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Stable spiral domains (SpD) surrounded by bubble lattice (LBD) and existing in the
absence of magnetic fields have been experimentally studied in epitaxial ferrite-garnet
films. Thermodynamic approach and the concept of magnetostatic pressure are used to
explain the SpD behavior with bias field (H) and temperature (T) change. It is shown that
T- or H-induced phase transitions (PT) in LBD initiate PT in SpD.

B snurakcuanpHbIX IIEHKaX (ePPUTOB-TPAHATOB 9KCIEPHUMEHTAIbHO H3YUYEeHbl YCTONUM-
Bole crupasbHbie mgomennl (Crll), okpy:kenubie pemerxoit IIM]IL (PI[I) u cymrecrByomue
IPU OTCYTCTBUU MArHUTHBIX moJseil. [{nsa oO0bscHeHus moBemeHus Crll npu MBMEeHEHUU MOJSA
cvemenus (H) uau remmeparypsl (1) ucmonb3yeTcsa TEPMOAMHAMUYECKUN IIOAXO C BBEIEHU-
eM MOHSATHUS MATHUTOCTATUYECKOro naBjeHusd. IlokasaHo, uro mHAyIHpoBaHHble T uau H
dasossre nepexoxanl (PII) B PIIII BerswiBator @II B Cu/l.

In the ferrite-garnet films, there is a
large variety of domain structures due to
both the physical properties of the film ma-
terial and the influence of magnetic fields
and temperature. Recently, new experimen-
tal and theoretical works have been publish-
ed aimed at a new type of domain structure
(DS), the spiral domains (SpD) originating
in the films under the action of variable
and constant magnetic fields. The SpD pos-
sess different properties depending on their
formation conditions. Single- and two-arm
SpDs were observed first in bulk samples of
the Mn-Al-Ge alloy [1]. In ferrite-garnet
films, the SpD originated from a labyrinth
DS under the influence of a pulsed or
sinusoidal high-frequency magnetic field in
the presence of bias field H [2—4]. Such
SpD structure existed in a certain range of
frequencies and magnetic field wvalues, it
was fluently traveling within the sample for
a certain time, i.e. the structure was dy-
namic. After the field switching off, the
labyrinth DS was observed. In [5, 6], the
SpD were also formed from the labyrinth
DS under the influence of bias field H. In
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the presence of H, these were the stable
SpD. After the field removal, there were
SpD with a lesser number of turns and sur-
rounded by the labyrinth SpD. All the de-
scribed SpD structures were non-equilib-
rium ones. In [7], the SpD were created by
a single-pole pulsed magnetic field (Hpul),
the bias H being absent. Then the fiels was
switched off. The SpD were stabilized by
the surrounding bubble lattice (LBD) and
existed for an infinite time in the absence
of magnetic field. Moreover, those were re-
producible at the same formation condi-
tions. Thus, the equilibrium spiral domains
were first obtained. We have studied the
equilibrium condition of two coexisting do-
main systems, a spiral domain and an LBD
by superposing an H > 0 onto a domain
structure [8, 9].The effect of H <0 and
temperature (T) on the SpD are not studied
to date.

This work continues studies of stable
SpD [7-9]. Its aim is to study the behavior
of SpD with changes in H or T and to deter-
mine the regularities and peculiarities of
phase transition (PT) mechanism in a spiral

Functional materials, 15, 3, 2008



JuA.Mamalui, Ju.A.Siryuk / Magnetostatic pressure as ...

domain. The work novelty consists in a si-
multaneous experimental study and expla-
nation of the results obtained using a ther-
modynamic approach and the magnetostatic
pressure concept.

A magnetooptical unit was used to study
DS. It provided the temperature change
from 90 K to the Neel temperature (Ty)
and the action of magnetic fields normal to
film plane: a single-pole pulsed field (Hpul)
of 400 Hz with 60-103/4n A/m and a bias
field of two directions. For HT{ to magneti-
zation M inside the bubble, then H>0; if
H{IM, then H < 0. Moreover, the film
could be additionally influenced by an in-
plane field. The investigated
(TmBi);(FeGa)s04, film was grown on gad-
olinium-gallium garnet by the liquid-phase
epitaxy method. The easy magnetization
axis is normal to the film plane. The film
had the magnetic compensation point (T)
of 120 K and the Neel temperature of
437 K. At room temperature, the saturation
magnetization of the film 4nMg = 160-1074 T,
the anisotropy field 1200-103/47 A/m.
The DS was observed due to the Faraday
effect.

Spiral domains were formed by H,, in
the absence of H. Then the Hpul was
switched off. The LBD was also formed; it
surrounded at stabilized the SpD. The SpD
behavior at changes in T or H is therefore
connected with that of LBD. Thermody-
namic approach together with the concept
of magnetostatic pressure was used to ex-
plain the coexistence of the two domain
structures and their behavior at T or H
changes. In [8], the LBD pressure has been
calculated as a derivative of the lattice en-
ergy with respect to the area with the oppo-
site sign:

P = 6C(2nM g)( % ) %

where a is the lattice constant; d, the BD
diameter; f, the film thickness; Mg, the
saturation magnetization; C, a constant. In
[9], the total SpD energy was calculated; in
[10], it has been theoretically shown that
the SpD pressure increases with its radius.
In [11], it has been experimentally proved
that coexistence of SpD and bubble lattice
requires the magnetostatic pressures to be
of the same value.

