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Fractal study of magnetic domain patterns
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Fractal geometry is introduced into the analysis of “two-phase” magnetic domain patterns. The line-
measuring dimensiod,;,. is selected to quantitatively describe the “line structure” patterns of the multi-
branched domaingMBD’s) formed in garnet bubble films, and a meaningfil,. can be related to the
numbers of vertical Bloch lines in their walls, i.e., to the hardness of the MBD’s. For quantitatively describing
the “plane-filling” domain patterns of magnetic materials with uniaxial anisotropy, such as corrugation and
spike, even “flower,” domains, the box-counting dimensibg,, is selected. For describing the series of
domains of Co and Dy-NdFeB single crystals due to branching probgssandDy,,, are used in section. Our
results show that two phase domain patterns possess fractal natures, and can be described by fractal dimen-
sions.
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The concept of “fractal” was proposed by Mandelbrot in “black” and “white” domains with upward and downward
1975 Since the 1980s, fractal study has become a rapidlynagnetizations, respectively. It was proposed that a single
developing field, and has been applied in a variety ofround-shaped MBD could be formed inside a pancake coil
disciplines?® Fractal is closely related to nonlinear phenom-with 1 mm inner diameter under the joint application of a
ena, and is appropriate to analyze irregular and fragmentelias fieldHy, and a bias rectangular pulse fiett, .° In fact,
patterns; therefore, the fractal dimensris a better param- MBD’s were formed during a rapid drop~60-ns falling
eter to describe them quantitatively. In condensed-matteiime) of H,; thus the formation of MBD's is associated with
physics, fractal study has mainly concentrated on growing hanosecond nonlinear process in a finite space. With a de-
dynamics to describe the variation of patterns with temperacrease oH,, from H[d] (which is called the “critical static
ture and time, etc. bias field for multibranched expansion” because a multi-

The existence of magnetic domain patterns is a commohranched expansion cannot occurHf,>H[d] for bubble
phenomenon in ferromagnets. They may exist to reduce strafyims) the dynamically compressed bubble suffers a larger
field energies, or to the adapt to local anisotropy or sampl@nd larger rapid drop ofi, [(H,+H,)=const] during its
shape, depending on the material parameters and the samfi#dling time, resulting in a more and more complicated pat-
size. Actually, all these energies are nonlinear functions iterns of MBD with more and more vertical Bloch lines
space, and magnetic domain patterns result from their balVBL's) excited in their walls inside a pancake coil. In other
ance. Therefore, magnetic domain patterns should possessvards, the patterns of MBD’s are related to the numbers of
fractal nature. VBL's in their walls, i.e., the hardness of the MBD's. In the

In the field of magnetic domains, cellular domain patternsexperiment, the formed MBD were contracted and classified
as self-organizing critical systems have been discu$3ed.into a type of hard domaingThere are three types of hard
But this discussion was limited to simple cellular patterns. Indomains in bubble films, i.e., ordinary hard bubbl€$iB’s)
this paper, fractal study will first be introduced into the and the first and second types of dumbbell dom&ibBsand
analysis of “two-phase” complicated magnetic domain pat-11D), and in their walls the numbers of VBL's are succes-
terns. sively increased in the order OHBID—IID.’] Therefore,

The intermediate states of the first kind of superconductopn the one hand, we intend to use the fractal dimension to
and uniaxial ferromagnets are famous examples of a twodescribe the MBD pattern quantitatively; on the other hand,
phase domain structure. In this paper we analyze two-phadey means of the statistical formation of MBPshe curve of
magnetic domain patterns of uniaxial ferromagnets in twoD vs Hy, can also be related to the excitation of VBL's in the
cases. The first case concerns multiboranched domainsalls of MBD’s.

