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Synthesis and physical properties of single-crystal films of
rare-earth iron garnets

V. N. Dudorov, V. V. Randoshkin, and R. V. Telesnin
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Usp. Fiz. Nauk 122, 253-293 (June 1977)

The synthesis conditions, certain problems of epitaxial growth, and methods of controlling the quality of
single-crystal iron-garnet films are discussed. The main physical properties of garnet films are considered,
such as optical absorption, Faraday rotation, the characteristic length, the saturation magnetization, the
coercive force, the magnetic anisotropy, the mobility, and the dynamic transformation of domain walls.
Measurement methods and some results of the investigation of these properties are described. The
reproducibility and the temperature dependence of the principal parameters of the films are discussed.
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1. INTRODUCTION

Interest in the investigation of thin magnetic films is
due both to the singularities of their structure and phys-
ical properties, which promise to cast light on many
fundamental problems of solid state physics, and to the
prospects of the practical utilization of these films in
electronic technology. Amongthe trends that lead to ad-
vanced devices for automation and computer technology
is development of memory and logic devices based on
the motion of domains in magnetically uniaxial materi-
als.C1~6J Research is also being carried out on magneto-
optical devices for the reduction and storage of informa-
tion inferr i tes . " 3

Principal attention is being paid to ferrites with gar-
net structure R3Fe5Oi2 (where R is an yttrium or rare-
earth ion),'7 '8 1 a distinctive magnetic structure—cylin-
drical magnetic domains (CMD) bubble (Fig. 1)—is
produced in films of this material, with the easy magne-

tization axis normal to the plane of the film, when a con-
stant magnetic field is applied in the same direction.

Among the advantages of domain devices for computer
logic and memory over their semiconductor analogs we
can single out the following:

a) the small (micron and submicron) dimensions of the
bubble make it possible to obtain a binary information
recording density 10e-109 bit/cm2;

b) low power consumption (0. 04 W to perform 1012 bi-
nary operations per second);

c) possibility of storing the information without con-
suming energy;

d) ability of circuits using domain interactions in a
homogeneous magnetic medium to perform multiple
functions;

e) the possibility of producing these circuits by the
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FIG. 1. Domain structure In an iron garnet film of the system
(Y SmCa)3(FeGeSi)5Oi2 in different bias fields normal to the
plane of the film.

known methods of integral and thin-film technology.

An analysis of the distinguishing features and capa-
bilities of domain structures for the reduction and stor-
age of information points to the feasibility of developing
bubble memory devices with capacity 10e-109bits, a
repetition frequency on the order of several hundred
kHz, and an access time from several dozen micro-
seconds to milliseconds, so that preliminary logical re-
duction of the information to be stored can be effected
in one crystal."1 The tendency to attain maximum in-
formation density by decreasing the size of the bubble
has made it necessary to use single-crystal rare-earth
garnet films approximately 6 μ thick. The most widely
used method of obtaining such films is liquid-phase epi-
taxy, whose principal superiority lies in the possibility
of obtaining compositions with varied properties by us-
ing isomorphic substitutions, and in the ability to form
continuous solid solutions.t9'101

Observation of giant Faraday rotation in garnet films
containing bismuth,[11~181 in conjunction with the possi-
bility of magnetic and thermal recording of arbitrary
symbols with the aid of the domainstl9'211 and the exist-
ence of a color contrast between domains of opposite
sign'22'231 in these films, is of practical interest for the
development of optical memory devices, tunable optical
transparencies, and reversible media for the registra-
tion of holographic images.

We consider in this paper synthesis conditions and
procedures, and some problems in the kinetics of epi-
taxial growth of single-crystal films of iron garnets.
We describe the physical properties of garnet films and
methods of their investigations. The reproducibility and

temperature stability of the principal magnetic parame-
ters of these films are investigated.

2. IRON-GARNET FILM GROWTH METHODS

The best reproducibility of the properties of single-
crystal iron-garnet films is obtained when the films are
grown by the method of liquid-phase epitaxy from a mol-
ten solution. iM~m

The substrates used as a rule are crystals of nonmag-
netic garnets.'29'301 Figure 2 shows the lattice constants
for a number of substrates of nonmagnetic garnets and
iron-garnet films.1301 The film and the substrate must
have close lattice parameters, so that the film can grow
without cracking. On the other hand, the difference Δα
between the lattice parameters should be large enough
to produce in the film uniaxial anisotropy with an easy
axis normal to its plane. The value of Δα in epitaxial
iron-garnet films with CMD is 0.01-0.02 A. The best
substrates for growing iron garnets are crystals of
gadolinium-gallium garnet (GGG) Gd3Ga5Ol2 with a lat-
tice constant 12. 383 jL Substrates in the form of plates
0.3-1 mm thick and diameter 5-38 mm, oriented as a
rule along the ( H I ) direction, are cut from GGG crys-
tals grown by the Czochralski method in an iridium cru-
cible.1311

When single crystals are grown by liquid-phase epi-
taxy, the solvent must satisfy the following principal
requirements"2"341:

1) high solubility (10-15%) of the garnet-forming com-
ponents;

2) high melting temperature and low viscosity;

3) the dissolved substance should be a stable solid
phase under the growth conditions;

4) low vapor tension and low chemical activity at the
working temperatures, and absence of chemical interac-
tion with the crucible material;

5) low solubility of the solvent in the grown crystals;

6) temperature invariance of the distribution coeffi-
cients of the garnet-forming elements, which should be
close to unity;

tapoffJ2 US Iff W (g 2JS ZS ψ _

x-amount of RE is

FIG. 2. Lattice constants of substrates of nonmagnetic garnets
and iron-garnet films.C30]

506 Sov. Phys. Usp. 20(6), June 1977 Dudorov et al. 506



-220V-

FIG. 3. Phase diagram of the sys-
tem PbO-Fe2O3-R2O3(y2O3).t813

R,0,

7) the possibility of controlling the supercooling with
a high degree of accuracy.

The solvents most widely used for the growth of gar-
nets by the liquid-epitaxy methods are the binary melts

nary melts P h O - B ^ - P h F ^ 8 1 " 8 8 1 and BaO-BgOa-
BaF2.

 : 8 7 - 9 o : A feature of melts based on PbO and BaO,
containing garnet-forming oxides, is that they can be
strongly supercooled (by approximately 100 °C) and re-
main in this state for a considerable t ime. C 3 3 l 4 1 ' 6 8 ] This
makes it possible to grow epitaxial iron-garnet films
under isothermal conditions.

Introduction of substitutes into the structure of the
iron garnet results in a multicomponent system in the
melt solution. Figure 3 shows the main features of
the pseudotriple diagram of PbO-Fe2O3-R2O3 (Y2O3).t91]

Depending on the position on the diagram, one of the fol-
lowing four principal phases will be crystallized: her-
matite (Fe2O3), magnetoplumbite (PbFe12Oi9), garnet
(R3Fe5O12), or orthoferrite (RFeO3). A detailed investi-
gation of the phase diagrams of PbO-Ba2O3-FeO3-Y2O3

is reported inC 9 2 ]. When the charge is prepared, an
important role is played by the following molar ra-
t i o s cee,93]

(1)

(2)

(3)

M, -̂
Ga2O3 (or A12O3)
PbO

3-f Ga.O3-! -PbO-B.O3

(4)

To obtain the garnet phase, it is best to use Mx = 14,
M2=16, M3=15.6, M4=0.08. The saturation tempera-
ture Tjat °f the molten solution depends on M3 and
changes by 8.49 °C for each unit of its change.1 2 8'4 1 1

Typical apparatus used to grow garnet films by liquid-
phase epitaxy from the solution in the melt is described
in detail ιη«β-2β.47.5&53.β9.70]# Figure 4 shows a block
diagram of the installation and the construction of the
Keating furnace used in the Physics Department of the
Moscow State University to grow epitaxial single-crys-
tal iron-garnet films.c e 9 l 7 0 J

The principal stages in the epitaxial growth of garnet
films are the following: thorough mixing of a batch
consisting of approximately 9 percent by weight of the
garnet-forming oxides and a solvent with a weight ratio
PbO: B2O3= 50:1, and melting the mixture in a platinum
crucible at a temperature 1100-1150 °C; homogeniza-
tion of the melt in the furnace for 2-18 hours at 1050-

FIG. 4. Block diagram of Installation for the growth of single-
crystal garnet films.[ 6 9 · 7 0 5 l—voltage stabilizer, 2,3—blocks
for regulating and setting the temperature-lowering program,
4,5—instruments that control and record the current and the
voltage, 6,12—automatic temperature control system, 7, 8—
instruments for the control and continuous recording of the
temperature, 9—system for the control of the substrate rota-
tion, 10,11—blocks for the control of the velocities of the lift-
ing devices, 13,14—lifting devices, 15—thermostat for the
cold junctions of the thermocouples, 16—substrate-rotation
blocks, 17—resistance furnace, 18—hermetic blocks. (Plat-
num melting crucible).

1200 °C; lowering the temperature to a value T g n , w t o

which is 10-50 °C lower than T M t and thus supercooling
the melt by an amount ΔΓ = 7 Λ ί - T g r o w t h ; heating the
substrate to the temperature Tgmvih by holding it at the
surface of the melt for ~ 5 minutes; growth of the films
under isothermal conditions while the substrate is ro-
tated at ~ 100 rpm. The growth cycle is terminated by
abruptly jerking the substrate out of the melt, drawing
it slowly from the heating zone, and treating it with a
50-percent solution of HNO3 at 80 °C.

The composition of the melt, the saturation tempera-
ture, and the growth conditions for a number of iron-gar-
net film compositions grown with the aid of the described
installation are given in Table I.