The spiral domain consists of two strip
domains (SD) of opposite magnetization and
coiled to form an Archimedean spiral, i.e. it
has internal and external ends (Fig. la).
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The coiling is in any direction. SpDs includ-
ing 8 to 30 turns can be obtained. The di-
ameter of such spirals is 100 to 1200 um,
respectively. The period of SD forming the
spiral in the absence of H is the same as in
an ordinary strip structure, it does not de-
pend on the ordinal number of the spiral
turn. When the DS is influenced by H > 0,
there are changes in spiral length, number
of turns, inner and outer diameter, and the
period of SD forming the spiral. The spiral
can be uncoiled in two ways. With the ex-
ternal end fixed, the spiral is uncoiled from
inside on. Inside the spiral, occurs a single-
domain nucleus arises (Fig. 1b). The spiral
could transform to a ring domain [12]. If
the external end of SpD is uncoiled, the
surrounding LBD occupies the free space
(Fig. 1¢). For any H, the SpD pressure is
equal to that of LBD [11]. For H < H of
LBD collapse, the spiral is disappeared. In
its place, a dumbbell-like domain remains
consisting of two rigid BD connected with a
small stripe (Fig. 1d). This is SpD nucleus.
If the dumbbell-like domains are numerous,
then a group of spirals is formed among
which there are one- and two-arm spirals of
any coiling direction. In an planar field, the
dumbbell-like domain disappears and the al-
ready formed SpD becomes destroyed.

If the SpD is influenced by H > 0 and
then the field is switched off, then there
was a phase transition (PT) occurs in the
BD lattice to a two-phase structure consist-
ing of LBD plus stripes. The strip domains
forming the spiral have transformed into a
wave DS (WDS). Thus, a PT occurs also in
SpD. The spiral shape takes the "flower"-
like shape similar to that shown in Fig. 1g.
This can be explained by LBD and SD pres-
sure decrease at H >0 [13, 14]. That is
why nuclei of stripes and WDS are origi-
nated in LBD and SD, respectively. When H
is removed, the DS pressure increases and,
as a result, a PT occurs. Under H < 0, the
bubble diameter increases and it takes hex-
agonal shape at H = —35-103/4n A/m. The
LBD becomes transformed into a honey-
combed DS. The structure pressure in-
creases [13]. As the SpD radius could not
increase, the internal end of SpD is un-
coiled. Inside the SpD, a single domain area
arises (Fig. le,f) which counterbalanced the
external pressure.

The SpD shape depends on its formation
temperature. This is connected with the
temperature dependence of the magneto-
static pressure of bubble lattice. The pres-
sure of equilibrium LBDs decreases when
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Fig. 1. Species of domain structures. Effect of bias field, H-103/4n A/m (T = 300 K): Equilibrium
DS at H = 0 (a); SpD with fixed outer end, H = 100 (b); SpD with free outer end, H = 90 (c); DS
at H =118 (d); SpD at H = —35 (e) and H = —45 (f). Effect of temperature on DS (H = 0): SpD at
T =370 K (PT in SpD) (g); SpD at T = 215 K (h).
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the T point is approached. Thus, the SpD
radius should also be decreased fto retain
the coexisting DS in equilibrium. In [11], it
has been shown that there exists the limit-
ing pressure below which the SpD is not
formed. Besides, for T close to Tp, the
dumbbell domains do not exist. When T is
approached, the LBD pressure decreases as
well, and the SpD is not formed.

The SpD formed at 300 K survived, with
T variation, in the AT interval. Destruction
at the both ends of AT is connected with PT
to the LBD [15]. At a distance from T, the
LBD is transformed into a two-phase struc-
ture as the pressure decrease and this initi-
ated the SD spiral transition to WDS. A DS
of the "flower™ type is observed in SpD
place (Fig. 1g), i.e. a PT takes place in the
SpD. At the other AT end value, on ap-
proaching T, a PT occurs in the LBD with
the decrease in the domain number and, as
a result, the SpD is disintegrated into sepa-
rate blocks of stripes (Fig. 1h). So, the tem-
perature-induced PT in the LBD is the rea-
son of phase transition in SpD.

Thus, from the above experimental re-
sults the following conclusions can be
drawn. An SpD nucleus is a dumbbell do-
main and it follows that the energy of SpD
boundaries is high. These are the 180-de-
gree Bloch boundaries. A dumbbell domain
is created by H pul in the temperature range
of a high magnetization of the film, that is
far from T, and T. Thus, the SpD can be
formed in this temperature range only. The
SpD surrounded by bubble lattice is an equi-
librium DS. Two domain structures may co-
exist when their magnetostatic pressures
are equal to each other. This equality is
satisfied at any changes of T or H. That is
why the SpD behavior at temperature or

field changes is invariably connected with
the LBD behavior. T- or H-induced phase
transitions in the LBD initiate PT in the
SpD. SpD formation and its diameter de-
pend on magnetostatic pressure of bubble
lattice. Thus, the magnetostatic pressure in
the LBD not only stabilizes the SpD, but
defines a possibility of SpD formation and
its behavior at T or H changes.
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Poap MarHiTocTaTMYHOrO THCKY Yy cTaoOimizamii
CIIipaJbHUX JOMEHIB y IIIBKax (pepUTiB-TpaHATIB

I0.0.Mamanyi, I0.A Ciproxk

B emirakciiinnx miriBkax ¢gepuris-rpaHaTiB eKcIepuMeHTaJbHO BHBYEHO CTiMiKi cmipanabui
momenu (Cull), sixi oroueni rparkoro IIMJI (T'LI) Ta icmyroui mpm BimcyrHOCTI MarmiTHmX
moxiB. Huas mosicuenHs moBexinku Cuoll mpum smimax moss amimenHs (H) abo remmeparypu
(T) BUKOPHUCTOBYETHCS TEPMOAMHAMIUHHNM MigXim 3 BBEJEHHAM IOHATTS MAarHITOCTATHYHOIO
tucky. Ilokasano, mo imgyxoBaui T a6o H dasosi mepexomu (PII) y 'l mpussomsaTs mo

DIT y Cul.
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