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The present study explains the morphogenesis of maze-like magnetic domains in amorphous Tb-Fe films. It
is shown that the observed morphological complexity of the maze-like patterns �which arise due to out-of-plane
anisotropy� is superficial and can be explained by simple geometrical rules based on magnetostatic interactions
between domains. Morphogenesis in applied field occurs in a fractal-like manner through growth of self-similar
reversed domains of various shapes at progressively smaller length scales; the field-dependent fractal dimen-
sions are quantified. The microscopic changes in domain morphology manifest as distinct kinks or “knees” in
the macroscopic magnetization curves. Highly aligned synthetic patterns can be formed in microfabricated
films, illustrating the potential for “domain engineering” for controlled magnetoelastic response.
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I. INTRODUCTION

The crystallinity of magnetic materials plays a key role in
the observed morphology of domain patterns. In conven-
tional crystals, magnetization spontaneously points along
certain preferred directions �the so-called magnetocrystalline
anisotropy axes� and individual domains are separated by
low-energy domain walls that lie along well-defined crystal-
lographic planes. For example, in iron single crystals, the
magnetic easy axis points along the �100�-type directions
�edges of the cubic unit cell�. Therefore, if magnetization in
adjacent domains of an iron crystal points along the �100�
and �1̄00� directions, the low-energy 180° domain wall sepa-
rating them is parallel to the �010� crystallographic plane.
The next level of complexity emerges in multiferroic mate-
rials, where the dependence of observed domain morphology
on the underlying crystalline medium becomes even more
prominent. In multiferroic materials, the formation of fer-
roelastic twins gives rise to a mosaic of magnetic domains
whose geometry is governed by the organization of crystal-
line tiles �twins� that are oriented in different directions rela-
tive to each other.1,2 The dependence of domain morphology
on the crystalline host medium is not only limited to ferro-
magnets. A similar dependence can be found for domains in
antiferromagnets that are internally twinned as a result of
phase transition from paramagnetism to antiferromagnetism
below the Néel temperature.3

Next, consider an amorphous Tb-Fe film with perpendicu-
lar anisotropy. In this case, the observed domains form me-
andering, maze-like patterns of remarkable complexity4–8 as
a result of out-of-plane anisotropy. The stark differences in
domain morphology are illustrated in Figs. 1�a�–1�d�. Figure
1�a� shows the above-described case for an iron single crys-
tal. Figure 1�b� shows faceted domains on the �001� plane of
a twin-free Co50Ni20Ga30 single crystal, with magnetization
pointing in and out of the plane of the micrograph. Figure
1�c�, derived from Ref. 9 for a Co49Ni22Ga29 single crystal,
shows the domain structure within a set of crystallographic
twins running diagonally from bottom left to top right �la-
beled I, II, I�. Each twin contains magnetic domains that are

separated by 180°-type walls, and additionally, the twin
planes coincide with the 90° walls. In sharp contrast, Fig.
1�d� shows the meandering or sinuous domains in an amor-
phous Tb-Fe film with perpendicular anisotropy, whose field-
dependent morphogenesis is later shown to be self-similar or
fractal-like at progressively smaller length scales, and is
quantified in the present study.

Note that the formation of labyrinthine domains is not just
limited to amorphous film with perpendicular anisotropy. In
fact, their morphology share commonality with stripe do-
mains in many ordered systems with perpendicular aniso-
tropy, including garnets, ultrathin films, or sandwiches of Co
or Fe, the Fe-Pd and Fe-Pt systems, etc., and their properties
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FIG. 1. �Color online� �a� Domain structure in an iron crystal

with magnetization vectors along �100� and �1̄00� directions in ad-
jacent domains. The 180° domain walls separating them are parallel
to the �010� plane. �b� Domain structure in a twin-free
Co50Ni20Ga30 single crystal at −19 °C. �c� Domain structure in a
polytwin of Co49Ni22Ga29 single crystal at room temperature, when
viewed along the �001� direction. �d� Domain structure in a
2-�m-thick amorphous Tb40Fe60 film at 93 °C. The applied field is
1294 Oe and points toward the viewer.
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have been well investigated both experimentally and
theoretically.10–19 The domain morphology in Fig. 1�d� also
share many similarities with domains in vastly different
physical and chemical systems, including type-I supercon-
ductors, phospholipids, turing patterns in chemical reaction-
diffusion systems, convective roll patterns, confined ferroflu-
ids in magnetic fields, organic systems such as two-
dimensional and three-dimensional Langmuir films, etc.; see,
for example, an excellent review article in Ref. 20 for a
unified treatment of such patterns as arising from modulated
phases.

Pertinent to the present system, the point of Fig. 1�d� is to
highlight the morphology of magnetic domains in the ab-
sence of crystallographic planes, and not to discount the for-
mation of labyrinthine domains in other systems. Although
the balance of exchange, anisotropy, and magnetostatic en-
ergy in the formation of these domains is well understood,
the field-dependent morphogenesis of the observed shapes,
and geometrical rules underlying their behavior are not so
obvious. Moreover, they appear to be complex at first glance.
The present study shows that the observed complexity is
superficial and the morphology can be explained by simple
geometrical rules governed primarily by magnetostatic inter-
actions between domains. Synthetic domain patterns are gen-
erated in microfabricated elements with potential for “do-
main engineering.”