3. CERTAIN PROBLEMS IN THE GROWTH
KINETICS OF GARNET FILMS

The principal mechanisms of epitaxial growth of crys-
tals have been considered in detail ΐη"**!.**·"»·»*-1·»].
The growth from the solution can be divided into four
principal stages: 1) transport of the dissolved substance
to the surface of the crystal; 2) volume diffusion through
the depleted zone at the phase separation boundary; 3)
surface diffusion; 4) joining of the growth particles to
form a crystal. The mechanism whereby the dissolved
substance is transported depends on the growth condi-
tions and includes diffusion, convection, or forced flow
(stirring). t 3 2 ' 1 0 U The growing surface serves as a sink
for the crystal-forming components. The solvent and
the reaction products, which do not take part in the con-
struction of the crystal, are pushed away from the
phase- separation boundary, and a concentration gradient
is produced in the melt near this boundary.'322 With in-
creasing distance from the phase-separation boundary,
the concentration of the absorbed substance increases
and that of the expelled components decreases. As a

507 Sov. Phys. Usp. 20(6), June 1977 Dudorov et al. 507



TABLE I.

Composition of melt

Y 3 F e 5 0 1 2

Y3Gao 7sFe4 2 5 O | 2

Y3Ga0', 5Ffs,;o,,
Y 3 G a , , 0 F e t l 0 O | 2

Y 3 Ga, . 2 Fe 3 , 8 O, 2

Y2 sSmo 2Ga'j oFe4 ο^ΐ1»
Y2',,Smo,'4Ga,;oFe4,'0012'
Y2.1imo.4Gaj, ι Fc 3 , 9 Oi 2

E?;!,Eui,,G«(;
I,Fl4-fJors

Composition of melt

V 3 F e 5 0 i 2

Y3Ga0'5Ff4*5O,2

Y 3 G a ! ' 2 F e 3 ; 8 O , ;

Y.» uSnin oGa'i nFt' i oO •>
ΥΛ eSnio 4Ga(,oFe4 0O|.»
Y 2 . .Sm 0 .4Ga 1 , 1 Fe 3 , e O| 2

Era"oEu,',cGai,7Fo4'.30,"s

Composition of components, moL%

Y2O3

0.72
0.72

tt It
tt II
II tt

0.7145
0.658

tt t l
tt tl

' sa l
•C

940
9fiO
970
978
0F5
S9O
935
955
960
9f:5
950

S m 2 ° 3

0.0565
0.113

it tt
tt It

. . A

(

(
t
ί
(
t
0
0
(1
(I
0

.001)

.009

.011

.012

.014

.1118

.01

.011

.011
012
014

ΕΓ2Ο3

0,48

20
2(1
20
15
15
1

•Ί

2
2
2
20

EU2O3

0,

μ/min

.8
7

.75
8
8
75
8
7
75
7
8

24

Ga

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

12.
11
12
11.
11.

5
75

5
3

11.24
8.
8.
8.
8.

11.

63
63
59
^25
77

jOs

54
36
72
364
3
78
' 8
357
995
51

0 0

15.
24
11.

F

9
8
8
8
8

e,O3

.46
64
28
136

8.1
6
θ
6
6
8

58

5
9.42
C)

8.54
8. j4
7.66
6.94

16. !2

65
65
579
495
47

15.6

It tt
tl tl
It tl
tt tl

14.12

II It
It tt
15.6

PbO

84.84

tt t

85.7 2

84.86

0.097

It t l
t t
I t
t t
!, |

t t
II

ΙΙΛ

It
t l
ft
82

t t
t t
97

B2O3

5.4

II It
t l t l
II tt
It tl
6.07

11 11
tl tt
5.44

G

1750
750

1070
450
280
220
2?»ϊ
UK)
175
160
248

result, the diffusion flux of the dissolved substance is
directed towards the growing surface.

The growth rate is determined mainly by volume dif-
fusion through a depleted boundary layer of thickness 6
at the film surface and the unification of the growth par-
ticles into a single crystal.

The relative motion of the crystal and of the solution
decreases the thickness 6 and leads to an increase in the
growth rate . [ 1 0 3 ]

Assuming equality of the growth rate and the rate of
diffusion flux through the depleted layer (the volume-
diffusion model) and assuming constancy of the concen-
tration gradient in the entire volume, we find from the
material balance equation that the film growth rate is
proportional to the square root of the angular velocity
of the substrate ω. This relation presupposes that there

f, μ/min

FIG. 5. Dependence of the film growth rate on the substrate
rotation velocity in the melt for different values of the super-
cooling ΔΤ. 1—10°C, 2—20°C, 3—30°Ci 3a—experimental
curve, 3b, 3c—theoretical curves calculated with the aid of the
volume-diffusion model and the model that takes into account
the mechanisms of diffusion and depletion of the particles, re-
spectively.11721

FIG. 6. Dependence of the film
thickness on the growth time for
different supercooling tempera-
tures and for different sub-
strate-rotation velocities. 1—
ΔΤ=30°Ο, ω = 0; 2—10 eC, 70
rpm; 3—20 °C, 120 rpmj 4 —
25 °C, 300 rpm. The dashed
line shows the theoretical de-
pendence.C72]

t, min

is no film growth in the absence of rotation, and that
when the speed of rotation increases the growth rate
increases without limit.

Experiment has shown, however, that the film growth
also in the absence of rotation, at a rate / 0 = 0.1-0.5 μ/
min, t 4 4 l 7 1 ' 7 2 i and when ω is increased the growth rate
reaches saturation.C 5 ! ! ·7 1·7 2·9 3·9 4 3 In addition, the initial
growth goes through a transient stage in which the
growth of the film is more intense.c e 4 1 To interpret the
experimental data within the framework of the volume-
diffusion model it is therefore necessary to subtract
beforehand f0 from each point of the /(ω) curve.

The epitaxial-growth process is more completely de-
scribed by a model that takes into account the volume
diffusion through a depleted boundary layer of thickness
δ as well as the joining together of the growth particles
to form a single crystal on the surface of the film, via a
kinetic reaction of first order. c 7 2 · 9 4 1 Figure 5 shows ex-
perimental plots of /(ω), and also curves 3b and 3c, the-
oretically calculated, respectively, with the aid of the
volume-diffusion model and a model that takes into ac-
count both the diffusion and the joining of the parti-
cles. [ 7 2 α A difference between the results obtained with
the aid of the models and the experimental data sets in
at a» 140 rpm. The lower experimental value of the up-
per limit of the growth rate, compared with the theoret-
ical value, is attributed to the finite value of the volume
of the melt in the crucible, a factor not accounted for in
the calculation.

Figure 6 shows the experimental plots of the film
thickness h against the growth time i . " 2 3 The dashed

ff μ/min

FIG. 7. Dependence of the film
growth rate on the supercooling
temperature (ω =50 rpm).C721
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line shows a plot of h(t) calculated in accordance with the
second model.

An investigation of the dependence of the growth rate
on the degree of supercooling (Fig. 7) has shown that it
is linear and is approximately the same for films with
different compositions of the system (YSm)3(FeGa)5Oi2.

t783

4. QUALITY CONTROL OF PRODUCED FILMS

The quality of epitaxial garnet films depends primari-
ly on the perfection of the substrates. Various inhomo-
geneities and defects on the substrate are inherited by
the film, and give rise to local changes in the magnetic
properties/1 0 4 3 Defects are produced in the substrates
during the course of the crystal growth or during the
subsequent working (cutting, grinding, polishing, etc.).
Work-induced defects, which constitute surface damage
of varying types (scratches, etc.), are revealed by di-
rect observation of the substrate surface. Growth de-
fects (stresses, inclusions, growth striae and disloca-
tions) can be observed by optical methods. Observation
of an uncut crystal between crossed polaroids reveals
the stress distribution. Examination of substrates un-
der a polarization microscope in transmitted and re-
flected light makes it possible to observe impurities and
dislocations.

Observation of substrates under a microscope, using
phase contrast, makes it possible to observe the growth
striae.

Another source of defects in epitaxial films is the ab-
sorption by the growing film, from the melt, of dissolved
components from the solvent or from the substrate and
the crucible. It is practically impossible to use in bub-
ble devices films with defects, since the defects impede
the motion of the domain walls. The interaction, ob-
served with the aid of the Faraday effect, between do-
main walls and magnetic defects serves as the basis for
a number of methods of their detection.1-105"116-1

To measure the "coercivity" of individual defects in
materials with bubbles, a gradient field in the form Hz

= βχ is used and is produced with a pair of electromag-
nets or a system of permanent magnets, which magne-
tizes two parts of the film to saturation perpendicular
to its surface."0 5-1 1 1 3

If the inhomogeneous field gradient exceeds a certain
critical value /3e, a flat domain wall aligns itself along
the axis in the film and occupies a position correspond-
ing to zero field."0 6 3

At β = βα, a sinusoidal deflection from a straight wall
becomes energywise favored. At β<β0, a region with
strip domains is produced.

If a defect is present in the film, then the domain is
stopped by this defect when the sample is moved rela-
tive to the electromagnets and is lengthened by an
amount ALC (Fig. 8a). The "coercivity" of the defect is
defined as

^ ^ i H c άΗ0

FIG. 8. A method of determining the "coercivity" of the de-
fectC1111 (a) and dependence of the "coercivity" of the defects on
the field gradient in a film of composition Y2 6Sm0 t

(b).
2 Fe 3 8

(5)

domains and # c 0 is the field that must be applied in or-
der to detach the domain from the defect.'1093

A typical dependence of the "coercivity" of defects in
garnet films on the magnetic field gradient is shown in
Fig. 8b.

The constancy of AHC in the gradient interval 1000-
2800 Oe-cm"1 attests to the fact that each defect is
characterized by its own value of the "coercivity." The
decrease of AHC at large gradients can be due to in-
homogeneity of the magnetic field.

