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Topological “Melting” of Cellular Domain Lattices in Magnetic Garnet Films
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We report observations of order-disorder phase transitions in metastable cellular patterns of magnetic
domains at room temperature. The advance of a front destroys an ordered hexagonal domain lattice and
leaves a topologically disordered cellular phase. Front motion is driven by stress in the domain patterns
induced by an external bias field. The topological nature of the transitions gives rise to the novel
features of particle (cell) nonconservation and irreversibility.

PACS numbers: 64.60.—i, 05.70.Fh, 75.70.Kw

The study of domain structure in uniaxial magnetic
garnet films was originally motivated by their potential
as magnetic bubble memories.! Recently, attention has
been given to the rich spatial and temporal behavior ex-
hibited by the two-dimensional patterns of magnetic
domains supported by these films. Examples include the
homogeneous coarsening of topologically disordered cel-
lular patterns® and hysteretic undulation instabilities of
stripe patterns® evolved in external bias fields.

In this Letter we report experimental observations of
transitions between distinct phases of cellular domain
patterns in garnet films at room temperature. The digi-
tized photograph in Fig. 1 shows a well-defined front ad-
vancing and “melting” an ordered hexagonal domain lat-
tice. Left behind is a disordered cellular “froth” phase
with a diversity of cell shapes, areas, and numbers of
nearest neighbors. Because the domain self-energies and
interaction energies are much greater than k7, thermal
effects are insignificant. The front is instead driven by
domain lattice stress induced by an external bias field
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FIG. 1. Digitized photograph of “melting” front; Hz =79.7
QOe. The collapse of the pentagonal bubble traps advances the
front, destroying the hexagonal lattice phase and leaving
behind the disordered froth phase of reduced cell density. The
cell boundaries (dark areas) are comprised of magnetization
aligned opposite to Hp.

Hp, which serves as a control parameter analogous to
temperature or pressure in the melting of solids. The
collapse of the pentagonal domain structures that line
the front in Fig. 1 mediate the topological changes asso-
ciated with the melting. The experimental accessibility
of the transitions allows us to determine the topological
pathway between the ordered and disordered phases, a
feature that may prove useful for understanding models
of melting.

We observed the transitions in a garnet film of compo-
sition Fesg1Y(.20Bi1.00Gdo.95Gag 761 mg 09012, formulated
at the Airtron Division of Litton Industries for use in
magneto-optic devices.* A large literature' exists
describing domain structure in such materials. Briefly,
the Airtron garnet has bulk magnetization 4zM =190 G,
film thickness ¢ =7.8 um, Curie point T¢=170°C, and
sufficient surface area to accommodate several million
domains. The magnetic anisotropy is highly uniaxial
with easy axis perpendicular to the film plane. The verti-
cal domain walls between the “up” and “down” domains
(those comprised of magnetization aligned with and op-
posite to Hp, respectively) are narrow (~0.1 ym) com-
pared to the domain sizes (~10 um), and have an
effective surface energy ow =0.23 erg/cm? The pat-
terns are essentially two dimensional, and evolve by the
lateral translation of the domain walls. The domains are
observed via standard optical microscopy by utilizing the
Faraday rotation of transmitted polarized light with an
analyzer oriented to give contrast between the up and
down domains. The domain images in the figures are
high-resolution digitizations of high-contrast photo-
graphs, with white (black) areas correspondings to up
(down) magnetization. For the transition data described
here, cell densities were determined by computer analysis
of digitized images, and an ac field component (frequen-
cy 40 Hz, amplitude 5 Oe) was applied in addition to the
dc bias to minimize the effects of coercive friction' on
the domain-wall motion; this technique is discussed in
Ref. 2.

We produce the initial hexagonal lattice phase as fol-
lows: (i) A disordered “sea” of magnetic bubbles is nu-
cleated via saturation and removal of an in-plane, 2.2-
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kOe magnetic field. (ii) The bubble sea is annealed’ by
applying a spatially uniform ac magnetic field (40 Hz,
0-30 Oe) and a ~75-Oe dc component aligned opposite
to the bubble magnetization. The ac field agitates the
bubbles, and they order into polycrystalline lattices of
variable, reproducible bubble densities. The average
grain size increases with decreasing density, and ranges
up to ~1 mm in diameter with a capacity of more than
10* bubbles. (iii) The ac field component is removed
and the polarity of the dc bias Hp is slowly reversed to
align with the bubble magnetization. The bubbles ex-
pand and squeeze the reversed magnetization, producing
a cellular lattice that preserves the topology of the bub-
ble lattice if Hp is not too large. We are able to obtain
lattice cell densities in the range of 3000-6800
cells/mm?® The maximum is set by the density of the-
original bubble sea, and the minimum by the run-out in-
stability! of the bubbles which causes them to elongate
and destroy the lattice during the reversal of the bias po-
larity.