II. EXPERIMENTAL DETAILS

The Tb40Fe60 films, ranging in thickness from 1 to
2.3 �m were sputter deposited from an alloyed target on
Si�100� substrates coated with 6 nm Ta seed layer for better
adhesion. The sputtering was optimized and carried out at 40
W in an Ar pressure of 2 mTorr in a UHV system whose base
pressure was �10−8 to 5�10−9 Torr. Samples were capped
with �2.5-nm-thick Au protective layer, which was effective
in preventing oxidation over time. Transmission electron mi-
croscopy �JEOL-2010 high-resolution TEM�, scanning elec-
tron microscopy �Hitachi SU-70 SEM, 20 kV, 1.0 nm reso-
lution�, as well as grazing and wide-angle x-ray diffraction
�Rigaku Ultima IV, 40 kV� all confirmed the amorphous na-
ture of the as-deposited films. The magnetization of as-
deposited films was normal to the plane of the film. The
perpendicular anisotropy is attributed to planar stresses due
to substrate constraints, which is known to be sensitive to the
argon partial pressure, sputtering power, and film
thickness;21–30 these parameters were carefully optimized.
For thickness less than �0.6–1 �m, magnetization gradu-
ally became in plane due to insufficient buildup of deposition
stresses. The magnetization curves were measured by Quan-
tum Design PPMS system with high-temperature vibrating-
sample magnetometer �VSM� option, as well as by a room-
temperature LakeShore VSM. In-plane and out-of-plane
hysteresis curves were measured at various temperatures
ranging from 298 to 373 K. The sequence of measurement
was from lower to higher temperatures. After high-
temperature measurements, hysteresis curves were again
measured at room temperature and found to be unchanged.

The magnetic domain structure was studied using the
high-resolution interference contrast colloid �ICC� method.31

The ICC method employs an oil-based colloidal solution to
decorate the microfield on a magnetic surface, similar to the
versatile Bitter method.32 However, the technique differs in
the manner in which the colloid decorated microfield is de-
tected. In the Bitter method, a problem in contrasts develops
in the bright-field or the dark-field mode due to backscatter-
ing by particles and various surfaces between the objective
lens and the specimen, which results in an overall loss of
resolution. Instead, the ICC method uses a Nomarski inter-
ferometer to detect the surface microfield distribution. The
magnetic microfield on the surface causes local variation in
the density of colloid particles �average colloid particle size
is 7 nm�, thereby delineating the domain structure. This mi-
crofield is detected by polarization interferometer optics,
which detects any unevenness at the nanometer scale and
reveals domain structure with a pronounced three-
dimensional effect and at a high-resolution limited only by
that of the microscope ��0.4–0.6 �m�. Other features and
capabilities of the ICC method are described elsewhere.1,33,34

The out-of-plane magnetic field was applied by placing the
sample atop the iron core of an electromagnet. The strength
of the magnetic field as a function of current was linear and
was precalibrated using a Hall probe. For domain imaging,
samples were first saturated in either positive or negative
field, followed by decrease in field strength to zero and then
cycled in the opposite direction. The domain observation
system is automated and interfaced with an image frame
grabber �Linkam� and a data acquisition card �for applied
field and temperature�. The experimental setup acquires and
labels all images and data automatically. The software oper-
ating the acquisition card has the ability to embed important
experimental information directly on the recorded optical mi-
crographs, which are automatically collated and numbered as
image galleries.

For each micromagnetic experiment, numerous “practice
runs” were made to gain facility with the sample response.
The strength of the applied field was gradually varied. At the
steepest slopes of magnetization curves �where most reversal
activity occurs�, field strength was changed �increased or de-
creased� by �1 Oe �at the rates of �0.5 Oe /s�, followed by
observation of domains over periods lasting 1–2 min until no
new domain nucleation was detected. At fields with little or
no discernable changes in domain patterns, field was varied
continuously at the rate of �1–2 Oe /s without intermittent
pauses. This protocol also enabled the time-dependent for-
mation of reversed domains at a given field to be captured
�see, for example, description related to Fig. 4�. The domain
structure was recorded at the rate of 1 frame per second. The
applied field strength was also continuously recorded. The
experiments ended with image galleries that can be viewed
as movies for later analysis �virtual experiments�. The at-
tached movies show selective highlights of the actual
experiments.35 Note that the use of oil-based ferrofluid �in-
stead of water based� is essential for these experiments be-
cause of its long-term stability lasting hours to days; water-
based ferrofluid simply evaporates after a few minutes �even
at room temperature�.

III. RESULTS AND DISCUSSION

Hysteresis curves. Whereas films ranging from
1–2.3 �m thick were deposited, all the following results are
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for comparable film thickness �2–2.3 �m �as noted in each
figure caption�. Figure 2�a� shows the room temperature, in-
plane hysteresis curve �red trace� for a 2.2-�m-thick Tb-Fe
film. At room temperature as well as at all temperatures up to
373 K, the film was found to be magnetically isotropic in the
plane of the film with magnetization reversal dominated by
rotation. The inset in Fig. 2�a� shows a high magnification
SEM micrograph �Hitachi SU-70, 1.0 nm resolution� of an
as-deposited film in a region near the film surface. The crys-
tallites of protective Au coating can be seen in this cross-
section SEM image. As noted in the previous section, TEM,
SEM, grazing, and wide-angle x-ray diffraction consistently
confirmed the amorphous nature of the films. In contrast to
the in-plane magnetization curve, out-of-plane hysteresis
curves show peculiar characteristics, as shown in Figs. 2�a�
and 2�b� for the same film at room temperature �blue trace�.
At first sight, the skewed out-of-plane hysteresis curve also
appears to be dominated by rotation in its approach to satu-

ration. However, notice the uncharacteristically large hyster-
esis near saturation fields. By comparison, the hysteresis is
minimal at low fields. Curves with similar characteristics
�i.e., narrow at low fields and broad at high fields� have been
previously observed in Fe-Pd films with perpendicular
anisotropy;14,15,36 Refs. 14 and 15 also include a discussion
for deriving various useful parameters, including domain pe-
riodicity. In addition, well-defined stripe domain patterns
could be engineered using focused ion-beam irradiation.15

A closer examination of the curve in Fig. 2�b� reveals the
presence of two kinks or knees at high fields �labeled “a” and
“b”� along with a third softer knee �labeled “c”� that appears
just before remanence; such knees have not been discussed
or noted in previous studies. The inset in Fig. 2�b� is a
zoom-in view of knees a and b. Figure 3�a� shows out-of-
plane hysteresis curves for the film at various temperatures.
As expected, higher temperatures shrink the hysteresis
curves toward lower saturation values. Whereas at 298 K the
sample reaches saturation at �3700 Oe, at 373 K saturation
is achieved at �2100 Oe. In addition, the inset in Fig. 3�a�

-5000 -2500 0 2500 5000
-1.0

-0.5

0.0

0.5

1.0

(a)

Out-of-plane
In-plane

M
/M

s

Field (Oe)

Protective Au

a-Tb-Fe

75 nm

-5000 -2500 0 2500 5000
-1.0

-0.5

0.0

0.5

1.0

-3500 -3000 -2500 -2000
-1.0

-0.8

-0.6

Knee 'a'
Knee 'b'

M
/M

s

Field (Oe)

Knee 'c'

(b)

Knee 'b'

Knee 'a'

FIG. 2. �Color online� �a� In-plane �red trace� and out-of-plane
�blue trace� hysteresis curves for a 2.2-�m-thick amorphous Tb-Fe
film at room temperature. Inset shows a high magnification SEM
image showing an amorphous film coated with protective gold. �b�
Out-of-plane hysteresis curve of the same film marking the position
of the three knees, labeled a, b, and c. Inset is a magnified view of
knees a and b.
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FIG. 3. �Color online� Out-of-plane hysteresis curves for the
2.2-�m-thick amorphous Tb-Fe film at various temperatures. All
curves are normalized relative to the trace at 25 °C. Inset shows the
zoom-in view of coercivity and remanence. �b� Temperature depen-
dence of knees a and b. Dotted lines are linear fit to the data.
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shows that both remanence and coercivity becomes smaller
at higher temperatures. Figure 3�b� plots the temperature de-
pendence of knees a and b, both of which exhibits a linear
downward shift with increasing temperature. It was difficult
to reasonably approximate the temperature dependence of
the soft knee c but its relevance along with those of knees a
and b is discussed with reference to the observed field-
dependent micromagnetic �domain� structure in the follow-
ing.

Micromagnetic structure in films. The micromagnetic
structure was investigated at various temperatures and Fig. 4
describes its salient features using the example of magneti-
zation reversal for the above film at �373 K �100 °C�. In
all the following figures and discussion, the direction of ap-
plied field is normal to the plane of the film �either pointing
outward or inward�. The micromagnetic structures in Fig. 4
correspond to the highlighted section of the hysteresis curve
shown in Fig. 5. Also note that while only a few representa-
tive micrographs can be realistically included in Fig. 4, the
attached Movie-1 in the Supplementary Documents shows
the reversal process in a more continuous manner and in
greater detail.35 Following saturation in the negative direc-
tion, Fig. 4 and Movie-1 shows that demagnetization occurs
primarily by nucleation and growth of reversed domains as
the field strength is reduced from negative saturation to zero.

Notice that without micromagnetic studies one could have
misconstrued the slant of the out-of-plane hysteresis curves
in Figs. 2 and 3 as arising from a rotation-dominated mag-
netization reversal process. Instead, as described in the fol-
lowing, the observed slant results from demagnetization by a
self-similar growth process for the reversed domains within
progressively smaller regions, as the sample is brought from

100 �m
(a) (b) (b’)

(d)(c) (d’)

(e) (f) (f’)

(g) (h) (h’)

(i) (j) (i’)

FIG. 4. �Color online� ��a�–�i�� Micrographs
showing the evolution of domain structure versus
field in the 2.2-�m-thick amorphous Tb-Fe film
at �100 °C as the field is reduced from negative
saturation to zero. �j� Zoom-in view of the do-
main structure corresponding to the area in-
scribed within the rectangle in �i�. Pictures in
�b��, �d��, �f��, �h��, and �i�� are schematic ren-
derings of the micrographs in �b�, �d�, �f�, �h�, and
�i�, respectively, which highlights progressive
subdivision of unreversed �black� domains de-
marcated by reversed domains �green�. The sche-
matic renderings can be obtained by an edge-
finding routine of image-analysis software.
Applied fields are �a� −1800 Oe, �b� −1200 Oe,
�c� −1200 Oe, �d� −1100 Oe, �e� −1000 Oe, �f�
−1000 Oe, �g� −850 Oe, �h� −600 Oe, and �i�
−200 Oe. See text for further explanation.
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FIG. 5. �Color online� Section of the hysteresis curve corre-
sponding to the micromagnetic structures shown in Fig. 4 �high-
lighted by the symbols�.
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saturation to remanence. Starting from a single-domain state
at a negative saturation �not shown in Fig. 4, see Movie-1�,
reversal begins by abrupt formation of narrow, serpentine-
like reversed domains, as shown in Figs. 4�a� and 4�b�. The
magnetization in the reversed domains points toward the
viewer whereas it points directly into the plane of the film in
the remaining unreversed regions of the film.

Although the geometrical arrangement of the meandering
reversed domains is random and the geometrical patterns
vary from one experiment to another, the overall tendency of
the reversed domains is to spread across the entire surface of
the sample �as opposed to local nucleation of one or few
domains and their subsequent growth and penetration into
the sample�. In this manner, the reversed domains subdivide
the initial unreversed single domain at negative saturation
into N unreversed cells. Figure 4�b�� is a schematic render-
ing of the micrograph in Fig. 4�b�, which shows several
�black� unreversed domains demarcated by reversed domains
�green�. Following the initial subdivision in Fig. 4�b�, further
reversal occurs in a self-similar manner by continued subdi-
vision of unreversed regions into progressively smaller cells.
Moreover, within each unreversed cell the reversal occur
independent of reversal in adjacent regions. For example,
follow the progressive subdivision of the unreversed domain
marked by the �blue� dot in the middle of Fig. 4�b��. New
reversed domains can be seen to nucleate as branches from
the existing reversed domains. For instance, in Fig. 4�d� or
its schematic rendering in Fig. 4�d��, the region marked by
the �blue� dot in Fig. 4�b�� is subdivided into smaller regions.
This process continues on ever finer length scales, as shown
in Figs. 4�e�, 4�f�, and 4�f��, Figs. 4�g�, 4�h�, and 4�h��, and
Figs. 4�i� and 4�i��; Fig. 4�i� is a zoom-in view of the region
marked in Fig. 4�i�. Also note the time-dependent formation
of reversed domains at constant field values in Movie-1.35