Extensively used methods for revealing defects in
garnets are based on visual observation of the domain
motion in alternating bias fields.[ 1 0 β·1 1 2 ' 1 1 3 3 The defects
are identified as localized regions in which the domain
walls are either pinned or their motion undergoes local
changes. A more sensitive method was proposed
in1 1 1 4" 1 1 6 3 and is based on continuous generation and
propulsion of bubbles by an inhomogeneous field across
the field of view of the microscope. The defects either
stop the bubbles or change the character of their mo-
tion. Since the bubbles can be set in motion by a suf-
ficiently low gradient field this method makes it possible
to reveal weak defects.

For a complete understanding of the physical proper-
ties of epitaxial iron-garnet films it is necessary to
know their chemical composition. Problems connected
with a determination of the composition of garnet films
are discussed in" 1 7 3 . The principal difficulties are due
to the small thickness of the films and to the fact that
the same elements (Ga, Gd) are present in both the
film and the substrate.

The best method of determining the chemical compo-
sition of garnet films is electronic microanalysis,t U e 3

which makes possible local measurements, since the
effective volume that emits the characteristic χ radia-
tion amounts to several cubic microns. The element
content is determined from the characteristic FeKa,
G&Ka) CnKa, YLa, SmLa, GeLa, PbMa, Pb Me and other
emission lines. Pure rare-earth elements, Fe, G, Pb,
and others serve as the standard, as well as various
compounds Y3Fe5Ol 2, CaF 2 , GaSb, GaP, etc. In first-
order approximation, the content of the elements in a
given sample region is defined as

(h-'
where L is the half-width of the region with the strip (h-h).t/attna

(6)
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where IL is the intensity of the characteristic radiation
and Ib is the intensity of the background. For a more accu-
rate determination of the concentration, the following
corrections are introduced:

Cf = Cj/(x)/(Z)/(v), (7)

where C* is the true concentration of the t-th element,
/(τ) is the correction due to absorption of the x-rays in
the sample, f(z) is the correction for the atomic num-
ber, and f(v) is the correction for the fluorescence.
The absolute accuracy is ± 5% for all elements except
Pb, for which the accuracy is ± 50%.t39]

For films containing not more than substituting ions,
the composition can be determined by measuring the
difference Δα between the film and the substrate lattice
parameters, as well as the Neel temperature TH, and
by using the plots of Δα and ΤΝ against the content of
the substituting elements as calibration
curves.139·4'·119'1203 Account must be taken here, how-
ever, of the fact that the films contain Pb and Pt, which
alter the lattice parameter and the Neel tempera-

£46.55.93,121]

Since the magnetic properties of a garnet film are
quite sensitive to its composition, it is important to
know not only the basic elements contained in the film,
but also the impurities, slight amounts of which can
also be contained in the film. Such an analysis of the
garnet films or of the initial materials can be carried
out by emission spectroscopy, mass spectroscopy,
chemical spectrophotometry, and fluorometry.'122'1231

The exact values of the lattice parameters of the film
and of the substrate must be known in order to grow
high-grade epitaxial films and to interpret their magnet-
ic properties. An estimate of the degree of perfection
of the crystal axis of the film and substrate, and mea-
surements of their parameters, are carried out by
standard x-ray structure analysis methods. U2*'12s: i Such
investigations were carried out in the Physics Depart-
ment of the Moscow State University by the two-crystal -
spectrometry method using a DRON-0. 5 diffractometer
C\xKa radiation, and a perfect Si crystal as a monochro-
mator."33 The half-width of the rocking curves for gar-
net films, indicated in Table I, was 10-17". Figure 9
shows by way of example the rocking curves for a film
with composition Y2.eSmo.4Gali8Fe3.8Oi2 at different
points of the surface. The curve of Fig. 9a has a half-

0 20^ ΊΟ SO 6
S", sec of angle

a

ϋ~ 20 Ί0 BO gO 100 120 110
B\ sec of angle

b

FIG. 10. Arrangement of the ca-
tions in the c, a, and d sites of
four octants of the unit cell of the
g a r n e t . C12«]

FIG. 9. Diffraction pattern of garnet film of composition
Yj.eSmo^Gaj.jFea.aO^ from different sections of the surface,
obtained with DRON-0.5 diffractometer.

width 15", while the curve of Fig. 9b reveals a superpo-
sition of reflections from two blocks with transverse
dimension ~ 35 μ and a disorientation ~ 10" between the
planes.

The difference Δα between the lattice parameters of
the film and the substrate, measured with the aid of the
DRON-0. 5 diffractometer with accuracy 0.001 A, is
listed in Table I for the investigated compositions.

The crystallographic orientation of the films, deter-
mined with the URS-50I x-ray installation accurate to
15', agreed with the crystallographic orientation of the
substrate.

5. BASIC PROPERTIES OF SINGLE-CRYSTAL
GARNET FILMS AND METHODS OF THEIR
INVESTIGATION

Iron garnets have a cubic structure and are charac-
terized by a general formula {R3/} [A|*] (Bf) On, where
R3+ are the rare-earth and yttrium ions, while A3* and
B3* are the ions Fe, Al, and Ga. The unit cell contains
eight molecules (Fig. 10). The ions R are located in the
dodecahedral interstices of the oxygen lattice, the A in
the octahedral interstices, and the ions Β in the tetra-
hedral interstices (in the c, a, and d positions, respec-
tively). In the general case the garnet structure con-
tains three crystallographically nonequivalent magnetic-
ion sublattices, and the crystals are characterized by
ferrimagnetic ordering.c7fl2e]

Although the iron garnets, being cubic crystals, do
not have uniaxial anisotropy, when films of these gar-
nets are epitaxially grown, uniaxial anisotropy is in-
duced in them in the course of the growth or as a result
of elastic stresses, because of the difference between
the film and substrate lattice parameters. If the uni-
axial anisotropy is large enough, then the magnetization
in such films is directed normal to the plane of the film.

In the absence of an external magnetic field, mate-
rials with bubbles are in a demagnetized state, inasmuch
as a structure of oppositely magnetized domains is pro-
duced in them. The configuration of the domain struc-
ture in the absence of external fields depends on the
prior history of the sample and can constitute a laby-
rinth or herringbone structure made up of strip domains
of equal thickness, a structure of linear strip domains,
a hexagonal bubble lattice, an amorphous bubble of
variable diameter, a lattice of elliptic and strip domains
of finite thickness, etc. The most favored energywise,
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FIG. 11. Change of domain structure of film of composition
Y2.6Sm0.4Ga1.2Fe3.8O12 in a constant bias field perpendicular to
the sample surface.1-731

in the absence of an external field, is the labyrinth do-
main structure (see Figs. 1 and 11). If a homogeneous
quasistatic external field is applied to the sample nor-
mal to its plane, then the domains magnetized in the di-
rection of the external field will increase in size at the
expense of the "unfavorably" magnetized domains. With
further increase of the field, the " unfavorably" magne-
tized domains will unbend and their number per unit
area will decrease. At a certain critical field, the bub-
ble structure becomes energywise more favored. How-
ever, no contraction of the strip domains into bubbles
will take place if the ends of the strip domains are
fastened to the edges of the sample. At the second crit-
ical value of the field, the domain structure vanishes,
and a uniformly magnetized single-domain sample is
produced.

The theory of the isolated bubble was developed
inC 1 ' 1 2 7 ' 1 2 8 3 on the basis of an analysis of the expression
for its total energy, which consists of the domain-wall
energy Ew, the energy EH of interaction with the exter-
nal field, and the magnetostatic energy Eu of the inter-
nal demagnetizing fields. The effective field of the wall
Hw and the external field HH tend to decrease the dimen-
sions of the domain, while the demagnetizing field HM

increases the dimensions of the domain. The stable di-
mension of the domain is determined by the balance be-
tween these opposing tendencies. A detailed analy-
sis £ 1 2 7 . 1 2 8 : shows that a stable bubble exists in the range
of external fields #„<#„< Ho, where Hg is the bubble
collapse field and He is the field of the elliptical insta-
bility of the bubble.

Single-crystal iron-garnet films are characterized
by the following principal parameters: the absorption
coefficient a, the specific Faraday rotation <pF, the
thickness h, the characteristic length I, the saturation

FIG. 12. Absorption coeffi-
cient for Y3Fe5O12 in the visi-
ble and near infrared regions
of the spectrum.[ 1 3 8 :

magnetization 4irMs, the domain-wall energy om the
uniaxial anisotropy constant Κ„, the Neel temperature
TN, the coercive force Hc, the material quality factor q,
the exchange constant A, and the domain-wall mobility μ.

The optical absorption is determined as a rule with
the aid of standard two-beam spectrometers.C129:1 In-
vestigations of the optical properties of garnets of dif-
ferent compositions were carried out i n

t l 8 f l 9 f l 3 l ) ~ 1 4 4 J . if
no account is taken of the linear structure of the spec-
trum, which is connected with the rare-earth ions, the
dependence of the absorption coefficient α on the wave-
length is in the main the same for all garnets (Fig. 12).

The Faraday rotation can be measured most accurate-
ly with the aid of systems with polarization modula-

tion.
[145.146J The investigation of the singularities and

the nature of the Faraday effect in garnets has been the
subject of" 3 1 · 1 4 0 · 1 4 3 · 1 4 4 · 1 4 7 - 1 6 6 5 . The specific Faraday ro-
tation cpF in non-substituted iron garnets, measured at
a wavelength 1.15 μ, ranges from 20 deg/cm in Y3Fe5Oi2
to 440 deg/cm in Tb3Fe5Oi2.

c l e 5 : l The value of <pr is in-
fluenced by both magnetic and diamagnetic substitu-
t ions . t l 8 ' 1 4 4 ' 1 5 8 ' l e 6 ] Thus, introduction of Bi into the
garnet greatly increases the Faraday effect, c l l ~ 1 8 3 which
reaches 5xl0 4 deg/cm in the visible band.