The spatially uniform bias field Hp induces the melt-
ing of the polycrystalline hexagonal lattices. As de-
scribed in detail in Ref. 2, Hp produces -an effective ten-
sion in the cell walls that favors the reduction of the total
cell-wall length. The hexagonal structure and the mutu-
al repulsion of the reversed domains makes the ordered
lattices stable. It is the unavoidable presence of topolog-
ical defects, consisting of pairs of five- and seven-sided
cells, triplets of eight-, five-, and five-sided cells, and
chains of five- and seven-sided cells along the grain
boundaries, that *“poisons” the hexagonal lattice and ini-
tiates melting. Cell-wall tension causes the five-sided
cells to shrink and form the small pentagonal structures
seen in Fig. 1, referred to as bubble traps? because mag-
netic bubbles comprise their interiors. The bubble traps
remain stable and resist complete collapse under a
significant increase in bias field, and the domain
configurations are pushed far from equilibrium with no
topological change. However, a sufficient increase in Hp
will eliminate a pentagonal bubble trap by producing lo-
cal fields that destabililize the trapped bubble.!? The
associated topological changes result in neighboring cells
with fewer than six sides that subsequently collapse, and
the melting spreads and forms extended fronts such as
that in Fig. 1.

We observe the fronts to advance by the topological
mechanism illustrated in Fig. 2. In (a), the initial, high-
and low-density phases are divided by a row of pentago-
nal bubble traps (shaded). In (b), the bubble traps have
collapsed with uniform orientation, so that the six-sided
cells along the front each gain one side. A topology-
preserving rearrangement favored by cell-wall tension
gives (c), identical to (a) but with the front advanced
downward one cell width (arrow). In this model, the
secondary phase is a compressed hexagonal lattice of
density that is half of that in the initial phase. We ob-
serve the ordered structure of the model in Fig. 2 only
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FIG. 2. (a)-(c) Model illustrating the topological mecha-
nism of front propagation. (d) Section of an observed front
with the same structure.

along short sections of fronts during transitions from lat-
tices near the highest obtainable cell densities; an exam-
ple is shown in the photograph in (d). The disorder al-
ways observed in the froth phase is generated when the
collapse orientation of the pentagonal bubble traps along
the front is nonuniform. For example, if the central bub-
ble trap in Fig. 2 collapsed “to the left,” instead of “to
the right,” the result would be a 5-7 cell pair in the froth
phase rather than a pair of hexagons. Various combina-
tions of collapse orientation produce a wide range of side
numbers in the froth phase. Note that the pentagonal
bubble traps help to preserve the Euler requirement®
that the average number of sides of the cells must equal
six along the front and in the froth. Cells with fewer
than six sides generated at the front can subsequently
collapse, typically within a few cell layers from the front.
These secondary eliminations account for our observa-
tion that the cell density in the froth phase obeys
np <np/2, where n; is the density of the hexagonal lat-
tice. We have never observed an increase in cell density
as Hp is reduced. Because mutual domain repulsion
prevents the inverses of the topological changes that ac-
company cell collapse,2 the front motion, and the transi-
tion themselves, are irreversible.

We observe two melting regimes depending on the cell
density in the ordered phase. For high-density lattices
(n. > 4600 cells/mm?), the ordered and disordered
phases coexist over a bias range A during the transition;
an example is shown in Fig. 3. The photographs show
stationary, metastable states formed by the coexisting
phases as Hp is increased quasistatically. Stability is
provided by the robust pentagonal bubble traps which,
for fixed Hp, obstruct the advance of the fronts. The
square data markers in the plot indicate the correspond-
ing continuous drop in average cell density. Note the on-
set of melting at the defects and grain boundaries in pho-
tograph (a), and the gradual decrease in the area of the
ordered regions I[photographs (b)-(d)] similar to the
heterogeneous melting of polycrystalline solids.” The
cell density continues to decrease after the ordered re-
gions are destroyed by the homogeneous coarsening of
the froth phase.?

If n. <4600 cells/mm?, the transitions are instead
discontinuous, as shown by the circular data markers in
Fig. 3. The sudden drop in cell density at Hg =79.7 Oe
corresponds to the front in Fig. 1. The fronts propagate
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FIG. 3. Plot of evolution of average cell density under increasing bias field Hp.

