contrast deviatiorg,=27yRt (with the film thicknesst, and the wall energy
of 3.8%. Taking that into account, the mean percentage ofer unit areay=4y/AK,). The energyEe, of the domain
parallel aligned domains at 30 mT is 46.6%, thatis an area dh the external field and the demagnetization energy
|8.54|4#m2 to Pel regersed be(;‘o_re Saturatio?-igl% resultinge, ., (for t<R) are proportional to the magnetic volume:
ocal hysteresis loomeasured in an area o con- —_ 2:(7 |2 - 27 .R 1
structed from the evaluation of individual Barkhausen eventsE mag=~(27/ uo)R t|JS|_ and EeXt_(_ZW/_'uO)R ts B, whereJ,
is well compatible with those obtained from conventionally d4énotes the saturation magnetization @dthe external

measured magnetization data determined from the wholfield-
macroscopic sampfé. Whenever such surface and volume energy terms are

present, thermodynamics predicts that only those compact
fluctuations remain stable, which exceed a certain
VI. NUCLEATION, ANNIHILATION, AND GROWTH critical diameter(critical droplet theory.3® According to this

energy balance, we determined a minimum diameter

By means of the method depicted in Fig. 3, more tha _ ” . .
5000 wall motion and 400 annihilation events could be disr-lz.RC_’“‘”//‘]S(‘]S B), of 104 nm for the typical nucleation

e . . eld of 270 mT, where we observed the largest number of
tinguished on the increasing branch, and about 2000 Waﬁl cleations. Considering the simplicity of the model, this

motion and 100 nucleation processes on the decreasin sult is in reasonable agreement with the observed mean
branch of the hysteresis loop from remanence to saturation 9

and back to remanence. In Fig. 5, the number of process . éufﬁn(zfclgni;?é Isr:rﬁgtg;g?ggg%neé);csh;nnatgngﬁfﬂ;ggsaeﬁ q
per mT field change is displayed as a function of the external = ¢ 9
field. The evolution of the domain pattern is dominated byamsotropy coefficient, and therefore the energy landscape,

wall motion. Annihilation of the shrinking domains is ob- will vary locally. Consequently, the critical diameter be-

served between 400-550 mT, and nucleation of new domain®mes Ga.“S.S'a!” broadened. S
For annihilation, the energy balance is different. Here, the

between 340-200 mT. In either case, they occur only near all enerav is released and does not serve as an enerav bar
saturation, and the number of wall motion events is alwayér';'er Ther%lcore annihilation processes can be ver §r¥1all
nearly equal or greater than that of any other process. ' ' P y :

Figure 6 displays the size distributions of annihilation and'lov&/;er\éirt’hzln?gvggﬁs%zsisetgr?éggfjs?gb;ngghrgzﬁfnth%rcs)?ziszf
nucleation events. In both cases, the distribution can be aﬂ- q P '

proximated by a Gaussian profile with a mean diameter Of;\nmhnatlons reflects the size of the smallest stable domains

(14621 nm for nucleations an@6+18 nm for annihila- " this material. For a circular domain in a thin film, the
) . . different energy contributiong; can be converted into gen-
tions. The average diameter for domain growth by wall

propagation of 41 nngno significant difference is observed eralized pressures acting on the domain wall

for increasing and decreasing fields much smaller than the 1 JE

nucleation diameter, but only slightly smaller than the anni- =5 RiaR 2
hilation diameter. Moreover, growth events do not follow a

Gaussian distribution. where 27Rt denotes the domain wall area. The presence of a

Nucleations exhibit a considerably larger diameterdomain wall therefore provides an inward presspecom-
than other processes, because they include the formatiqrarable to surface tension in a droplet of liquid, being pro-
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portional to the curvature of the walb,, < 1/R. The applied 10" r r r o
external field acts in the same direction, trying to reverse the 2 %

. H H H . H 107 A mean grain size 1

magnetization into the parallel direction. This pressure does F
not depend on the domain size or wall curvature but solely & 107p 1
on the external field and has the same value for all domains 2 10} .
at a given fieldpeoc.|!3|. . E 10°} [ Remanenen = satraton ]

In order to stabilize the domain wall, these two pressures g . 4 Data

hgve to bg f:o'mpensated by the demagnetizat'ion effect which 107F | satration=>Remanence /- v'l
tries to minimize the stray field of the magnetic structure by 107} " ot remanence .
producing equal amounts of parallel and antiparallel magne- .