Giant Faraday rotation in Bi-containing garnet films
is explained within the framework of the molecular-or-
bital model as being due to enhancement of the magneto-
optical activity of the transitions under the influence of
the Bi. ' 1 9 · 1 4 3 · 1 4 4 · 1 ' " Figure 13 shows the values of the

FIG. 13. Specific Faraday rotation φ ρ and magneto-optical
quality ψ in the visible r e g i o n . i w 1—Y2.35Bi0.65Fe4.25Al0.75O12>

2— Υ2.05Βί0.95Γβ3.,·Α1ι.1Ο12, 3—Y3Fe5O12.
:18].
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specific Faraday rotation φ Β and of the magneto-optical
quality factor φ= 2cpF/a in the visible region for films
with compositions (YBi)3(AlFe)5Oi2 and Y3Fe5O12 ·

The thickness h of garnet films is an important param-
eter, since in films having the same compositions the
value of h determines the dimension of the bubble and
the region of its stability with respect to a bias field
normal to the plane of the sample. c m > 1 2 8 J In bubble de-
vices containing several films, their thickness must not
differ by more than 1 percent.t l O T 1 In addition, the value
of h must be known for many magneto-optical methods
of measuring other parameters of the films.

The most accurate method of measuring the thickness
of garnet films is the interference method. £"«.IW-ITOJ
The interference pattern is produced by light reflected
from the surface of the film and from the film-sub-
strate interface (the refractive indices of the film and
the substrate in the red part of the spectrum are re-
spectively116" 2.35 and 1.70). The motion of the inter-
ference fringes that pass through a fixed point on the
film in succession is controlled by varying the wave-
length λ of the incident light with the aid of a monochro-
mator. The film thickness is calculated from the for-
mula

(8)

where Ν is the number of fringes passing through a giv-
en point in the wavelength interval from \ to Xg; n{ is
the refractive index of the film at the wavelength λ,.
The dispersion curves for a number of garnet films are
given in t l 7 1 ] .

The interference method is used to monitor the homo-
geneity of the film thickness. Κ h varies over the sam-
ple, then the interference pattern is observed in normal-
ly incident monochromatic illumination. The difference
over the film thickness at points where neighboring dark
fringes pass amounts to 0.1-0.15 μ in the visible region.

The characteristic length I, first introduced by
ThieleU 2 7 > 1 2 8 J and defined as

is a parameter connected with the characteristic dimen-
sions of the domains in the given material. On the other
hand, to determine the value of I it suffices to measure
a certain domain dimension and the sample thickness.

FIG. 15. Ratio of the bubble collapse
field to the saturation magnetization
vs. the ratio of the strip-domain-
structure period to the sample thick-
ness."»3

FIG. 14. Ratio of the characteristic length to the sample thick-
ness vs. the ratio of the strip-domain-structure period in a
zero field to the sample thickness."751

The first method of determining the characteristic
length[ 1 7 2 J is based on measuring the diameter of the
bubble in different bias fields and using the results of
Thiele's theory. t l 2 7 > 1 M 1

In the second method, the measured quantity is the
period Po of the equilibrium strip domain structure in a
zero bias field.1 1 7 3"1 7" The value of I is calculated by
using the results of the theory of strip-domain struc-
tures, c m > m j where the characteristic length I is a func-
tion of only the measured quantities Po and h. The re-
sults of the numerical calculation are shown in Fig. 14.
The structure of straight-line domains that make it pos-
sible to measure P o with greater accuracy is produced
with the aid of an alternating field in the plane of the
film, the field amplitude being slowly decreased.

The saturation magnetization 4irMs can be measured
by a number of well developed methods, t l 7 e " l e n many
of which can be used to investigate garnet films. The
main difficulty in the use of these methods is that the
film occupies a much smaller volume than the bulky
paramagnetic substrate.

The current induced in a coil by the motion of the
magnetized sample was used by Geller et αΐ.ι1"·1»*·1»"
to study garnets. In view of the superiority of resonance
methods of signal amplification, a vibration magnetome-
t e r " 8 4 " 1 8 " is used to investigate garnet films."8 8 1 A
magnetized sample placed in a magnetic field whose di-
rection does not coincide with the easy-magnetization
axis is subjected to torsion. This effect is used in the
torsion anisometer t l 8 9 ~ 1 9 1 J to measure the magnetiza-
tion and the magnetic anisotropy, particularly in gar-
nets. c l 9 2~1 9 7 1 To determine the magnetization of thin
garnet films, the most convenient are magneto-optical
methods.t 1 4 · ' 1 7 2 " 1 7 5 ' 1 9 8 " 2 0 " On the basis of Thiele's the-
ory c l 2 7 l l 2 8 a the magnetization 4irA/s can be obtained,
knowing Ζ and h, for each pair of values of the applied
bias field and of the diameter of the bubble situated in
this field.U 7 2 ]

Fowlis and Copelandcl73: have proposed a simpler but
less accurate method of calculating ΑτιΜ,, wherein the
experimentally measured quantities were only the equi-
librium period Po and the bubble collapse field Ho. The
results of the numerical calculation are shown in Fig.
15. A simple analytic expression approximating this
curve was obtained by Callen and Josephs. t l 0 s ' 2 0 e j A
number of workers1 1 4*1 7 4 · 2 0 1"4 0 4 1 determined 4irM, by
using hysteresis loops obtained with a Faraday hysterio-
graph. 0 4 6 ' 1 9 8 " 2 0 0 1 The interpretation of the hysteresis
loops in. terms of 4vMs is based on the theory of strip
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Η/ΊΛΜ;

FIG. 16. Dependence of the
relative value of the magnetic
field Η/ΊπΜ, on the ratio that
must be applied to magnetize
the sample to a definite value
of M/Ms on the ratio Pjh.CW]

domains.t l 7 e # 1 T 7 J The results of the numerical calcula-
tion are shown in Fig. 16. The determination of the
saturation magnetization when Po and h are known re-
duces to a measurement of the fields corresponding to
several fixed values of M/Ms and averaging the obtained
data.

The magnetization 4πΜ, can also be determined by a
ferromagnetic resonance method.'2071 A number of mod-
els have been proposed to explain the magnetic proper-
ties of iron garnets. l 2 0 8 ~ 2 1 8 j The magnetization of iron
garnets with a general formula {R3*} [Fe|+] (Fef) Oi 2

can be explained by extending the Neel molecular-field
theory to include a ferrimagnet'2 1 9 1 with three sublat-
tices.1-208'2091 The total magnetic moment per g-mole can
be expressed in the form

Μ (Τ) = Ma (Τ) - Md (Τ) + Mc (Τ), (10)

where Ma{T), ΜΛ(Τ), andMc(T) are the magnetization
of the octahedral, tetrahedral, and dodecahedral sub-
lattices, respectively.

Expression (10) presupposes that an antiferromagnet-
ic interaction exists between the magnetic moments of
Fe3* in the d and a sites, and also between the magnetic
moments of the resultant iron and rare-earth sublat-
tices. Neel's 3-sublattice model was confirmed by neu-
tron-diffraction investigations1220"2221 and in experiments
where the MOssbauer effect was used.12231

In the general case we have

(11)

where Λί,(0) is the moment of the t-th sublattice at Γ
= 0 "Κ, Btf(2i) is the Brillouin function and

2 NI
i

(12)

here NtJ are the molecular-field coefficients that de-
scribe the interaction between the t-th and j-th sublat-
latices, μΒ is the Bohr magneton, k is the Boltzmann
constant, Sa = Sc= 5/2 for Fe3*, and Sc= 7/2 for Gd 3 \ t 2 1 8 1

At Τ = 0 °K, the sublattice magnetizations can be ex-
pressed in the form:

Ma (0) =

Md(0)=
Mc (0) =

where Ν is the Avogadro number. The values of the co-
efficients of the molecular fields for a number of gar-
nets were determined ini2oe.2i7,2ie,224-22ej_ T h i s m o d e l >

however, does not explain the properties of garnets with
more complicated composition. Gellert l 2 e*2 1 0 J has pro-
posed that in a substituted yttrium iron garnet the iron
sublattices are not collinear. A statistical model that
takes this effect into account has been developed
in [211-216J

DionneC217'2181 used a semi-empirical analysis of the
experimental M,{T) curves for garnets of the system
{Y,Gd3J· [RsFe-jJ (Qj,Fe3^) O,2, where R and Q are dia-
magnetic ions (Sc3*, In3+, Ga3* and Al3+) that replace the
Fe ions in the a and d sites respectively (0 « ζ « 3, χ «
«0.70, y « 1.95), to determine the dependence of the
molecular-field coefficients on the value of the diamag-
netic substitution. Brandle and Blank12281 have extended
the results of Dionne's calculations to include garnet
systems with other rare-earth ions. Figure 17 shows
the temperature dependence of the saturation magnetiza-
tion for garnets of the system Y3[Fe2rIGax](Fe3_yGa),)O12,
as obtained by Hansen et al.azai The solid lines show
the theoretical curves calculated for the molecular-field
coefficients taken from1 2 1 7 1.