(MBD’s) in garnet bubble films, formed under nonlinear In our experiments, by using a transition polarizing mi-
bias-pulsed fields and in a finite space. The second case coeroscope(Faraday effect observatipn70 photos of MBD’s
cerns two-phase magnetic domain patterns formed by and a few soft bubbléSB’s, i.e., normal bubblg¢svere taken
branching process along the easy axis direction in uniaxiaht 12Hy’s for sample No. 1 with a nominal composition of
ferromagnetic plates with infinite dimensions. In the above(YSmCa)(FeGe)0;,,.° For the fractal study, these photos
two cases, we have found the existence of fractal naturesieed to be processed. As an example, Fig) 5 the photo
and introduced appropriate fractal dimensions to describef a typical MBD, in which the inner edge of the 1-mm id
their self-similarity and scale invariance in a statistical sensepancake coil is partially and faintly shown by the black area

The Bloch walls of stripe domains in bubble films go at the four corners, and the round-shaped “white” MBD is
through the film thickness perpendicularly, and separate theurrounded by the “white” stripe domains intruding into the
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method is of significance not only in mathematics but also in
physics, because the boundary of “white” and “black” do-
mains is actually the domain walls of MBD’s.
The procedure to calculai®);,. starts from measuring the
length of a curve by using a ruler of length By changing
the ruler§ to measure the wall curve length{ 5) and carry-
FIG. 1. (El) Photo of a typical MBD, formed at the static bias |ng out a linear regression to the curve Oﬂ_(@ VS |n(@
field H,= (44.0/4) (kA/m), and contracted into an IID with a col- (called the “fractal curve” below; D, is obtained.
lapse fieldH o= (93.6/47) (kA/m). (The photo length is about 0.9 The corresponding fractal curves of Figga)2-2(d) are
mm) (b).DuaI value description of thig MB[Ifigurg sizes: 517 shown in Figs. 88)—2(h). As shown in Fig. 23), the “single-
X480 p|>_<e|5) (c) Dual boundary description of this MBD (517 branch” domain with only one “head” and one “tail” is a
x 480 pixels). SB. But the patterns of OHB's, as typically shown in Fig.
2(b), are characteristic of a few long curved branches and
comb teeth. For the IDFig. 2(c)], they have many long
branches and more comb teeth growing from some long
branches. For the IIDJFig. 2(d)], the number of long
branches is large, and lots of comb teeth were grown from
almost each long branch. It is obvious that with decrease of
Hy from H[d], the successive appearance of OHB's, ID’s,
and 1ID’s, i.e., the hardening process of MBD’s, is certainly
associated with the growth and quantity increase of long
branches and comb-teeth.
It is seen in Figs. @—2(h) that the four fractal curves
consist of three segments. On the first segment<a.6),
the calculatedD,;,e is all about 1.05, indicating that this
'segment is not characteristic due to rulers that are too short.
nI—|owever, for the second one (#-2.6—4.5),D)ine IS eVi-
dently increased in the order OHBID — IID, indicating that
this segment is characteristic of MBD patterns. It also mani-
fests that the rulers§~14-90) used, and their correspond-
ing lengths (-20—110 xm), well match with the length of
comb teeth and the bending parts of the long branches, so
that D, can reflect their growth and quantity. In fact, the
In[L(5)] (1) existence of the scale invariance of MBD patterns has been
Iné ~ confirmed by the linearity of the second segment. Finally, the
third one (n 6>4.5) should be cut off because the patterns
Before calculatingDi,e, in order to obtain the domain are too curved to be correctly measured by straight long rul-
wall curve the patterns in a dual-value descriptferg., in  ers.
Figs. 2a)—2(d)] should be converted to that in a “dual  The average values &f,;,. were calculated for all photos
boundary description.” An example is shown in Figgb)l taken at 1®,'s, and the curve 0D, vs Hy, is shown in
and Xc). In this way, in the calculation dD;,., the running  Fig. 3. The error oD;,. mainly comes from the determina-
direction of a domain curve is unique at every point. Thistion of the characteristic segment and its linear regression,

coil. The steps of the image processing involvéd “wip-
ing” away all irrelevant “white” domains;(2) raising the
contrast between the “white” MBDOwith downward magne-
tization) and the “black” domaingwith upward magnetiza-
tion) around it by means of “dual value” processing, as
shown in Fig. 1b); (3) adopting a “dual boundary method,”
i.e., extracting all the pixel points on both sides of each
branch, resulting in a “dual boundary description” of
MBD’s, as shown in Fig. (c).