. . 10 L ol L ol
tized areas and therefore acts as an outward pressure, highly 10 10° 10° 10*
dependent on the domain pattern. area (nm?)

If the external magnetic field rises and the domain radius
falls below a certain valuéncreasing the inward pressiye FIG. 7. Size distribution of reversed magnetization areas due to

the domain collapses and is annihilated. THtalculated domain wall motion for increasing and decreasing field. It follows

the stability of cylindrical domains in a thin film with an inverse power law over three orders of magnitude. The area of
o - . exponential cutoff is different in both cases, indicating a magneto-

ijflrilrixtﬁlcﬁ nelzgtrggmrjilt\)/re\%g;ie?ii:':irgr?t(;rrfis%ftrg;; zigzlxestatic origin, not a structural one. Note that logarithmic binning was

o o : ' ' chosen.

change stiffnegs a minimum diameter of 45 nm can be ob-

tained directly from graphs in the reference, in a very good

agreement with the measured mean diameté4®# 16 nm.

Note that this calculation does not take into account the pin-  As can be seen from the difference image in Fig. 3, the

ning of domain walls and local variations of magnetic pa-fie|d-dependent magnetization evolves through the reversal
rameters by structural inhomogeneities which cause a broagsf discrete units, which cause a sudden change in the mag-
ening of the size distribution of annihilation processes, as |$~|et|C flux within the Samp|e, according to their volume.
observed. These steplike changes of magnetization are known as
The third type of observed events, domain growth pro-garkhausen jumps. Conventionally measured through induc-
cesses, is mainly the result of a simple motion of an existingjon experiments, each voltage pulse corresponds to a switch-
domain wall. For freShly nucleated circular domains in ain process within the magnetic material, and its time inte-
decreasing field, this mechanism provides a second cause gf3| is proportional to the change of magnetic flux. We
instability. Whereas the energy of the domain in an externajssume that the magnetization of our film does not change in
field and, to some extent, the stray field energy deperfon  the direction perpendicular to the film plane so that the sur-
the wall energy is proportional tB. However, it is possible face charge, observed by MFM and calculated by means of
to decrease the overall energy by forming elongated domainge above described integration method for the difference
(strip oub which reduces the stray field energy at the slightimages, is proportional to the reversed magnetic moment.
expense of wall energy. This mechanism leads to the finathe size distributions extracted from induction experiments
maze type domain pattern at remanence. The stability of gre then directly comparable to those given here.
circular domain against elliptical deformations as described Each reversal everiBarkhausen jumpcan be regarded
has been calculated by Th|é1€esu|t|ng in a maximum di- as an avalanche of Switching SpinS, caused by a Siowiy
ameter of a circular domain of 121 nm for our sample. Thechanging magnetic field. These avalanches keep the system
observed average diameter of domains just before strip oy g critical state near the edge of instability. Such a behavior
has been found to be arou#i30+24 nm. far from equilibrium has recently been discussed under the
For an existing domain wall to move, only a minimal aspect of self-organized criticalfy(SOQ and linked to the
energy is required to depin the wall from its present positionBarkhausen effectlt is essential that the critical state is not
which mlght be determined by small inhomogeneities of th&eached by fine tuning of external parame(@sit would be
film. Therefore, small processes are much more common ithe case in the proximity of phase transitions in equilibrium
this case. The size distribution for areas which are re-  thermodynamigsbut by self-organization. The avalanches
versed through domain growth is considerably different fromshow self-similar structures in space as well as in time. Size
nucleation and annihilation process@sg. 7). As reported  distributions follow an inverse power law over many orders
earlier® it follows an inverse power law over three decadesof magnitude. In experimerisas well as in simulation¥,
and then cuts off exponentially, best described by a fit acan exponential cutoff has been observed for large sizes,
cording toP(a,) > a,"e %' [increasing field:r=0.50+0.04  which has been attributed to a finite size effect, i.e., an ava-
and a,=(3295+189 nn¥; decreasing field:7=0.54+0.03 |anche cannot be larger than the investigated system itself.
and a,=(6624+55) nn¥]. A purely thermally activated SOC has been applied to a large variety of phenomena, in-
magnetization reversal would result in a simple exponentiatiuding earthquakes, growing of sand piles, spin density
size dependence. The observed power law dependence visves, or flux lines in superconductdfs.
characteristic for systems at criticality. This issue will be However, it has been argued that SOC is not necessarily
examined more detailed in the following section. needed to obtain such a scaling BWn fact, an inverse