The domain-wall energy aw is one of the parameters
that determine the dimension of the domains in a given
magnetic material. The breakup of the sample into do-
main terminates when the gain in the magnetostatic en-
ergy due to the formation of smaller domains becomes
less than the energy necessary to produce new domain
walls. The energy density aw and the width Δ№ of a
domain wall are determined by the value of the uniaxial
anisotropy and by the exchange interaction in the given
sample. The simplest domain wall realized in an iron
garnet film is of the Bloch type, in which the spin flip
on going from one domain to the neighboring one occurs
in the plane of the domain wall. For such a domain
wall we have

σα = 4 Υ AKu

and

(14)

(15)

In practice, aw can be determined from (9) if I and 4irMs

FIG. 17. Temperature de-
pendence of the saturation
magnetization iirM, of gar-
nets of the system
Y3 |Fe2.IGaI](Fe3.:l,Gay)O12.
The solid lines show the the-
oretically calculated
curves.C 2 2 9 1

(13)
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FIG. 18. Temperature dependence of the characteristic length
I (a), of the saturation magnetization 4TTMS (b), and of the do-
main-wall energy aw (c) for garnet films of the systems
Y3(FeGa)5O12 (1), (YGdYbBi)3 (FeAlGa)5O12 (12) and
(YSmGa)3(FeGeSi)5O12 (3).

are known. Other methods of calculating σΒ are con-
sidered B 3 0 ^ 3 2 '

It should be noted that the theory of domain struc-
tures t l 2 7 f l 2 8 f l 7 e > 1 7 7 J has been developed for the case of
strong anisotropy HK»4irMs (Aw= 0) and for a homo-
geneous wall energy density uw. The influence of the
finite anisotropy is discussed int1 7 5 i 2 3 3-S 3 SJ< The struc-
ture of the domain walls, with allowance for the effect
exerted on it by the stray fields of surface charges, has
been considered v3™3a

Figure 18 shows by way of example the temperature
dependences of the characteristic length I, the satura-
tion magnetization 4irMa, and of the domain-wall energy
ow in iron garnet films of the systems Y3(FeGa)5O12,
(YGdYbBi)3(FeAlGa)5Oi2, and (YSmGa)3(FeGeSi)5Oi2 •

The Neel temperature TN is assumed to be equal to
the temperature at which the domain-structure contrast
vanishes. TH is determined more accurately from the
abrupt change in the signal from a Faraday loop
scope. [200.240]

The coercive force He has historically been defined
as the half-width of the complete hysteresis loop. In
garnet films, the most convenient method of measuring
Hc is to plot the displacements S of the domain walls
against the amplitude Η of the alternating quasistatic
magnetic field applied along the easy-magnetization
axis/1 1 6 · 2 0 6 ' 2 4 1 3 since this method benefits from the ad-
vantages of using a selective amplifier. The value of
He is obtained by linear extrapolation of the S(ff) curves
to the intercept with the abscissa axis. Typical values
of Hc for films with compositions Y2.eSmo.4GaL2Fe3.gO12,
Y3Gal.2Fe3.eO12, and Y3Gaj.0Fe4.0Oi2 are 0. 35, 1.1, and
1.8 Oe respectively (Fig. 19). X-ray spectral investi-
gations have shown that Hc is connected with the defect
density in the film."3 1

Magnetic anisotropy. Since garnets are cubic-crys-
tals, the dependence of the energy on the direction of
the magnetization, in the absence of other factors, is
described by the expression12421

(16)
here at are the direction cosines of the magnetization,
and Κ χ and Kz are the crystallographic anisotropy con-

stants. Pearsonc l 9 2 > 1 9 4 J measured Kt, and where possi-
ble Kz, for a number of garnets. Since usually K1 < 0,
the easy magnetization; direction is (111).

In single-crystal garnet films one observes a uniaxial
anisotropy of considerably larger magnitude than the
crystallographic anisotropy. This noncubic anisotropy
is produced in the growth process" 8 · 2 4 3 ^ 2 5 2 1 or as a re-
sult of stresses due to the disparity between the lattice
parameters of the film and the substrate. [ l e 8 f l 9 9 > 2 5 3~2 5 5 1

This anisotropy can be expressed in the form

Ε = Kul sin2 θ + Ku2 sin4 θ + (17)

here θ is the angle between the magnetization and the
easy axis. The total anisotropy energy of garnets is
described in the general case by the sum of expressions
(16) and (17). Of practical importance is the energy dif-
ference, designated Ku, between the direction of the
normal to the film plane and the direction of the lowest
energy in the plane, since this difference determines the
stability of the bubble. Associated with the uniaxial
anisotropy constant is the anisotropy field HK:

HK = 2KU (18)

The magnetic anisotropy can be investigated with a
torsion anisometer,1 8 4·2 5 8"2 5 9 1 with a magnetometer with
rotating sample, t 2 e 0~2 8 2 1 and by the ferromagnetic reso-
nance method. [ l e 8 l 2 0 7 l 2 S 5 · 2 8 3 - 2 8 9 1 A number of magneto-
optical methods, based on direct observation of the do-
main structures1 2 7 0"2 7 5 1 or on the measurement of the
Faraday rotation, t 2 0 8 t 2 7 e ~ 2 8 0 1 are also employed. The
theoretical basis of these methods is an analysis of the
expression for the energy of a sample with a strip-do-
main structure, written down for the case when the
plane of the film coincides with the (111) crystallograph-
ic plane, and when the magnetic field in the plane is ap-
plied along one of the directions (110) or (112).

Kurtzig and Hagedornt2701 have observed the domain
structure following application of a constant field HL in
the plane of the film. The value of HK was assumed
equal to the value Η * at which the domain-structure con-

FIG. 19. Dependence of the displacement of the domain walla
on the amplitude of the alternating magnetic field in films with
compositions: 1—Y2.6Sm0.4Ga1.2Fe3.8O12, 2—Y3Ga1.2Fe3.8O12,
3—YsGaioFe^oOta^2 4"
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trast vanishes. It was shown i n 1 2 7 1 · 8 7 " that H* is al-
ways smaller thanHK, and nonlinear relations between
these quantities were derived. The value of Η * de-
pends on the orientation of the field in the film plane,
this being due to the influence of the cubic anisot-
ropy [ 2 7 2~2 7 4 J or to inclination of the magnetic-anisotropy
axis."3·27*·2™'281·2821 The error in the determination of
HK by this method, due to the cubic anisotropy, is negli-
gible if the field in the plane of the film is directed
along the <110) axis and Kx/Ku< l . t 2 7 3 1

Hubert et al. (seet 2 7 4 > 2 7 S 1) have developed a procedure
that makes it possible to determine the cubic, uniaxial
inclined, and orthorhombic components of the anisot-
ropy by measuring the azimuthal dependence of the crit-
ical fields of homogeneous nucleation in garnet films.
The nucleation was regarded as homogeneous if the re-
sidual domain structure left after the saturating field
in the Hx plane and the bias field Hn are decreased to
zero, consists of an equal number of bubbles of both po-
larities.

Krumme et αΖ.[ 2 7 β~2 7 7 : ι have proposed a method for the
local measurement of Ku and K^ in garnet films. They
registered in the experiment the dependence of the Fara-
day rotation φ ρ on the external fields/^ and //„. The
direction of Hx coincides with the (112) axis, so that the
magnetization was always in the (110) plane. Josephs1 2 0 6 3

measured the longitudinal susceptibility χΜ at Hn = 0 in
strong fields HL. If Hx is directed along the (HO) axis,
then1 2 7 8 1

«11 =

where

H. -H%,

- 4 π Λ / . ^ HK -

(19)

(20)

The shape of the \tt(HL) curves depends strongly on
the accuracy with which the sample plane is oriented
relative to the direction of the field # ± .

Shumate et aL c 2 7 8 ' 2 7 9 3 measured χ,,(#χ) in the presence
of a constant bias field Hu sufficient to saturate the sam-
ple. The field HL at which the susceptibility χη is maxi-
mal was identified as HK- 4irMs. The position of the
maximum of xni-ffj depends actually on the value of Hn.
Shumate et aZ. : 2 7 8 ' 2 7 9 1 calculated a correction curve to
account for this effect. They have also demonstrated
the possibility of crystallographically orienting the sam-
ple by a magnetic method. An improved magneto-opti-
cal method for local measurements of the cubic and uni-
axial anisotropy in garnet films is described in'2 8 0 1.
The experiment consisted of measuring the transverse
susceptibility χ± as a function of the field HL applied
along the (112) axis. The measurements were made at
positive and negative H^. To improve the signal/noise
ratio, the polarization was modulated. The domain wall
walls and the instabilities of the configuration of the
homogeneous magnetization12311 were suppressed by a
sufficiently strong bias field Hu. The χΧ{Η±) curve has
extrema at both signs of Hi. The asymmetry of the
peaks makes it possible to determine the ratio Κλ /Ku,
and from their position one can determine the values

of these constants, in addition, by recording the func-
tion Xj.(ff||) at HL> HK it is possible to determine K^ in-
dependently.

The quality factor q is defined as

(21)

Bubbles exist in iron-garnet films under the condition
q > 1, for only in this case is the domain magnetization
directed perpendicular to the plane of the sample.

The exchange constant A can be determined from ex-
pression (14) for the Bloch-wall energy. t 2 8 3~2 8 S 1 Rela-
tions (9) and (18) can be used to express the constant A
as a function of I, AvMs, and HK. The difficulty of cal-
culating A by this method lies in the fact that small er-
rors in the determination of I and 4ιτΛί, lead to a large
error for A.

In a number of papers, the exchange constant of the
iron garnets was assumed to be proportional to their
Neel temperature.C 4 8 ' 2 2 4 l 2 8 e~2 8 8 1 The standard was taken
to be the value of A for yttrium iron garnet, taken at
T = 0 °K (A y l G = 5. 55X10"7 erg/cm2) or at room tempera-
ture U n o = 4 . ΙδχΙΟ"7 erg/cm2). This approach, how-
ever, excludes the temperature dependence of the ex-
change constant.IZS31 A simple theory explaining the
temperature dependence was developed int 2 8 4 1 . The
value of A can also be determined from data on spin-
wave resonance.1 2 8 8 1

Ferromagnetic resonance (FMR) consists of resonant
absorption of energy by a ferromagnet from an external
electromagnetic field; it is described in terms of the
precession of the total magnetic moment Μ of the sam-
ple about the direction of the applied magnetic field H,
with the aid of the Landau- Lif shitz equation

or the Gilbert equation

(22)

(23)

Here a= λ/yM is the Gilbert dimensionless damping pa-
rameter, λ is the Landau-Lif shitz damping parameter,
and γ is the gyromagnetic ratio.