The observed tendency of the reversed domains to spread
across the entire film surface can be understood in terms of
lowering of the overall magnetostatic energy, as shown sche-
matically in Fig. 6. Initially, the single-domain state at �nega-
tive� saturation, Fig. 6�a�, sets up magnetic poles at the top
and bottom surfaces of the film and an associated high-
energy density �Ms

2 that is only stable under sufficiently

strong fields. Formation of reversed domains across the en-
tire film surface “magnetically shatters” the single unre-
versed domain into N unreversed cells, Fig. 6�b�, thereby
lowering the magnetostatic energy by �1 /N. Note that the
observed energetics of reducing the magnetostatic energy in
case of amorphous medium have the same basis as that for
crystalline materials.37 With further subdivision of the unre-
versed regions into smaller cells, Fig. 6�c�, the magnetostatic
energy is further reduced. From Fig. 4, notice the effective-
ness of this process in uniformly demagnetizing the sample
across the entire area of the film as it approaches the state of
remanence. The process does not leave out any obviously
large regions of unreversed domains as the field strength is
reduced.

Figure 4 above shows progressive subdivision of the
sample into finer domains until the net magnetization is
nearly zero at remanence. Flux closure occurs by similarly
sized regions of reversed and unreversed domains that are
intermingled within close proximity. Now if the field is in-
creased from zero to, say positive saturation, approach to a
single-domain state �saturation� is found to be the reverse of
that described in Fig. 4. Finer domains locally unreverse
themselves to form coarser cells, until ultimately a single-
domain state corresponding to saturation is left. This is
shown sequentially in Figs. 7�a�–7�h�. Again, the attached
Movie-2 shows the above-described features in a more con-
tinuous manner and in greater detail.35 For instance, notice
the distinct change in average size of reversed cells in
Movie-2 corresponding to the micrographs shown in Figs.
7�c�–7�e�. Also, for generality, the micrographs in Fig. 7 are
shown for a field cycle immediately preceding Fig. 4, that is,
the shown figures are from remanence to negative saturation.
In sharp comparison to conventional crystalline materials,
notice that there is no lateral displacement of the reversed
domains but only elongation �towards remanence� or shrink-
age �toward saturation�.

Over repeated experiments, the following observations
can be made �elaborated below�: �I� the knee a corresponds
to the appearance of the first set of reversed domains that
subdivide a single unreversed domain into a multiplicity of
unreversed domains. �II� Subsequent reversal process in any
unreversed region occurs independent of reversal in adjacent
regions.

These observations also explain the broadening of the out-
of-plane hysteresis curves in Figs. 1 and 2 near saturation
and thinning toward zero field. Also note that while the do-
main patterns appear to be seemingly random, the guiding
principle is self-similar growth of reversed domains, which is
highlighted in Figs. 8 and 9 next.

Self-similar growth. The morphogenesis of reversed do-
mains in Figs. 4 and 7 seemingly evolves into complex geo-
metrical patterns. However, a closer examination reveals re-
markable simplicity. This is shown in Figs. 8�a�–8�i� using
the region defined by the pair of �orange� dots near middle-
left in Fig. 4�b��. Each schematic in Figs. 8�a��–8�i�� is a
near exact and idealized trace of the respective micrograph in
Figs. 8�a�–8�i�. The color scheme in the schematics describes
the order of the reversed domain, as shown by the “order
tree” at the bottom right of Fig. 8. For example, a domain
that nucleates from an existing first-order reversed domain is
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FIG. 6. �Color online� Progressive subdivision of the film into
domains to lower the overall magnetostatic energy.
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traced in green, representing a second-order domain. The
zero-order reversed domains in Fig. 8�a�� represent the first
set of domains that nucleate following saturation in the nega-
tive direction �corresponding to knee a�. As shown in Fig.
8�b�, two sinuous first-order reversed domains first nucleate
on either side of an existing domain at the center �along with
formation of domains in the upper-right corner�. In the fol-
lowing this undulating shape is referred to as the open form
of “Maiandros” �derived from Maiandros or Maeander river
in ancient Greek mythology and now often used in reference
to such undulating or meandering geometrical forms�, and it
was the most commonly observed geometrical form; closed
forms of Maiandros are shown later. Although terms such as
“meandering domains” or “labyrinthine/stripe domains” are
commonly used, use of a single noun �Maiandros� is efficient
and provides ease of description for open or closed forms;
see also Ref. 38. Figure 8 shows that the apparently complex

domain patterns are in fact relatively simple and composed
of the same open geometrical form that gradually fills in the
unreversed regions at progressively smaller scales. Also note
that the growth of open Maiandros does not follow a strictly
hierarchical sequence as a function of applied field. In other
words, lower order reversed domains �e.g., first or second�
may still continue to form in different regions while higher
order domains �e.g., third and fourth� are being formed; see,
for example, Figs. 8�h� and 8�i�. Also notice that within the
available optical resolution ��0.4 �m� first-, second-, and
third-order domains are the most prevalent with only a few
instances of fourth-order domains that can only be seen in
Figs. 8�h� and 8�h��, 8�i� and 8�i��.

Figure 9 shows an example of a closed form of Maiandros
in the shape of the triangle �ignoring the obvious rounding of
edges that occurs to avoid sharp magnetization gradients�.
These micrographs correspond to the region near the �yel-
low� dot in the upper-right side of Fig. 4�b��. Again, each
schematic in Figs. 9�a��–9�d�� adjacent to each micrograph
in Figs. 9�a�–9�d� is a near exact and idealized trace of the
respective micrograph. The color scheme in the schematics
follows the same order tree shown at the bottom of Fig. 8.
Figure 9�e� is a hypothetical schematic of a region undergo-
ing reversal by triangular form of Maiandros alone.