Figures 2Za)—2(d) typically show a SB and three MBD’s
formed at differentH, in a dual-value description (480
X 580 pixelg. Three MBD’s were contracted into OHB, ID,
and IID, respectively. In the fractal study of image patterns
the usual way is to calculate their box-counting dimensio
(Dpoy) - However, the patterns in Figs(é2—2(d) are charac-
teristic of a “line” structure. Apparently, they cannot be de-
scribed byD,,,. After comparison, a “line-measuring di-
mension”Dy;,. Was selected.

The definition ofD)pe IS

Diine=—1lims_

ID

FIG. 2. Typical patterns of a single-branch do-
main and three MBD’s in a dual-value descrip-
tion (480x580 pixels), and their corresponding
fractal dimension measurement curvesa)
Single-branch domain, which was contracted into
a SB.(b) MBD, OHB. (c) MBD, ID. (d) MBD,
IID. The static bias fielH,, at which they were

H, = 53.0 kA/(4mm) 50.7 kA/(4nm) 47.5 kA/(4nm) 44.0 kA/(4nm)

formed, and their collapse field;,, are marked.
(Heo=77.0 k/(4mm)) (88.3 kA/(4mm)) (89.4 kA /(dmm)) (89.4 kA/(4mm)) (e—(h) the corresponding fractal curves of the
19 10~ 10 0 domain patterns it@)—(d). The D), values cal-
= S~ ine=1.33 s =139 | g .| Dine=143 “~._| Dine=1.65
2 Z D i D : o j e culated on the second segment are marked.
E 4 |4 |4 L 4 \ Sample No. 1H[d]=(55.0/4w)(kA/m), at room
2 © @ M@ Sl M temperature.
0 2 4 6 0 2 4 6 0 2 4 6 0 2 4 6
In(3) In(d) In(d) In(d)
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L e e L B e L surface layers are entirely different from the simple ones at
__— 1 the interior of the crystals, in Ref. 11 the “surface domain
16 | . width” wg and the “basic domain widthWv,, were used to

- 1 describe them, respectively. However, as discussed above,
. the complicated surface domains result from the “basic” do-

L "‘\'\- 1 mains along the easy axis by the nonlinear branching pro-
_ cess, such as “two branching,” “three branching,” etc. Ac-

tually this is a fractal process in space; thus the resultant

r I[D—-i——lD——l——OHB Hd] T . :
1.0 '— [ ] |_—| 0 domain patterns should possess a fractal nature, i.e., self-
44 46 48 50 52 54 56 similarity and scale invariance. Although the fractal nature of
H, (kA/4nm) the domain branching process was pointed out by Hubert,

) ) . . we have used “fractal dimension” to quantitatively describe
FIG. 3. The line-measuring dimensidy;,. of the MBD of  the variation of domain patterns from simple to complicated,

sample No. 1 as a function of the static bias fidlg, at whichthey 5,4 to distinguish the complicated patterns in different ma-
were formed. The critical static bias fieltH[d]=(55.0/4) terials.

X (kA/m) for the multibranched expansion, and the main regions of In fact, the domain walls of complicated domains are a