The resonance condition is

w r«=y#.r f , (24)

where the effective field H,tt depends in the general case
on the symmetry of the crystal, on its internal structure,
on the shape of the sample, on the magnitude and the di-
rection of its magnetization, and on the orientation of
the external magnetic field relative to the crystallo-
graphic axis and the surfaces that bound the sam-
ple. t 2 8 0 ' 2 9 0 1 In the simplest case of perpendicular reso-
nance, when the static magnetic field is applied normal
to the plane of the film and the microwave field is ap-
plied in the plane of the film, the effective field H,tt is
a sum of three terms: the external magnetic field H,
which is sufficient to saturate the sample, the demagne-
tizing field—4irM, due to the magnetic poles on the sur-
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face of the film, and the anisotropy field j^.iiM.a

Ferromagnetic resonance makes it possible to deter-
mine the values of 4ττΛί4, γ, and HK if several micro-
wave frequencies or several orientations of the external
magnetic field are used.1 2 8 9"8 9 1 1 The value of HK can
also be obtained by measuring the angular dependence
of the resonant field of the principal peak.1 2 0 7 '2 9 0 1 By
measuring the width AH of the resonance curve one can
determine the damping parameters a and χ . " 9 · 2 8 0 1

Magnetostriction in materials with bubbles is one of
the causes of the appearance of uniaxial anisot-

ropy,
[49.168) The magnetostriction in materials with cu-

bic symmetry is given byt 2 4 2 )

(25)
where Al/l is the relative change of the dimensions in a
direction specified by the direction cosines β(; at are
the direction cosines of the magnetization vector; λ η ι

and λ100 are the magnetostriction constants.

The values of λ100 and λ ι η can be determined by the
ferromagnetic resonance method by measuring the reso-
nant-field shift due to uniaxial compression. c 2 e 3 > 2 9 5~2 9 7 J

The dynamic properties of ferrites are characterized
by the mobility μ of the domain walls, defined as

V

H-H,t

(26)

where ν is the wall velocity under the influence of the
field H; Hst"Hc is the starting field. In iron-garnet
films, however, proportionality of the wall velocity to
the driving field was observed only at small field ampli-
tudes. At large driving-field amplitudes the dependence
of υ on Η-Hat deviates as a rule from linear and re-
veals a saturation effect.c 2 9'2 9 8·2 9 9 1

Attempts to connect the mobility with other parame-
ters of the material were undertaken i n i 2 "- 3 0 1 i . one of
the relations that is best satisfied is the proportionality
of the mobility to the domain-wall width Δκ

 [ 3 0 0 ] :

μ = ; (27)

Expression (27) illustrates the important role played by
measurement of the domain-wall mobility in investiga-
tions of the nature of the processes of damping in mag-
netic materials. The present lack of a fundamental the-
ory for the calculation of the damping parameters does
not make it possible to predict the dependence of μ on
other parameters of the material.

A convenient object for both a theoretical and experi-
mental investigation of the dynamics of domain walls is
a flat domain wall. The displacement χ of such a wall
under the influence of a field Η applied along the easy
magnetization axis can be described by the equation

mx + βχ + kx = 2.1Λ,//, (28)

where m is the effective mass of the wall, β is the vis-

cous-friction coefficient, and k is the constant of the
quasielastic restoring force. This equation is used in
the investigation of the motion of domain walls in alter-
nating or pulsed magnetic fields. The motion of the do-
main walls with allowance for their mass was investi-
gated in t 5 7 ' 3 0 2 - 3 0 8 ] where, in particular, a dependence of
the domain-wall mass on the constant magnetic field ap-
plied in the plane of the film was observed. Inertia ef-
fects can be neglected in the description of the domain-
wall motion in materials with moderate mobility."0 9"3 1 1 1

A number of methods have been developed to measure
the mobility μ in garnets.t3 0 9"3 1" The authors O f t 3 1 1 · 3 1 2 1

determined μ by measuring the real and imaginary parts
of the susceptibility in small three-dimensional garnet
crystals with the aid of a modified FMR installation.

Seitchik et al.l3Oei registered by a photoelectric meth-
od the relaxation time of domain walls of strip domain
structure into a new equilibrium position following the
action of a steplike bias field. The wall displacement
was determined by a stroboscopic method. Kleparski?
et al.l3i0i have proposed to determine the numerical val-
ues of the domain-wall displacement from the fact that
the maximum displacement is equal on the average to
half the initial domain width. The method of[309l310] was
used i n t " . 304-308.3E0-3231 t o i n v e s t i g a t e the dynamic prop-
erties of domain walls in garnet films.

In a number of studies ί 3 1 3 " 3 1 5 · 3 2 4 " 3 2 β 1 the mobility μ
was determined by investigating the motion of the do-
main walls in an alternating magnetic field.

Bobeck et al.mei have proposed a bubble-collapse
method for the determination of the mobility, in which
the measured quantities were the amplitude Hp and the
duration τρ of the field pulse that must be applied to
collapse a bubble situated in a bias field Hb. The mo-
bility μ was determined with the aid of a plot of TJ1

against Hp. The radius of the dynamic collapse of the
bubble, the value of which must be known to calculate
the displacement of the domain wall, was assumed to
be half the radius of the static bubble collapse. A de-
tailed analysis of the method, including certain approxi-
mations, was presented m t 2 0 5 ' 3 2 " .

The simplicity of the bubble-collapse method has
caused it to be extensively used.'1 7·8 4-2 9 8·3 1 8·3 2 0·3 2 8-3 3 3 1

Some shortcomings of this method are discussed in[33*3.

Vella- Coleiro and Tabor13171 have proposed a method
of measuring the mobility μ, based on the displacement
of an isolated bubble under the influence of a pulsed field
gradient produced by a pair of linear conductors. The
bubble velocity was assumed equal to the ratio of the
distance S traversed by the bubble under the influence of
a gradient-field pulse to the duration τρ of this pulse.
The bubble-translation method13171 was used in an inves-
tigation of the dynamic behavior of bubbles
in[29.50.73.84.90.321.335-34eJ F i g u r e 20 ShOWS a plot Of the

velocity of a bubble of 12 μ diameter against the driving
field in a film with composition Y2.eSmo.4GaL2Fe3.eOj2.

The use of high-speed laser photography13493 for direct
observation of the position of a bubble in the course of
its motion has shown that the bubble can move "by iner-
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FIG. 20. Dependence of the
CMD velocity on the bias-
field drop along its diameter
in a film of composition
Y2.6Smo.4Gai.2Fe3.1A2. The
vertical lines show the scat-
ter of the experimental data
obtained in a series of ten re-
peated measurements.

D 3 Β S 12 IS 18 21 2i 2?

tia" after the termination of the field gradient
pulse." 5 0 " 3 5 2 1 In particular, in1 3 5 0 1 the bubble was dis-
placed 3. 7-4. 5 μ in a time τρ = 0. 5 μ sec, whereas the
total displacement was equal to 6.4-13. 2 μ. It was also
observed that the shape of the bubble changes during the
course of its motion." 5 0 " 3 5 "

Zimmer et al.l31ii used high-speed photography to de-
termine the radial velocity of domain walls that move
under the influence of a pulsed homogeneous field.

At the Physics Department of the Moscow State Uni-
versity, a magneto-optical installation was developed
for the study of the dynamic behavior of domain struc-
tures, making use of an electron-optical converter to
enhance the brightness of the image[ 3 5 5 > 3 5 6 J and making
it possible to register high-speed photographs of the
dynamic domains and time sweeps (chronograms) of the
bubble image.13193 Registration of the bubble chrono-
grams make it possible, by applying a single field pulse,
to determine the time dependence of the bubble diame-
ter and by the same token the radial velocity of its do-
main walls, whereas the method of high-speed photog-
raphy yields only the bubble diameter at a certain in-
stant of time. Figure 21 shows photographs of chrono-
grams of the bubble image in a film of composition
(YGdYbBi)3(FeAlGa)5Oi2 under the influence of magnetic-
field pulses of various amplitudes, applied at the instant
of timef = 0.c 3 1 9 :

An investigation of pulsed magnetization of iron-gar-
net films has shown that this process begins with motion

FIG. 21 . Time scans of bubble image for field pulses of var i-
ous amplitudes. Hp(Oe)=0 (a), 100 (b), 400 (c), 600 (d), 800
(e) and 1, 000 Oe (f) in a film of composition
(YGdYbBi)3 (FeAlGa)5O1 2 (fi =20 μ, 4πΜ5 = 175 G, H0 = 120 Oe).
The bias field i s 100 O e . C 3 1 9 ]

350 nsec

100 μ

FIG. 22. Initial (a), dynamic ( b — e ) , and resul tant (f) domain
s t ructures following application of a field pulse of amplitude
Hp

 K 500 Oe and duration τρ

 α 400 nsec in a film of composition
(YGdYbBi)3(FeAl)5O12 (A = 15 μ, 4πΜί = 190 G, ifo = 1 4 1 O e ) · T h e

numbers indicate the instants of registrat ion of the dynamic
domains relative to the instant of application of the pu l se . C 3 1 9 ]

of the domain walls, in which alternate sections move
with different velocities/3 1 9 1 The difference between the
velocities of the "slow" and "fast" sections leads to for-
mation of discontinuities in the "inconveniently" magne-
tized domains. If the action of the magnetization-re-
versing pulse is stopped before the regions produced
after the break of the domains are completely remagne-
tized, then the dimensions of these regions begin to in-
crease, as a result of which a bubble lattice is pro-
duced. Figure 22 shows photographs illustrating the
formation of a bubble lattice in a film of composition
(YGdYbBi)3(FeAl)5O12.

c 3 1 9 ]

In the case of sufficiently rapid expansion or contrac-
tion of strip and cylindrical magnetic domains in garnet
films, unique dynamic configurations are produced,

ion μ

FIG. 23. Dynamic configurations in a film of the system
(YGdYbBi)3(FeAlGa)5O12, produced at the instant of time t af-
ter the action on the bubble (a—c), and str ip domains (d—f) of
a field pulse with amplitude Hp and duration tp = 2 μββο, a) Hp

= 43 Oe, i= 1. 8 μββο; b) 63 Oe, 2.0 Msec; c) 75 Oe, 2.2
d) 65 Oe, 1.6 Msec; e) 122 Oe, 2.2 μββο; f) 132 Oe, 1.6
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which are not observed under static conditions.c 3 1 9 l 3 5 8" s e a

Figure 23 shows by way of example photographs of such
configurations, observed in a film of composition
(YGdYbBi^iFeAlGakOu in the course of radial expan-
sion of strip domains in bubble under the influence of a
pulse of a homogeneous magnetic field.