From the above discussion it is clear that the observed
micromagnetic patterns are formed recursively by random
propagation of self-similar geometrical forms at progres-
sively smaller regions. This recursive size reduction at dif-
ferent length scales can also be seen clearly in Movie-3 of
the attached Supplementary documents.35 It corresponds to
the sample shown earlier in Fig. 1�d� and it succeeds in cap-
turing the progressive cell division with greater clarity than
that shown previously in Movie-1. These patterns can be
characterized by fractal geometry, and the fractal dimensions
corresponding to the morphogenesis of reversed domains is
quantified and enumerated following a discussion of subtle
energy differences between various patterns.

Patterns in microfabricated elements. Owning to the large
area of the film, different random patterns of zero-order re-
versed domain emerge in successive experiments; these pat-
terns are then subsequently filled in by higher order domains.
By reducing the area of the film using microfabrication, the
number of nuclei can be controlled. Use of microfabricated
films, where magnetostatic end effects dominate, also yields
insight into the subtle energy differences between different
domain patterns, which in turn, enable control over their geo-
metrical morphogenesis. Also, given that the apparently
complex domain patterns can be described by minimization
of the magnetostatic energy, an ability to engineer domain
morphology in micro-electro-mechanical system �MEMS�
elements �where edge effects are dominant� would provide
new means to control the switching characteristics of these
films for integration in MEMS devices. Figure 10�a� shows a
microfabricated film in the form of a narrow taper. Reversal
in this film begins by two nuclei shown encircled in Fig.
10�a�. As the field strength is reduced, another nucleus forms
toward the left of the tapered film, as shown encircled in Fig.
10�b�. This nucleus subsequently grows into an open Maian-
dros, as shown in Fig. 10�c�. With further reduction in ap-
plied field, Fig. 10�d� shows the nucleation of several sec-

(b)
50 µm

(a)

(d)(c)

(f)(e)

(h)(g)

FIG. 7. �Color online� ��a�–�h�� Micrographs showing the evo-
lution of domain structure versus field in the 2.2-�m-thick amor-
phous Tb-Fe film at �100 °C as the field is increased from zero to
negative saturation. Applied fields are �a� −200 Oe, �b� −400 Oe,
�c� −900 Oe, �d� −1200 Oe, �e� −1500 Oe, �f� −1600 Oe, �g�
−1600 Oe, and �h� −1600 Oe. The micrographs correspond to the
field cycle immediately preceding Fig. 4. See text for further
explanation.
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ondary open Maiandros that fill in the unreversed regions of
the film. Figure 10�e� shows the nucleation of a new second-
ary Maiandros toward the tapered end of the film, whose
point of nucleation is marked by the vertical arrow. The ob-
served nucleation and growth pattern could be repeated over
successive experiments, within small differences. Figure 1�f�
shows a subsequent experiment at twice the magnification,
showing the same secondary Maiandros marked in Fig.
10�e�. Figures 10�g� and 10�h� shows, respectively, the suc-
cessive growth of two additional Maiandros into the ever
narrowing region of the film �marked by arrows�, where their
shape is rendered into a straight line. This suggests that the
limiting shape of an undulating open Maiandros is a straight
line. The total energy of a straight domain-wall segment is
lower than that for a wavy segment �equal to � ·A; � is wall
energy per unit area and A is the total wall area�. To explain,
consider the schematic of plane-parallel set of reversed do-
mains in Fig. 11�a�. The magnetization in the reversed do-
mains points toward the viewer �� � whereas in unreversed
domains it points into the plane of the figure � � �. As a
result, the flux emanating from reversed domains closes its
path with adjacent unreversed domains, as shown by the ar-
rows in the lower-left section of Fig. 11�a�. From magneto-
static consideration it is clear that repulsive forces between
flux of same polarity precludes the intersection of one re-
versed domain with another and this condition is always ex-
perimentally met. In other words, reversed domains never
intersect with each other although they may nucleate as
limbs from existing domains. If existing reversed domains are

parallel and sufficiently close to each other, magnetostatic
forces of repulsion between them define the midrib between
them as locus of new domain growth, as shown in Fig. 11�a�.
Under such conditions, parallel growth would dominate.
However, if the reversed domains are sufficiently far apart
and if a new reversed domain nucleates as a limb from an
existing domain, its trajectory would be defined by magne-
tostatic forces of repulsion with existing domain�s� that it
approaches, and the locus of the resulting trajectory would
be a closed or open form of Maiandros. An example of this is
shown in Fig. 11�b�. The experimental realization of a plane-
parallel assembly of reversed domains under controlled
nucleation and growth is discussed below followed by two
simple rules for initial trajectory of nuclei and their subse-
quent growth direction.

Assembly of plane-parallel domains. Figures 12�a�–12�d�
shows progressive morphogenesis of reversed domains into a
near-perfect plane-parallel assembly, analogous to the sche-
matic shown in Fig. 11�a�. The attached Movie-4 shows the
reversal in greater detail.35 Figure 12�a� and Movie-4 shows
that reversal begins by formation of numerous nuclei that
grow into plane-parallel domains. Nuclei that are inter-
spersed within these plane-parallel domains are forced to
grow in the same direction due to repulsive magnetostatic
interactions between adjacent domains. Whereas no two re-
sulting patterns are ever the same, globally, a set of plane-
parallel reversed domains could be formed over repeated ex-
periments.