VII. BARKHAUSEN EFFECT AND CRITICALITY
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power law distribution followed by an exponential cutoff can 10000

be found by modulating the speed of domain wall propaga- : : : :
tion with statistical fluctuation® e.g., caused by structural 8000—
disorder. Increasing the intensity of fluctuations would result R R I S
in a greater critical exponentand cutoff area, and there- ~ 6000— ; ;

fore enlarge the tendency of criticality. Recently, the pre- E R R A
dicted critical exponent of=4/3 for asingle domain wall < 4000

moving in a disordered two-dimensional sysférmas been

experimentally confirmed for a thin film with in plane 2000

magnetizatiorf. However, this model is not applicable to our 0

situation, because interactions between domain walls were 0.0

neglected. Furthermore, there are some aspects which con-

tradict criticality by self-organization in our case. To con-

sider a system as governed by SOC, one would expect that FIG. 8. Average size of growth processes for each image at

critical behavior is observed over a wide range of paramincreasing(A) and decreasingV) field. As the magnetic film ap-

eters. On the other hand, a theoretical ana‘@mealed that proaches remanence, the average size decreases and stays small as

criticality is only achieved if the typical length scale of struc- long as elongated domains are dominating. The large error at high

tural disorderé is of the same order of magnitude as the magnetization is due to the smaller number of observed processes.

magnetic exchange length,~ VA./K,. Indeed, this condi-

tion is fulfilled for our sample, where we can identifywith ently plays an important role for the size of individual pro-

the mean grain size of 32 nm, which is of the same order otesses.

magnitude as.,~ 10 nm. Another hint towards the influence of dipolar interaction
The second aspect deals with the physical origin of thas given by the comparison of the cutoff area in decreasing

exponential cutoff. As mentioned above, in SOC the finiteand increasing field. While the exponent of the inverse power

size of the system limits the avalanche size. Obviously, thisaw remains constant within the experimental error, the cut-

is not the reason in our case because even the largest obff area changes by a factor of(8e parameters in Sec.)VI

served avalanches are orders of magnitude smaller than theéhich shows a dependence on the different stages of the

image area, not to mention the sample size. Basically twanagnetic domain evolution. If structural disorder were the

mechanisms are capable of slowing down and stopping arigin, both parameters should be unchanged during the

moving domain wall: pinning at inhomogeneiti#4> and  whole hysteresis loop. Thus we conclude that the exponential

long-range dipolar interactiort8.Pinning sites can be pro- cutoff is most likely determined by dipolar interaction rather

vided by grain boundaries which lower the energy of a passthan structural disorder.

ing domain wall. To move from one pinning center to the

other, the domain wall has to overcome a certain energy

barrier, and the probability to do so at an increasing number VIil. CORRELATION WITH TOPOGRAPHY

of barriers decreases exponentially. In fact, the exponential gince LSMO thin films exhibit a dislocation network and
decay of the observed size distribution starts at the samgnove 70-nm thickness a columnar structure, the question
order of magnitude as the mean grain diameter SUggests. arises whether there is a correlation between the topography
The influence of dipolar interactions can be seen from theynd the domain pattern. To address this issue, we chose a
decrease of the mean size of the reversed areas as the dom@éﬂnple area without gross topographic features which is thus
pattern approaches the remanent stitg. 8). The reversal  representative for most parts of the film. On this area, several
of large areas becomes more and more unlikely because thgpographic images were recorded in saturation, each sepa-
domain width of the thermally demagnetized samf#@d  rated by a hysteresis loop. These cycles took several days,

nm), which can be considered as an energy minimum, is jusgowever, the lateral drift during that period was less than 10
around one third of the mean diameter of nucleated domaing,y; which is considerably smaller than both, the domain

Given that size, it is energetically favorable to reduce theyigth and the mean grain diameter.

