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We develop an experimental technique for direct, full-field, time-resolved observation of the
Barkhausen avalanche in a two-dimensional thin-film system, using a magneto-optical microscope
magnetometer(MOMM ). Real-time visualization capability of the MOMM enables us to
microscopically observe all the details of the Barkhausen avalanche in Co thin films, which is not
feasible using other indirect experimental techniques adopted so far. We find that there exist
fluctuating flexible domain walls deformed by defects and that, interestingly enough, the domain
wall exhibits still-detectable fluctuation even around a strong linear defect as well as a strong
point-like defect, from which we conclude that a critical avalanche continues to exist even in strong
pinning cases. €003 American Institute of Physic§DOI: 10.1063/1.1557350

A Barkhausen avalanche is generated by successive sudation reversal of the sample located in the middle of coil.
den magnetization jumps in a ferromagnetic system when amhe drawback of this method is that it cannot spatially re-
external magnetic field is appligdt continues to be an es- solve each Barkhausen jump in the avalanche. It is obvious
sential issue with respect to our fundamental curiosity abouthat direct observation of the dynamic domain is essential to
magnetism, as well as of technological interest for noiseclarify the detailed mechanism of the Barkhausen avalanche.
characterization of upcoming spintronic deviéesince it is  Here, it should be noted that it is difficult to figure out a
closely related to domain dynamics in magnetization reverprecise domain configuration inside the sample when a sys-
sal. Recently, interest in the Barkhausen avalanche has item size is much larger than the exchange length, so that the
creased as it is a good example of a complex dynamicadample has a multidomain structure. Thus, a thin-film system
system exhibiting critical scaling behavior, where the char<an be better than a bulk system for studying the Barkhausen
acteristic length of the system does not exist and scale-fregvalanche since it effectively provides a two-dimensional
behavior appears.” One of the essential issues in under- system, in which we can ignore the magnetization change
standing this phenomenon is to clarify if an exact reproducalong the film thickness direction if the thickness is compa-
ibility exists in the critical behavior, and if the critical system rable to the width of the domain wall. Although versatile
exhibits completely deterministic dynamics. Several modelslomain observation techniques have been extensively uti-
have been proposed to explain the Barkhausen avalanchéed in domain reversal dynamics study in recent years, to
such as classical criticaliy? self-organized criticality>!* ~ our knowledge, the direct observation of the Barkhausen
flexible-domain-wall modet?>*® and rigid-domain-wall avalanche in a thin-film system has not been reported as yet,
model/ each of which either expects or denies the possibilityalthough a few have studied three-dimensional bulk
of the existence of an exact reproducibility. A few experi- systems®*’ For direct observation of the Barkhausen ava-
mental studies have been devoted to investigate'tifs. lanche in thin film, quantitative visualization capability, as
However, none of them has clearly resolved this controversyVell as enough sensitivity, should be satisfied, which has
and thus, the underlying physics of the Barkhausen avafemained a scientific challenge to date.
lanche is still unclear. In this study, we report a direct, time-resolved domain

Most experiments so far have been carried out using thebservation of a Barkhausen avalanche in Co thin films by
classical inductive coil methdtf;” in which the experimental means of a technique using a magneto-optical microscope
information of a Barkhausen jump comes from the electronagnetometeMOMM), which directly visualizes micro-
magnetic measurement at the pickup coil detecting the timgcopic behavior of the Barkhausen avalanche in thin film

derivative of the magnetic flux caused by a sudden magnetsystems. The MOMM basically consists of a polarizing op-
tical microscope set to visualize an in-plane magnetic do-

main via magnetic contrast, utilizing a longitudinal magneto-
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angle of 20° from the film normal by shifting the position of
the objective lens as well as adjusting the relevant optics.
The Kerr intensity signal is detected by a digital intensified
CCD with maximum gain of 19 The spatial resolution is
400 nm and the Kerr angle resolution is 0.1°. To store do-
main images, the system is equipped with a digital video
processing board having an image grabbing rate of 30
frames/s in real time. The time-resolved domain images on a
400%x 320 um? sample area are initially grabbed on a 256
gray scale, and then intensified by advanced image process-
ing techniques, such as background subtraction, noise filter-
ing, and black-and-white image extraction. The Barkhausen sl
avalanche is triggered by applying a constant magnetic field ost
to an initially saturated sample. The strength of an applied
field is constant near the coercive field to eliminate the in-
fluence caused by the difference in the field-sweeping fates.
By means of this experimental setup, the Barkhausen jumps
are directly visualized and characterized from serial, time-
resolved domain images. 4, r . : <

We have prepared Co films having a thickness range of Time (sec)
25 to 50 nm, comparable to the typical domain-wall width of (b)
Co films!® Samples were prepared on glass substrates by dc
magnetron sputtering under2L0~ 7 Torr base pressure and EIG. 1. (a Real-ti.me (_jomain'-evolution patterns of 40820 wm?. An ini-
2-mTorr Ar sputtering pressure. An st magnetic fied of % dournvard i = soled o ssurate e sampe and s constnt up
300 Oe was applied along a certain orientation in the filmarrow to trigger Barkhausen avalanches. Black domains represent the re-
plane during deposition to induce magnetic anisotropy in thisersed domains having an upward magnetization direction. The elapsed time
orientation, which was confirmed from the square in-plandS Shown at the bottom of each figuréh) Magnetization reversal curve

. . . . corresponding to domain-evolution images(af.