Imperfect assembly of plane-parallel domains. Figures

(a-e)

Zero-order

1st order
2nd order
3rd order
4th order

(a’-e’) (f-i)

185 µm

(f’-i’)

FIG. 8. �Color online� ��a�–�i�� Self-similar
growth of reversed domains over progressively
smaller areas by open form of Maiandros. The
micrographs are zoom-in views of the region
marked by two �orange� dots in Fig. 4�b��. ��a��
− �i��� Near-exact schematic traces of adjacent
micrographs in �a�–�i�, respectively. The order
tree at the bottom right describes the order of
reversed domain. See text for explanation. Ap-
plied fields are �a� −1800 Oe, �b� −1200 Oe, �c�
−1200 Oe, �d� −1000 Oe, �e� −1000 Oe, �f�
−1000 Oe, �g� −1000 Oe, �h� −840 Oe, and �i�
−600 Oe.
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13�a�–13�f� shows progressive morphogenesis of reversed
domains in another microfabricated film. The attached
Movie-5 corresponds to micrographs in Fig. 13.35 Figures
13�a�–13�c� and Movie-5 shows that reversal initially begins
by nucleation of several domains, followed by their plane-
parallel growth. During this process the interspersed reversed
nuclei are forced to grow in the same direction. However,
with further reduction in applied field, accidental nucleation
of domains occurs as branches of horizontal domains, as
shown in Fig. 13�d�. This causes the subsequent growth mor-
phology to change in order to fill the remaining regions of
the film, as shown in Figs. 13�e� and 13�f�. For instance, the
lower part of the triangular film is split into two new trian-
gular regions in Fig. 13�d�, within which new domain prima-

rily grows in the vertical direction, as shown in Figs. 13�e�
and 13�f� and Movie-5.

Random Pattern. Figures 14�a�–14�d� shows progressive
morphogenesis of reversed domains in the same microfabri-
cated film as in Fig. 13 except that the applied field was
slowly decreased until just one or few nuclei became visible.
The attached Movie-6 corresponds to micrographs in Fig. 14
and show the reversal in greater detail.35 In contrast to Figs.
12 and 13, Fig. 14�a� and Movie-6 show that reversal begins
by formation of only two nuclei, as shown encircled in Fig.
14�a�. Figure 14�b� shows that these two nuclei grow in the
horizontal direction and another nucleus forms at the upper-
left corner of the film. Figure 14�c� shows that the reversed
domains deflect off the edges of the triangle due to magne-
tostatic forces. Subsequent growth occurs by formation of
several new secondary branches of reversed domains. As a
result, the entire film is randomly populated with open and
closed forms of Maiandros, as shown in Figs. 14�d�–14�f�
and Movie-6. Note that although a precise study of nucle-
ation rate as a function of temperature and sweep rate of

(a’)

(b’)

(c’)

(d’)

75 µm

(a)

(b)

(c)

(d)

(e)

FIG. 9. �Color online� ��a�–�d�� Self-similar growth of reversed
domains over progressively smaller areas by closed form of Maian-
dros. The micrographs are zoom-in views of the region marked by
the �yellow� dots in Fig. 4�b��. ��a��− �d��� Near-exact schematic
traces of adjacent micrographs in �a�–�d�, respectively. The order
tree is the same as that shown in Fig. 6. See text for explanation.
Applied fields are �a� −1200 Oe, �b� −1000 Oe, �c� −840 Oe, and
�d� −600 Oe. �e� A hypothetical schematic showing reversal by
triangular Maiandros only.

(a)

100 µm

6o

(h)

(d)

(c)

(g)

(b)

(f)

50 µm

(e)

FIG. 10. �Color online� ��a�–�e�� Nucleation and growth of open
form of Maiandros in a microfabricated film that is shaped into a
narrow taper �included angle is 6°�. The film thickness is �2 �m
and temperature is 80.5 °C. ��f�–�h�� Nucleation and growth in the
same film during another experiment but at twice the magnification.
Notice that the open form of Maiandros takes the limiting shape of
a straight line as it penetrates the narrowest regions of the tapered
film. Applied fields are �a� 1454 Oe, �b� 1187 Oe, �c� 1158 Oe, �d�
1075 Oe, �e� 1025 Oe, �f� 1038 Oe, �g� 803 Oe, and �h� 276 Oe.
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applied field is beyond the scope of the present study, forma-
tion of one or few nuclei could be experimentally achieved
by slowly reducing the field in small fractions of an oersted

and holding the sample at that field, followed by a further
small decrease in field. In contrast, rapid decrease in field at
a given temperature is akin to supercooling, which can result
in a large number of nuclei to form suddenly.

Dipolar or magnetostatic forces between flux of same ori-
entation dictates the following two simple rules for the ob-
served forms of reversed domains:

Geometrical rule-1: orthogonality. The initial trajectory
of a reversed domain that nucleates as a limb of an existing
reversed domain is orthogonal to the existing domain at the
point of nucleation.

This is shown schematically in the inset of Fig. 15, along
with several encircled examples of this rule in the micro-
graph shown in Fig. 15. This condition is a natural conse-
quence of the fact that magnetostatic forces �and hence locus
of domain growth� are balanced normal to the point of nucle-
ation.

Geometrical rule-2: bisection. The locus of any Maian-
dros (open or closed) as it approaches another segment of
reversed domain is the bisector of the angle between the two.
For cases involving more than two domain segments, the
superposition principle applies by summing over all interac-
tions.

Locus of
growth

(a)

(b)

FIG. 11. �Color online� �a� Schematic of plane-parallel set of
reversed domains that are sufficiently close to each other. The mid-
rib between them defines the locus of growth for new domains. �b�
For reversed domains that are far apart, nucleation of a reversed
domain as limb of an existing domain gives rise to meandering
domains. See text for explanation.

(a) (b)

(d)(c)

FIG. 12. �Color online� ��a�–�d�� Nucleation and growth of a
near-perfect plane-parallel assembly of reversed domains in a mi-
crofabricated film in the shape of an equilateral triangle. Applied
fields are �a� −1278 Oe, �b� −1238 Oe, �c� −1236 Oe, and �d�
−1081 Oe. The film thickness is �2.3 �m and temperature is
54.5 °C. The edge length of the triangle is 150 �m.