average domain width occurring at high fields by adding Figure 9 displays the contours of MFM images in rema-
small areas of magnetization reversal through growth propence(a) and during the early stages of nucleatidn to-
cesses at lower fields. Additionally, the hysteresis curve igjether with the topography of the same area(ai no cor-
nearly linear from the initial nucleation towards remanencee|ation with the topography is visible, e.g., the domain
indicating that the internal fiel®-J(B) is almost constant width is larger than the grain size and the domain boundaries
and very small. As a consequence, large processes are suf® neither follow topographical valleys nor ridges. This im-
pressed. The same argument is valid for increasing fieldpression is supported by a numerical cross correlation. As
where the mean area remains around 1008 innthe lower  mentioned before, the topography does not necessarily re-
field range(Fig. 8). As long as elongated domains are theflect the internal film structure. Thus, volume pinning sites
most frequent features, the average size remains small. Asr domain walls cannot be identified. Furthermore, due to
the magnetization approaches saturation, the change of tliee difference in the contrast formation mechanism, there
internal field becomes more pronounced, and the mean r@nay be a constant lateral shift between the topography and
versal area increases again. The magnetic structure appafiFM images.
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FIG. 9. Correlation of topography and domain structuag To-
pography including the contour of the domain pattern. The white
contour lines correspond to the boundary, i.e., the mean contrast
level, between oppositely polarized domains. No obvious correla-
tion is visible. (b) Initial nucleation sitegwhite contour linep of
three different hysteresis cycles with respect to topography. Evi-
dently, the first few nucleation events occur at nearly identical lo-
cations. Image areax1 um?.

) i A5 A0 05 00 95 10 15
Image(b) contains the contours of the first few nucleated @ AF (Hz)

domains, imaged at 250 mT of three different hysteresis
loops in the same scan area. Again, there is no correlation FIG. 10. (a),(b) Remanent domain pattern recorded in the same
with topography, but four areas were centers of initial nucle-scan area, with simplified domain patterns as ingejsHistogram
ation in all three loops. Accordingly, there are internal prop-of the difference imagéb)-(a). The solid line is a three peak Gauss-
erties of the film which favor nucleations at special sites, noian fit representing three possible changes of contrast. The percent-
distinguishable by any topographic feature. age of the image area which has not changed its polarization is
Such an influence of subsurface structural inhomogenehigher than expected from a random distribution.
ities is also supported by a comparison of two zero
field images recorded in the same scan area during consecaind growth processes could be identified and analyzed in
tive hysteresis cycles, as shown in Fig. 10. Representindetail. Nucleated and annihilated domains exhibit a Gaussian
these images in black and white contrasee insets  size distribution whereas growth processes show a critical
the fraction of white image pixels is,=0.553 and behavior with an inverse-power law and an exponential cut-
p,=0.544, respectively. Assuming a purely statistical distri-off. The distribution of nucleation events can be explained
bution of black and white regions, the probability that anwithin the critical droplet theory applied to nucleation in an
image pixel did not change its contrast fro@ to (b) is  inhomogeneous medium. Calculations concerning the stabil-
PaPp+(1-pa)(1-pp)=0.505. The histogrartr) of the differ- ity of circular domains, i.e., collapse during increasing and
ence image(b)-(a), however, indicates that a considerably elongation during decreasing field, respectively, agree well
higher fraction did not change its contrast. A value of 0.673with the experiment. The distribution of growth processes is
was computed from a three peak Gaussian fit to the dataliscussed in terms of self-organized criticality and domain
representing a change from black to white, white to blackwall movement in a disordered medium. We conclude that
and no change, respectively. As suggested by the existence thfe system cannot be regarded as purely self-organized in a
preferred nucleation sites, the domain pattern is not comstrict sense, because the characteristic structural and mag-
pletely random but in part determined by internal inhomoge-netic length are of similar magnitude. Secondly, the origin of
neities of the film. the exponential cutoff is not a finite size effect, but due to the
long-range dipolar interaction. A comparison of domain pat-
terns of different hysteresis loops revealed no correlation
with topographic features but highlighted the existence of

A detailed magnetic force microscopy study of an epitaxi_p_referred nucleation sites in a system that contains structural
ally grown La, 1St sMnOs thin film on a LaAlO; (001) sub-  disorder.
strate is presented, which exhibits a perpendicular anisotropy
and structural disorder. The domain structure corresponding
to the major easy axis hysteresis loop has been recorded as awe would like to thank U. H. Pi and Z. G. Khim. This
moving visualization of the magnetization reversal processwork is supported by the Deutsche Forschungsgemeinschaft
Using the difference image procedure, individual (Grant No. Wil277/18-1 and Graduiertenkolleg “Physik
Barkhausen jumps are observed. Nucleation, annihilatiomanostrukturierter Festkorpgr”
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