Hy, for the formation of OHB's, ID’s, and 1ID’s are marked. combination of Bloch walls and Né walls, and the wall
energy density is a multivariable nonlinear function. With the
and was estimated to be 0.03—0.05 for midgt For analy-  branching process, the domain walls sequentially vary from
sis, the formation regions of OHB, ID, and IIiRef. 6 were  two (2D) to three dimensiondBD) toward the surface along
marked in Fig. 3 to illustrate that the variationDf;, is also  the easy axis, while the domain patterns on surface layer
related to the excitation of VBL's in the walls of MBD’s.  vary from 1D to 2D. Now the question is how to use fractal
It is seen in Fig. 3 that with decrease l8f, from H[d], dimensions to describe the above branching process and the
Diine is slightly increased over the formation region of variation of surface domains. For reaching this goal, it is
OHB'’s, because the pattern difference between OHB's andrucial to acquire some series of reliable surface domain pat-
SB’s is small. However, whil¢d,, is decreased into the ID terns of different magnetic single crystals with various thick-
region, Djne iS gradually increased. But wheH, is de- nessed ranging from small to very large. Fortunately, two
creased into the IID region, thB;,. is steeply increased. series of domain pattern&err effect observationon the
Thus D}, seems a better parameter to quantitatively debasal plane of Co single crystals and Dy-modified NdFeB are
scribe the MBD patterns, in particular the IID patterns. Thisavailable in Figs. 5.4 and 5.5 of Ref. 11, respectively. The
fact means that the hardness of the IID walls is remarkablefractal dimension and its variation withwere calculated as
We believe that this is associated with the remarkable statitollows.
characteristics of IID. In Ref. 11, the patterns of Figs. %a} (t~0-5 wm) and
The second case deals with the branching process of tw.5a) (t~1-14 um) for thinner crystals are essentially in
phase domains along the easy axis direction in uniaxial fera “line” structure. Therefore, similar to the stripe domains in
romagnetic plates of infinite dimensions. The theory of two-bubble films,D,;,. was calculated. Considering that in these
phase domain branching was proposed early by Lahalad  two photos the “line” structure patterns are still gradually
Lifshitz,® then developed by Hubefi.In their theories, the changed with an increase pfFigs. 5.4a) and 5.%a) in Ref.
geometric property of two-phase domains was described bgl were reasonably split into four pieces to obtain more data
the “domain width” w: For thinner crystalsw increases fol-  points. However, for thicker crystals the patterns of Figs.
lowing at*?law, i.e., w~ \/ty,, and the domain wall energy 5.4(b)-5.4d) (t~18, 50, and 40Qum) and Figs. 5.6)—
densityy,, can be calculated by measuringor givent. But ~ 5.5(d) (t~40, 120, 600m) in Ref. 11 are characteristic of
for thicker crystalsw increases following % law, i.e.,w  “plane filling;” therefore, the box-counting dimensidd,,,
~1%3. Moreover, the thickness corresponding to the crosswas calculated.
over of the two power laws is defined as the critical thickness As examples, the “flower” patterns of the thickest Co and
t..1* However,w is better for the simple domains, such asDy-NdFeB crystal§Figs. 5.4d) and 5.5d) of Ref. 11] were
stripe, parallel plate, etc., in which the straight Bloch wallscopied in Figs. &) and 4b) of this paper, and their corre-
are perpendicular to sample surface, and go through thgponding fractal curves calculated are shown in Figs) 4
whole thickness. But for the complicated surface domains oéind 4d), respectively. Apparently, these two fractal curves
the materials with a uniaxial anisotropy, the concept of “do-are similar, and all consist of two data segments with differ-
main width” becomes faint. In fact, for these materials, with ent slope. Taking the fractal curve of Dy-NdF¢Big. 4(d)]
an increase of, branching, tilting, curving, and domain re- as an example, in its second segment&#8.0) the calcu-
finement toward the surface occur gradually, which causekltedDy,,=2 is actually the dimension of the whole image
the domain walls to no longer go through the whole thick-plane; thus this segment should be cut off. In the first seg-
ness. As a result, the domain patterns in surface layer vamnent (In6<3.0) with smallers, the calculated®,,=1.65 is
gradually from simple to complicated, leading to the appearthus meaningful to describe this domain pattern. In the same
ance of corrugation and spike domains, even to the mosway, from the first segment of the fractal curve of Co crystal
complicated “flower” domains. [Fig. 4(¢)], the calculated,,,=1.55. We believe that the
Due to the fact that the complicated domain patterns idinearity of the first segment is a confirmation of the exis-
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sl 8f
% 5t Ny °\°sz or FIG. 6. The “flower” domain patterns taken by using MFM on
S 9 EY the surface layer ofa) a thick NdFg, Mo, 5 single crystal andb)
2f 2r a 60.um-thick magnetic garnet filniquoted from the “Magnetic
ok . Ok . Force Microscopy Image Book,” DI, 1995
0 1 2 3 -+ 5 6 1 2 3 4 5 6
In(3) In(8)

terns, respectively2) The variation of domain patterns with

FIG. 4. The “flower” patterns on the basal plane of the tthkeStt can be quantitative'y expressed mf'ine and DbOX in sec-
Co (a) and Dy-NdFeB(b) crystals[quoted from Figs. 5@) and  tjons. Furthermore, whetit, is increased to several teri3,
5.5d) of Ref. 11, respectively The photo sizes are about 29 approaches a saturated valDe,,, which means that the
X 17 um). Their corresponding fractal curves are showfcinand  qomain patterns in a surface layer finally become fixed. Ac-
(d), respectively. tually, a saturated dimensioB,, and its corresponding