(a) (b)

(c) (d)

(e) (f)

FIG. 13. �Color online� ��a�–�f�� Nucleation and growth of an
imperfect assembly of plane-parallel domains within a microfabri-
cated film in the shape of an equilateral triangle. Applied fields are
�a� 1316 Oe, �b� 1167 Oe, �c� 1044 Oe, �d� 975 Oe, �e� 960 Oe, and
�f� 954 Oe. The film thickness is �2 �m and temperature is
80.5 °C. The edge length of the triangle is 100 �m.
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This is shown schematically in Fig. 16�a� along with two
examples of bisection rule in Fig. 16�b�. Note that once ad-
ditional domain segments form, determination of trajectory
requires additional consideration of magnetostatic forces
from those segments. As a result the observed trajectory will
be a balance of interactions between all such segments and
the approaching domain. Such a deviation is shown in the
encircled example in Fig. 16�b�, where the actual angle of
trajectory is less than the bisector angle owning to forces due
to a wall segment on the top. A schematic of such deviation
is shown schematically in Fig. 16�c�. In such cases, the su-
perposition principle applies by summing over all interac-
tions.

Corollary. Although a new domain may nucleate from an
existing domain, from magnetostatic considerations, repul-
sive forces between flux of same polarity precludes the in-
tersection of one reversed domain with another.

Synthetic Variants. With aforesaid understanding that
magnetostatic interactions underpin the observed domain
morphology, synthetic patterns can be produced. For ex-
ample, Movie-7 shows formation of plane-parallel set of re-
versed domains in a microfabricated square film, with edge
length of 200 �m.35 Initially, a plane-parallel set of reversed

domains grows along one of the square diagonals �running
from bottom right to top left�, as shown in Fig. 17�a�. How-
ever, the growth along the other square diagonal �running
from top right to bottom left� is equally probable. Therefore,
once reversed domains branch off orthogonally from existing
plane-parallel domains, growth begins to occur along the
second diagonal, as shown in Figs. 17�b� and 17�c�. The
schematic in Fig. 17�d� shows that this gives rise to two
variants, whose growth directions are along the two square
diagonals.

Fractal dimension. The Euclidian dimension d defines the
spatial dimension �d=1, 2, and 3 for line, plane, and volume,
respectively�. The measure of the length, area, or volume is
then obtained by discriminating shapes in small elements
that have the same Euclidian dimension. However, as men-
tioned earlier, the recursive nature of the micromagnetic pat-
terns formed by random propagation of self-similar shapes
makes the observed micromagnetic structures amenable to
characterization using fractal geometry.39 Fractal nature of
magnetic domains and domain walls has previously been
studied both experimentally and theoretically.16–18,36,40–50 In
particular, fractal or hierarchical nature of walls has been
predicted to dominate magnetostrictive materials based on
minimization of energy density.46 Using a ruler method, it
has been shown that the fractal dimension D in Tb-Fe films
increases with an increase in temperature up to the Curie
point.40 Using the same method, the fractal dimension was
found to decrease with an increase in applied field in Au/
Co/Au films with perpendicular anisotropy,42,44 as well as in
Co and Dy-NdFeB single crystals;18 as shown below, a simi-
lar trend �but of different origin� is found in the present
study. The process of remagnetization as development of
fractal clusters of reversed domains has also been shown.17

Using Hausdorff-Besicovitch method,51 fractal nature of
phase equilibrium curves has been found in a system of in-
teracting magnetic moments in the presence of a low-

(a) (b)

(c) (d)

(e) (f)

FIG. 14. �Color online� ��a�–�f�� Nucleation and growth of a
disordered assembly of plane-parallel domains within a microfabri-
cated film in the shape of an equilateral triangle. Applied fields are
�a� 1391 Oe, �b� 1198 Oe, �c� 1123 Oe, �d� 1012 Oe, �e� 989 Oe,
and �f� 960 Oe. The film thickness is �2 �m and temperature is
80.5 °C. The edge length of the triangle is 100 �m.

Locus of zero magnetostatic forces &
secondary growth direction

90o

Existing domain

100 µm

FIG. 15. �Color online� Examples of the orthogonality rule for
initial trajectory of a reversed domain along with a schematic of the
same in the inset. Numerous orthogonal trajectories of reversed
domains at the point of their nucleation are shown encircled and the
micrograph is taken from the sequence of images shown earlier in
Fig. 4.
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frequency bias field. More recently, a stepwise jump in frac-
tal dimension has been attributed to a phase transition
between two types of fractal structures in permalloy films.49

In order to calculate the fractal dimension D of the observed
patterns as a function of applied, field, the operating fractal
rule has to take into account the effect of magnetic field as
the pattern changes from saturation field to remanence. As
shown above, the new reversed domains propagate in such a
way that the unreversed domain is continuously subdivided.
Therefore fractal geometry occurs by formation of reversed
domains at different length scales and such domains can be
enumerated. The calculated fractal dimension of the patterns
then determines the population of reversed domains as a
function of size of unreversed domains and magnetic field.
Using the correlation method,52 the first step was to count the

population of the reversed domains within a box having a
size �. Whereas several approaches can be used to calculate
the fractal dimension, such as Hausdorff-Besicovitch and
Bouligand-Minkowski methods,51 the correlation method has
the advantage of fast computing and has been shown to be
equivalent to the fractal law.52 In this method, a box of size �
is first chosen and the population �pixels� of reversed do-
mains within this box is counted. Then the size of the box is
increased and the new population counted. The fractal analy-
sis software53 mathematically fits the increase in population
of reversed domains as a function of size of the box using the
equation N���=a ·�D+c, where a accounts for the local de-
viation within the fractal law �N���=�D� and c is constant.
Note that the general equation relating the population to frac-
tal dimension is N���=�D. However, the modified equation
�N���=a ·�D+c� is used in practice because real fractals
found in nature do not repeat themselves infinitely. Table I
shows an example of the variation in various parameters and
fractal dimension versus applied field for the film described
in Fig. 4. Since fractal dimension D appears as an exponent
�N���=a ·�D+c�, the calculated population N��� of reversed
is closer to the experimental results by keeping D to three
decimal points in Table I. For local deviation from the fractal
law, the prefactor “a” in Table I is kept to two decimal points
to achieve good fit with the experimental results. The con-
stant “c” in Table I is redundant beyond one decimal point.
From such data sets, the relationship between populations
versus size of the box �size of unreversed domain� can be
plotted for different fields, as shown in Fig. 18. For each
curve, the ratio between actual population of the pixels and
the mathematical fitting of the calculated population is the
correlation ratio. The average correlation ratio for all the
curves was calculated to be 0.9997; box size less than 15
pixels had too few data points to give consistent results. Fig-
ure 19 shows the fractal dimension versus applied field at
100 °C. Although the trend of decreasing fractal dimension