Square data markers correspond to stationary,

metastable domain configurations in a continuous transition from an initial hexagonal lattice of density 6200 cells/mm2 Ordered
and disordered phases coexist over the bias range A. The photographs show domain configurations at selected field values of this
transition. Circular data markers indicate the cell density involved from an initial lattice of density 3500 cel]s/mm The discontinu-

ous transition at Hp =79.7 Oe corresponds to Fig. 1.

once formed, and a stationary, metastable state is not
reached until the hexagonal lattice is completely des-
troyed. (To facilitate photography, the front in Fig. 1
was temporarily stopped by removing the ac field com-
ponent.) The fraction of cells with six sides, an ap-
propriate order parameter, also shows continuous and
discontinuous drops with crossover at »n;=4600
cells/mm?.

Phase coexistence in the continuous transitions origi-
nates in the long-range (approximately dipole-dipole) in-
teractions between the down domains mediated by their
“stray” demagnetization fields. The condition for front
advance can be expressed as? Hg+ Hg=Hp, where Hg
is the total stray field, and Hp is the local field sum re-
quired to destabilize the pentagonal bubble traps along
the front. The stray fields Hs experienced by these bub-
ble traps increase with cell density, and decrease as the
lattice “islands™ are eroded. The result is the observed
sequence of metastable states with a continuous reduc-
tion in order as Hp increases. Discontinuous transitions
arise when the relatively small stray fields originating in
low-density lattices allow the bubble traps to survive to
large enough Hp that the front remains unstable once
melting is initiated.

Figure 4 shows an experimental “phase diagram”
determined by evolving polycrystalline domain lattices
covering the obtainable range of densities and corre-

sponding grain sizes under increasing Hg. For each
transition, we measured the following: (i) The minimum
bias field required to completely destroy the ordered re-
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FIG. 4. Experimental “phase diagram.” The vertical coor-
dinate of a data point along the uppermost line is the cell den-
sity in the initial lattice phase; the horizontal coordinate is the
corresponding “melting” field Hu. The lowest data line is the
cell density of the froth phase. The width A of the hatched re-
gion indicates the bias range of two-phase coexistence in con-
tinuous transitions. Lines with arrows show schematically the
evolution of average cell density in continuous and discontinu-
ous transitions.
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gions, which we refer to as the “melting” field Hy,.
These values make up the phase boundary shown as the
uppermost line of data. The vertical coordinate of a data
point is the cell density in the initial hexagonal lattice,
and the horizontal coordinate is Hy. (ii) The onset of
melting in the continuous transitions, marked by crosses
paired horizontally along lines of constant cell density
with points on the phase boundary. The width A of the
shaded region indicates the bias range of phase coex-
istence. The crossover from continuous to discontinuous
melting at n; == 4600 cells/mm? corresponds to Hy == 76
Qe. (iii) The cell density of the resulting froth phases,
shown as the lowest line of data; these points are paired
vertically with those on the phase boundary.

Figure 4 shows a discrete drop in cell density for both
continuous and discontinuous transitions. Relative to the
saturated (single domain) state, the total domain
configuration energy is' Er =Ew+Ep+E;, where Ey is
the domain-wall energy, Ep is the demagnetization field
energy, and E; is the energy of interaction of the magne-
tization with Hp. For fixed bias, Er is a continuous
function of domain spacing?® or equivalently, cell densi-
ty. The energies E7 of the two phases are thus unequal,
including those in the coexistence region of continuous
transitions. Both the continuous and discontinuous tran-
sitions are “first order” in the sense that the drop in cell
density reduces Er. We emphasize that it is the robust
pentagonal bubble traps that initially obstruct the topo-
logical evolution and allow the lattices to survive to
nonequilibrium bias regimes before the onset of melting.

Figure 4 also shows that the froth density nr and the
melting field H)s vary continuously and approximately
linearly with the lattice cell density n,. The linearity ap-
pears to originate in the additive condition Hp+ Hgs™Hp
for front advance and the dependence H; «<n;, where
H; is the contribution of the lattice to the stray field Hs.
However, this simple scaling ignores the contribution of
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the froth phase to Hs and the dependence of H; and Hp
on cell-wall width; the linearity of the phase boundary is
therefore somewhat surprising. Less so is the location of
the intercept nr =0 at Hjy =83.2 Oe, close to the run-in
field Hr;=83.5 Oe!? of stripe domains in the Airtron
garnet. The energy per unit length of an isolated,
infinitely long stripe domain approaches zero as
Hp— Hg), and the average cell area in minimum-energy
cellular patterns diverges.? Transitions from lattices
with the minimum obtainable n; thus result in froths
near equilibrium.
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