“flower” patterns are characteristic of different materials. In

tence of self-similarity and scale invariance. In fact, theparticular, we think that the “flower” patterns seem to be
“flower” domain patterns in both Figs.(4) and 4b) are in  “finger print” of the materials.
the metastable state by a self-organizing critical system, re- In order to study the correlation betwebn,, and mate-
sulting from a full branching process in a very thick Co rial parameters, in addition to Co and Dy-NdFeB crystals we
crystal ¢=400 um) and a Dy-NdFeB crystal t( also selected other two “flower” patterns, as shown in Figs.
=600 um), respectively. 6(a) and Gb). They were taken from a NdggMo;, 5 thick

After the calculation ofD i, and Dy, for the domain  single crystal’ and a 60x m-thick garnet bubble film by
patterns of Co and Dy-NdFeB crystals, their curvefofs  using NanoScope Illa magnetic force microscope. After the
logt were obtained. Then the thickness, corresponding to thpatterns of Figs. @ and &b) were converted to that in
maximum of the curve/D/dlogt vs logt, was defined as a dual-value description, their box dimensid,,, i.e., the
critical thickness, which is actually the turn point for the saturated dimensioD,; were calculated.
transition of domain patterns from simple to complicated. ~As mentioned above, the “flower” patterns are developed
The calculatedt,’s for Co and Dy-NdFeB are 3.7 and by a full branching process. Apparently, the “flowers” result
10 um, respectively. As a result, their normalized curves offrom the balance of exchange energy and magnetostatic
D vs logf/t,) are shown in Fig. 5. These two curves indicateenergy. ThereforeDg,; should be related to the exchange
the following. (1) D)j,e andDy,,4 can describe the complex- coupling lengthl., of the materials. The definition of
ity degree of the “line” structure and “plane filling” pat- |, is

8 - - - lex=(2A/ oM~ 2)
Dy-NdFeB D_=1.65
16F . The exchange constant, saturated magnetization, the cor-
responding ., andDg,; of the above four kinds of crystals
() Co D,-155 are listed in Table I. From the table, it seems that loriger
141 .

is, the higheDg,; is.

1ok _ TABLE I. Exchange constand, saturated magnetizatio g,
exchange length.,, and saturated dimensid,, of Co (Ref. 13,
Dy-NdFeB (Ref. 19, NdFg, Mo, 5 (Ref. 12 and garnet bubble

1.0 L L L film (Ref. 15.
1 10 100 ( 9
t/t, Materials A(X107% J/m) M, (KA/m) Io, (NM) Dea
FIG. 5. The fractal dimensioB as a function of the normalized CO 10.3 1422 2.8 1.55
thicknesg/t,, calculated from two series of domain patterns of Co Dy-NdFeB 7.7(Ref. 16 875 4.0 1.65
(squarg and Dy-NdFeB(circle) single crystals, shown in Figs. 5.4 NdFe Mo 5 22 812 7.3 1.68
and 5.5 of Ref. 11, respectively. Solid and empty squares or circleBubble film ~1 ~16 ~79 1.74

represenD i, andDy,y, respectively.
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In conclusion, a fractal study was first introduced into anFinally, a series of domain patterns of Co and Dy-NdFeB
analysis of two types of “two-phase” magnetic domain pat- single crystals of various thicknesfiave been described by
terns. The two-phase domain patterns formed under the afiine @dDypoy in sections, resulting in a curve of D vs log
plication of nonlinear fields, or in branching process presenfom the curves, the existence of the critical thicknigsis
fractal nature. The line-measuring dimensbp, . has been ~confirmed; moreover, a saturated dimensing, is acquired.
selected to describe the “line” structure patterns, such a&©Or different materialsDs,, is different, and the correlation
stripe and plate domains, and the MBD formed in bubble3€ems to be the longer the exchange coupling lehgtls,
films. For describing the “plane-filling” patterns of compli- the higherD s, is.
cated domains, such as corrugation and spike, even “flower” This project was supported by the National Natural
patterns, the box-counting dimensibr,, has been selected. Science Foundation of China, under Grant No. 19674074.
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