High-speed photography was used i n

t 3 e 3 i 3 M J to investi-
gate the topological switching of bubble lattices,c 3 1 5 t 3 2 5 J

and for the study of the motion of bubbles in an inhomo-
geneous field. I 3 e 5*3 e e J

A theoretical description of the motion of domain walls
is the subject οί 1 3 0 0 - 3 0 2 · 3 2 8 · 3 6 7 - 3 9 8 1 . T h e theory of mobili-
ty of straight and cylindrical domain walls was initially
developed on the basis of a solution of the Landau-Lif-
shitz-Gilbert (LLG) Eqs. (22) and (23).I3OOt3e71 For an
isolated domain wall moving in an infinite medium, as-
suming a constant wall thickness, a linear dependence
of the wall velocity on the field amplitude was ob-
tained. Ε 0 5 ' 3 3 4 ι 3 β β 1

Walker13691 has shown that for a Bloch wall in bulky
materials there exists an exact solution of the LLG
equation, if the effective field does not exceed the criti-
cal value HK=2iraMs. In weak fields H< Hw the wall
velocity is proportional to the effective field, and the
mobility μ is determined by expression (27). With in-
creasing velocity, however, the wall becomes com-
pressed and saturation of the velocity takes place in
strong fields. In fields exceeding Hm the wall motion
has an oscillatory character. A numerical solution for
a Bloch wall was given in" 7 0 " 3 7 5 1 . In films of materials
with bubbles, however, the interaction of the domain
wall with the stray fields, which inevitably arise because
of the proximity of domains whose magnetization is di-
rected normal to the plane of the sample, leads to a
more complicated structure of the domain wall. Since
the stray fields vary with distance from the surface, the
wall configuration depends at least on two parameters
(Fig. 24).

An exact solution of the LLG equation for such a wall
is difficult. A reasonable approximation, which makes
it possible to simplify the expressions is given by Slonc-
zewskit37e~3803 for the case q »1 and not too thin a film.
These requirements are satisfied more or less for
materials with bubbles. In Slonczewski's theory, the
problem reduces to an ordinary albeit nonlinear differ-
ential equation with boundary conditions and a certain
angle χ as the argument. Calculations for the other ex-
tremal case of thin films are given in : 2 3 8 t 3 8 1 1 .

The argument χ describes the local character of the
domain structure: χ = 0 denotes a Bloch wall and χ = 90°
a Neel wall. It is assumed that a Bloch wall is ob-

FIG. 24. Model of domain-
wall structure in films of ma-
terials with bubbles.t3821

served at least at the center of the film, whereas the
stray fields lead to a Neel orientation near the surface
of the film. The transition between the two orientations
can take place by a simple rotation (case of a "light"
wall); the magnetization at the center of the wall can ex-
perience one or more additional rotations on going from
one surface of the film to the other ("heavy" wall).B S 7 1

Such additional transitions are localized in the so-called
horizontal Bloch lines (HBL).

It is universally accepted at present that the dynamic
conversion of the "light" wall into a "heavy" wall is re-
sponsible for the relatively low maximal velocities that
can be obtained in iron-garnet films.

Using the obtained approximate differential equation,
Slonczewski'377"3791 has shown that the stray fields from
surface poles destabilize the structure of the wall at
critical values of the velocity vp lower than the Walker
limiting velocity vw and of the driving field Hp. It was
next shown in the theory that for a straight wall in fields
H>HP, generation, motion, and annihilation of HBL
takes place, as a result of which the wall velocity de-
creases asymptotically to the limit v0a0.3vp.

Further development of the theory is the subject

o f [380-3821 ^ w n e r e it is assumed that the "heavy" domain
wall contains, besides the moving HBL, stationary ver-
tical Bloch lines parallel to the cylindrical axis of the
bubble. The model explains qualitatively the dynamic
transformation of the domain walls. An important role
is assigned here to the interaction of the moving domain
wall with different inhomogeneities in the sample. The
results were adapted to a cylindrical wall. It was shown
that VBL tend to form a cluster on one side of the bubble,
and when the bias field is varied the centers of the bub-
ble and of the cluster move along a spiral trajectory.

The profiles, effective masses, energies, and criti-
cal velocities for the "light" and "heavy" (with HBL) do-
main walls were obtained i n £ 3 e 3 > 3 e 4 i by numerical solu-
tion of the differential Slonczewski equation for static
and for stationarily moving domain walls. One of the
conclusions resulting from the analysis of the character
of the instabilities at critical velocities is that dynamic
grouping of HBL is impossible for the film thickness in-
terval that is favorable for bubble devices.

The difficulty of comparing the theoretical results
with the experimental data lies in the fact that for mate-
rials of practical interest the critical field Hp is com-
parable with the coercive force. To increase the criti-
cal field Hp, Malozemoff13361 introduced into the compo-
sition of the garnet film a small amount of terbium,
which has the largest damping from among all the rare-
earth ions in the garnet, and obtain good agreement be-
tween the experimental data and the result of Slonczew-
ski's theory. Other investigations m.»4.»e.3ie.»s-s99i
carried out on materials with moderate and weak damp-
ing (a< 0.05) have shown a less satisfactory agreement
with the theoretical results.

"Hard" bubbles were first investigated by Tabor et
al .C 3 9 7 J The most distinguishing features of the behavior
of the "hard" bubbles are the following: the existence
of a wider stability range with respect to variation of
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FIG. 25. Dependence oi bub-
ble diameter on the bias field
for three domains in a film

BO 30
H,CK

the bias field and of the CMD diameter; the direction of
motion of these bubbles makes an angle up to 90° with
the direction of the gradient of the effective field; their
mobility is much lower than that of "normal" bubble.
Figure 25 shows the dependence of the bubble diameter
on the bias field; curve 1 was obtained for a "normal"
bubble and the other for domains with different "hard-
ness." The measurements were performed in the entire
range of stability of the bubble. Figure 26 shows the re-
sults of an investigation of the dependence of the veloci-
ty (total, the components normal and parallel to the di-
rection of the gradient, and their ratio) on the bias-field
drop along the diameter of a "hard" bubble in a film
with composition Y2.eSmo.4GaL2Fe3.gO12.

The magneto-optical characteristics of the "normal"
and "hard" bubble are the same, so that it is natural to
assume that the difference between them lies in the
structure of the domain walls. A model of the domain
wall of a "hard" CMD was proposed m

I 3 9 7 ~ 3 9 9 1 and is
based on the assumption that the wall consists of oppo-
sitely magnetized Bloch segments separated by Neel
segments (the so-called vertical Bloch lines (VBL)).
The repulsion force between the VBL increases the
bubble diameter" 4 9 · 4 0 0 ' 4 0 3 1 and stabilizes the dumbbell-
like domains."4 9 ' 4 0 4 1 The motion of the VBL decreases
the mobility of the domain wall ." 2 0 · 3 4 9 · 4 0 3 " 4 0 " The gyro-
tropic forces of the VBL deviate from the direction of
the gradient of the applied field as they move the bub-
b l e [33β.34β.391,401-405ί T h e a n g l e ^ w h i c h y ^

displaced relative to the gradient is given byc349J

(29)

where nT is the number of rotations through an angle 2π
which the magnetization vector executes on going along
the perimeter of the wall in a definite direction, r and υ
are the radius and velocity of the bubble, and Η is the
field gradient. The number of the VBL is equal to

η = 2 (nr - 1). (30)

The need for theoretically explaining the experimen-
tally observed dynamic transformation of the bub-
Uetm.iie.»9.aM-M4.3aa.ioe-uoi h a s m a d e i t n e C essary to

postulate the existence in the domain-wall structure
of not only vertical but also horizontal Bloch
lines. ί 3 2 β ΐ 3 7 7-3 8 0 3 The generation, motion, and annihila-
tion of the VBL and HBL are the causes of the change
in the character of the dynamic behavior of the bubble.

A study of the structure of domain walls is possible

only by Lorentz microscopy which, unfortunately, can-
not be applied to garnet films because of the relatively
large thickness of the film with the substrate. VBL
were actually observed in thin films of cobalt.t 4 0 8 ] A
weighty argument favoring the existence of VBL in the
structure of the bubble walls is provided by the obser-
vation, by the powder method, of different types of flat
domains connected with bubble in a permalloy layer
sputtered over a garnet film."4 0"3 4 2 1

It is practically impossible to use "hard bubble" in
domain memory and logic devices. To suppress the
"hard bubble, " a number of methods have been de-
veloped, t*09"41*1 the main idea being to produce a domain-
wall structure such that the existence or formation of
VBL in it is unfavored. This can be attained with the
aid of an additional magnetic layer produced in two-lay-
er garnet films, C409~4111 formed as a result of ion im-
planation1 3 4 6 · 4 1 2 ' 4 1 5"4 1 8 1 or as a result of coating the film
with a permalloy layerP4 0"3 4 2 ' 4 1 3 ' 4 1 4 · 1 The suppression of
"hard" bubble took place also in garnet films after they
were annealed in an inert atmosphere14181 and in films
whose easy axis is not perpendicular to their plane."1 9 1

6. REPRODUCIBILITY AND TEMPERATURE
STABILITY OF THE PRINCIPAL MAGNETIC
PARAMETERS OF GARNET FILMS

For information reduction and storage devices it is
necessary to have at present single-crystal iron-garnet
films with bubbles having the parametersΗ β· 1 β 7 1 listed
in Table II.