48o48o

45.5o

45.5o

(b)

�

Angle of deflection
(bisector)

Angle of approach

(a)

�

Existing domain

25 µm

�

Bisector

�

Actual
trajectory

Existing domain

An adjacent domain
segment

(c)

FIG. 16. �Color online� �a� Schematic showing the bisection
rule. �b� Two examples of bisection rule where the approaching
reversed domain encounters only a single-domain segment. Notice
the trajectory of the approaching domains with the aid of the ar-
rows, which shows that the interaction is always between the ap-
proaching domain and a single-domain segment. Deviation from
bisector angle occurs when the approaching domain encounters
more than one domain segment, as shown encircled in �b�. In such
cases the actual trajectory can be obtained by superposition prin-
ciple by summing over all interactions. �c� Schematic of such a
deviation.

(c) (d)

(a) (b)

FIG. 17. �Color online� ��a�–�c�� Growth of reversed domains
along two square diagonals, giving rise to two variants. The film
thickness is �2 �m and temperature is �80 °C. Applied fields are
�a� 1068 Oe, �b� 957 Oe, and �c� 871 Oe. �d� Schematic of growth
pattern, showing directional growth along the two square diagonals.
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with increasing field is similar to that observed in Refs. 18,
42, and 44 the underlying origin differs. Notice that the frac-
tal dimension becomes asymptotic to 1.9 at fields lower than
1000 Oe. Initially, at high fields the first set of reversed do-
mains that are formed are really not a fractal as they are not
sufficiently subdivided. In other words, there is no self-
repeating action during the initial stages. As the magnetic
field is decreased, the rate of self-repeating action increases
for smaller decreases in applied field, and the subdivision
becomes progressively finer. The final structure is the closest
approximation of the limiting fractal dimension. The physi-
cal meaning of this limiting fractal dimension is that the
reversed domains ultimately cover the entire area such in
such a manner that the net magnetization is close to the re-
manence. As mentioned earlier, knee a represents the first
time-reversed domains are formed, and they may be consid-
ered to be the initiators of the subsequent self-similar pro-
cess. Between knees a and b, the structure is still too coarse
to be characterized as a fractal. Below knee b, the subdivi-
sion becomes finer and that is when one starts to get a more
consistent fractal dimension. Optical micrographs close to

knee c do not have enough resolution to be investigated.
Finally, given that thermal-expansion coefficient of Tb-Fe is
greater than that for silicon substrate,28–30 a higher tempera-
ture results in greater compressive thermal stress in the film
�due to thermal-expansion coefficient mismatch� and a
higher perpendicular anisotropy. Higher domain-wall energy
is associated with higher anisotropy. At the same time, a
lower magnetization length �saturation magnetization� at
higher temperature gives weaker magnetostatic interaction.
Due to decreased magnetostatic interaction and higher
domain-wall energy at higher temperature, the domain size is
increased �coarser domain�. Related micromagnetic simula-
tions are currently underway and will be reported in a future
publication.54 Also, it has been previously shown that the
equilibrium width of stripe domains is defined by film
parameters12 and is on the order of the sample thickness.14

Therefore it is of interest to note that in the present study, the
width of the domains varies as the self-similar domain rever-
sal progresses, see, for example, Figs. 4 and 7. Theoretical
and experimental work is currently underway to model this
observed behavior and will be reported in a later
publication.54

IV. CONCLUSIONS

The apparently complex maze-like domain patterns in
amorphous medium with perpendicular anisotropy are shown
to be simple, being composed of the same geometrical forms
that gradually fill in the unreversed regions at progressively
smaller scales to minimize the magnetostatic energy. The
self-similar growth morphogenesis of domains is fractally
enumerated.

Geometrical rule-1. Balanced by magnetostatic forces, the
initial trajectory of a nucleating reversed domain as a branch
of an existing domain is orthogonal to the existing domain.

Geometrical rule-2. The locus of any Maiandros �open or
closed� in its approach to another segment of reversed do-
main is the bisector of the angle between the two. For cases
involving more than two domain segments, the superposition
principle applies by summing over all interactions.

Although a new domain may nucleate from an existing
domain, from magnetostatic considerations, repulsive forces
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FIG. 18. �Color online� The relationship between populations
N��� versus size of the box �.
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FIG. 19. �Color online� Fractal dimension versus applied field at
100 °C.

TABLE I. Variation in various parameters of the modified frac-
tal equation and fractal dimension at various applied field values.

Field
�Oe� a D c

−1600 0.68 1.630 27.4

−1220 0.46 1.774 35.8

−1045 0.41 1.838 −1.7

−1025 0.43 1.843 −7.4

−1020 0.43 1.847 −8.0

−1010 0.44 1.856 −9.8

−1005 0.53 1.867 −23.6

−1000 0.58 1.869 −28.7

−730 0.72 1.902 −15.5

−500 0.76 1.905 −12.6

−400 0.86 1.906 −14.9

−200 0.76 1.911 −1.7
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between flux of same polarity precludes the intersection of
one reversed domain with another.

The initial kink in the hysteresis curve close to saturation
fields corresponds to the appearance of the first set of re-
versed domains that subdivide a single unreversed domain
into a multiplicity of unreversed domains. Subsequent rever-
sal process in any unreversed region occur independent of
reversal in adjacent regions.

Finally, results provide an example where microscopic
changes �self-similar morphogenesis of domains� are sig-
naled by a distinct signature in the measured macroscopic

property �knees in the hysteresis curves�, instead of being
smeared out in the average macroscopic property.
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