Kerr hysteresis loops along this orientation.

In Fig. 1(a), we demonstrate a time-resolved domain
evolution patterns of 25-nm Co film observed successivelyjump, while the pinned part is fixed at the same position for
by means of the MOMM, where one can directly witnessa relatively long time. This is quite expected because of the
Barkhausen avalanches. The observation is carried out at thele of disorders as the pinning sites. It is very interesting to
central region of 408 320 um?, where the total sample size determine whether the domain-wall fluctuation continues to
is 1 cnf. Domain evolution patterns in each picture of Fig. appear even when a strong pinning site exists in the observed
1(a) clearly exhibit discrete and sudden jumps in the magnearea. Time-resolved images of domain walls around the
tization reversal process. Simple 180° domain walls exisstrong point-like pinning site were repeatedly obtained at the
throughout the reversal process, which is expected from theame area as illustrated in Fig. 2, where the position of point-
uniaxial anisotropy induced during the sample preparationlike pinning site is indicated by the dashed arrow. As clearly
The magnetization reversal curve with time is determinedseen in Fig. 2, the domain wall is still flexible in this case.
from the serial domain images, where we assume that the n&he flexible and dangling part of the domain wall intersect-
magnetic moment in the direction of an applied field is sim-ing this pinning site jumps to the other state without an exact
ply proportional to the reversed domain area. In Figp),lwe  reproducibility. Moreover, careful examination of the figure
plot the magnetization reversal curves corresponding to theeveals that, even near the strong point pinning, the ava-
domain-evolution patterns in Fig(d).. Note that a stepwise lanche does not exhibit an exact reproducibility. Note that in
feature is vividly witnessed, in which each step in the curvea certain case, as illustrated at the left bottom image of Fig.
is corresponding to the area swept by a sudden jump visua®, the avalanche of the Barkhausen jump just passes without
ized in Fig. 1a). As the experiments are repeatedly per-any stopping at the pinning site. Therefore, we cannot find
formed at the same area of the film, magnetization reversalny clue to the existence of a pinning site in this case. For
proceeds with quite different jumps every time, by which oneclear and strong point-like pinning sites in many other re-
can relate these jumps to the Barkhausen avalanches. Thygons, we can always find that the avalanche is not exactly
observations on the 50-nm film are not significantly differentreproducible, which means that avalanche is not completely
from those on the 25-nm film, where the simple 180° domairdeterministic in the point-pinning cases.
walls move with the similar Barkhausen avalanches. In Fig. 3, we provide another interesting example of

The visualization capability of the MOMM enables us to critical fluctuation of a Barkhausen avalanche in the case of a
directly investigate the motion of domain wall in the linear defect. From the time-resolved images illustrated in
Barkhausen avalanches. The repeated observation of tiég. 3, we may expect that there exists a nearly horizontal
domain-wall motion reveals that there exist some pinnindinear defect, since all the domain evolution patterns indicate
segments around which domain walls are very flexible. Thea common stop of evolution along a linear line at the same
flexible part of domain wall moves forward via a Barkhausenlocation, indicated by dotted line. Unfortunately, we cannot
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through it. Interestingly enough, even in this extreme situa-
tion in which the strong linear defect is expected to exist, the
detailed propagation of domain wall shows a significant fluc-
tuation with the constraint introduced by the linear defect.
The Barkhausen jump occurs still in a random critical way,
still keeping the system at the criticality.

From our direct observation, we can microscopically jus-
tify that there still exists detectable fluctuation in the detailed
domain evolution of Co thin films even in strong pinning
cases, whether pinning is provided by the shape of the point
or line, when the system continues to be at criticality. This
provides clear experimental evidence that exact reproducibil-
ity is not satisfied in the Barkhausen avalanche as expected
from the flexible-domain-wall mod&f?*3and self-organized
criticality,'® where the domain-wall fluctuation originated
from complex dynamical origin plays a key role in determi-

T nation of critical random feature, whereas the classical

0 sac : 4 sec criticality®® predicts exact reproducibility. We clearly resolve
FIG. 2. A series of domain-evolution images captured repeatedly on théh_e_ controversy Wlth r_espect to the queStlon as to whether the
same 40& 320 um? area with the same experimental conditions. The grey Cfitical system exhibits an exact reproducible avalanche or
code represents elapsed time fromo04ts when magetization occurs, as  not!*!® To quantitatively analyze the critical behavior, it is
shown at the bottom of _the figure. Th_e pinning ;ite is indicated by the dotteq—equired to find the distribution of the size and the duration
Zr)rl?dwa?rtotvr\]f upper left image. The field is applied upwardly, as denoted byOf the Barkhausen jump, which is beyond the scope of this
paper and will be published elsewhéfe.
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identify the linear defect in an optical image of the sample.
In general, most of defects are not identified by an optical
image, mainly due to the resolution limit of optical micros-
copy. However, this very reproducible event at the line of the
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