Satisfaction of the first three requirements is deter-
mined mainly by the choice of the film composition, the
quality of the substrate finish, and the growth procedure
and conditions.

The collapse field Ho and the saturation magnetization
4irMs, and also the film lattice parameters can be var-

FIG. 26. Dependence of the velocity of a "hard bubble" of
diameter d = 8 μ on the bias-field drop along its diameter. 1—
total velocity (the vertical lines show the scatter of the ex-
perimental data obtained in a series of repeated measure-
ments), 2—component vL normal to the direction of the gra-
dient; 3—component vu parallel to the direction of the gradient,
4 Vn/vi..
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TABLE Π

Bubble diameter, d
Thickness h
Defect density
Collapse field Ho

Coercive force Hc

Quality factor q
Mobility μ
Shape and dimension

of bubble

6μ

6 μ, homogeneity ± 1%
< 5 cm"2

100 Oe, reproducibility ± 1%
0.3 Oe
>1.5
200 cm· sec"1 Oe
Should not depend on the

temperature.

ied by introducing into the garnet composition the ions ,
Ga3* and Al3* or a combination of the ions Ca2+, Ge4*, or
Si4*. The value of Ho can be regulated by anneal-
ing [420.42η b y c h e m i c a l polishing,I422'4831 or by reheating
the melt.c e 5 ]

Attempts to satisfy simultaneously the remaining re-
quirements encounter certain difficulties, "β· 2 9 9 ·* 2 " AS
follows from expressions (15) and (27), the mobility μ
can be increased by increasing A and γ and by decreas-
ing a and Ku. It is permissible to decrease Ku within
certain limits, inasmuch as the quantity q is simultane-
ously decreased and the bubble becomes less stable. It
is possible to increase μ at the expense of A only in a
small range, since the exchange constant depends little
on the composition of the garnet. The obtained iron-gar-
net films with small values of α had indeed a high mo-
bility, t*e*47J but were subject to the action of another
mechanism that limits the velocity of the domain walls,
due to the dynamic transformation of their structure. Κ
turned out that the mobility of the domain walls and the
maximum possible velocity can be increased in garnet
films by using an iron garnet with a large effectives-
factor." 3 " The value of g in garnets is defined as 1 4 2 5 ' 4 2 6 1

(31)

where M E and ΜFe are the magnetization of the rare-
earth and summary iron sublattices; gR a.ndgFe are the
g-iactors of the rare-earth ion and the iron ion. If we
include in the composition of the garnet Eu, which has
J= 0 in the ground state and consequently g » 2, and at-
tain M F e - 0 by replacing Fe3* with diamagnetic ions,
then we can obtain a value q > 30.t 4 2 e 3 The saturation
magnetization in the case when MTt— 0 is different from
zero, since Eu has an intrinsic magnetic moment.

A number of garnet films that can be used in bubble

FIG. 27. Dependence of the coefficient
of the distribution of gallium on the
supercooling (ω = 100 rpm).

FIG. 28. Reproducibility of the
properties of films of composi-
tion Y2,6Smot4Gaj-2Fej_jO(2> grown
atAr = 20"C, ω = 100 rpm.
(growth = 1 0 n>in. The shaded re-
gion corresponds to a ± 5% devia-
tion of the properties from the
nominal values.

7 SI
Jl'C

memory and logic devices have by now been ob-
tained. (28.29.46-48,50.66.07.83.121.323,335,3383 T h e r e s u l t s o f a n

investigation of these compositions lead to the following
conclusions:

When ions having an orbital angular momentum are
introduced into an iron garnet, they decrease the mobil-
ity of the domain walls/4273 From the point of view of
their effectiveness in decreasing the mobility, the se-
quence of the rare-earth ions is Tb3*>Ho3*>Dy3*>Sm3*
>Er3*>Yb3*«Eu3*>Tm3*, and their influence is propor-
tional in first-order approximation to the concentration
of these ions.

Garnet containing spherically symmetrical ions, such
as Υ and Gd have a large mobility but a low anisotropy.
A large magnetostriction and an anisotropy induced in
the growth process are observed in garnets containing
large rare-earth ions with angular momentum/4283

If the growth is by the liquid-phase epitaxy, the mag-
netic characteristics in the compositions of the films
depend on the growth conditions, and particularly on the
degree of supercooling.I40>45te0·1883 By way of example,
Fig. 27 shows the dependence of the distribution coeffi-
cient ΚαΛ of gallium, which determines its relative con-
tent in the crystal, on the supercooling, as obtained
when films of the system Y3(FeGa)5Oi2 are grown from
a PbO-B2O3 melt. The distribution coefficients are
given for Ga in[28t541, for Al in12", and for Ge and Si
inc393. In the calculation of the charge compositions in-
dicated in Table I, the value of KGi was assumed to be
2. 5. Films grown at identical temperatures and growth
times exhibit systematic variation of the physical prop-
erties as functions of the serial number of the grown
sample,I45J this being due to the change in the composi-
tion of the melt, and consequently in the saturation tem-
perature. To obtain films with identical properties it is
therefore necessary to lower the melt temperature in
accordance with a definite program. The results of an
investigation of the reproducibility of the properties of
25 films of composition Y2.eSm0.4Ga1#2Fe3,8Oi2, grown
in succession under identical conditions (supercooling
AT= 20 °C, rotation speed u>= 100 rpm, growth time
* growth = 10 min) from a crucible containing 150 g of
melt, are shown in Fig. 28.

The temperature stability of the collapse field Ho and
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TABLE ΠΙ. Temperature characteristics of magnetic properties

" 2, i SHIQ (4G& 1,2^^3,8^ H

YsGaj ^F©4,0̂ 12

y 3 Ga l f l Fe 3 gOji

E r , , 0 E u , 0 G . , , , F e M O l f

μ

8.0

10.0

10.0

7.0

13.0

6.0

6.0

139

131

115

140

—

148

20
50

100

20
50

100

20
50

100

20
50

100

20
50

100

20
50

100

20
50

100

0.21
0,22
0.22

0.28
0.27
0.25

0.59
0.56
0.45

0.22
0.22
0.21

0.105
0.108
0.111

0.12
0.13
0.14

0.28
0,27
0.26

145
129

90

126
111

74

100
90
50

163
140
102

378
341
262

184
166
120

166
153
740

4πΜ,,
G

190
166
118

175
152
101

160
140

77

228
196
141

450
400
312

241
22Ϊ
160

248
236
213

erg/cm*

0,06
0.05
0.02

0.07
0.05
0.02

0.12
0.09
0.02

0.09
0.07
0.03

0.17
0.14
0.09

0.06
0.05
0.03

0.14
0.12
0.08

of films

%7°c

-0.12
—0.07

0.00

—0.04
—0.06
—0.28

-0.16
-0.19
—0.84

0.00
0.00

—0.09

—0.15
-0.07

0.00

—0.26
-0,18

0,00

—0.20
-0.21
—0.23

of rare-earth garnets

«Or;

-0.36
-0.42
-1 .05

-0,36
-0,52
- 1 , 3 3

-0,28
—0,49
- 2 , 6

-0,46
-0,52
—1,05

-0,32
-0,42
-0,63

—0,28
—0,35
—1,03

—0.26
-0.35
—0.60

—0.33
—0.44
-1.28

- 0 . 4 3
—0.60
-1.48

—0.41
—0.60
—2.7

—0.43
—0.51
-1.15

—0.32
—0.41
-0.65

—0.24
—0.37
—1.02

—0.25
- 0 . 3 3
- 0 . 5 3

σ ,

-0.68
—0,92
—2.50

-0.84
—1.20
—2.80

-0.80
—1.11
—4.5

-0.88
—1.04
—2.24

—0.69
- 0 . 8 3
—1.25

—0.55
—0.77
—1.96

—0,47
—0.63
—0.95

^[240]

2.1
2.1
2,0

2.0
2.0
1.9

2.0
1.8
1.7

2.0
2.0
1.9

2.2
2.0
1.9

2.3
2.1
1.9

1.9
1.9
1.8

of the bubble diameter d are determined, as shown
in1 4 2 8"4 3 7 1, by the temperature dependence of the satura-
tion magnetization 4πΛί, and of the domain-wall energy
<JW.

Investigations of the influence of the temperature on
parameters of materials with bubbles were carried out
^nK9.46.50i6et 67.86.240.278.283.288. 312,322,432-437} rpj^g m a g n e t i c

properties of a number of compositions of garnet films
investigated in1240·1 are given in Table III for three values
of the temperature. The temperature coefficients of
the characteristic length lT, of the collapse field H0T,
and of the saturation magnetization M,T, and the do-
main wall energy aWT were calculated from formulas
analogous to those given int 3 9 5 1 .

The introduction of the ions Ge4* and Si4* into single-
crystal iron-garnet films is preferred to the introduc-

20 Ίΰ 10 mo no no ,w <so
τ,τ

FIG. 29. Temperature dependence of the equilibrium period of
strip domains Po, of the collapse field i/0, of the saturation
magnetization 4irMs, and of the domain-wall energy σκ for films
with compositions (in the melt) Yi.7Smo.3Ga1.0Fe4.eGeo.75Sio.2
(solid lines) and Y2.eSmo.4Gaj.iFe3.9Ot2 (dashed lines).I 2 4 0 ]

tion of Ga3* and Al3*, since Ge4* and Si4* occupy exclu-
sively tetrahedral positions in the garnet structure.
The ions Ga3* and Al3* replace Fe3* not only in tetrahe-
dral but also in octahedral sites, thus decreasing the
Neel temperature by 60—70 °C in comparison with gar-
nets containing Ge and Si and having the same values of
4TTM4 .te·«.m, 325,335,434-4361 T o e n s u r e electroneutrality
one introduces in the dodecahedral sites, as a rule,
Ga2* ions. Figure 29 shows typical temperature depen-
dences of the equilibrium period of strip domains P0(T),
of the collapse field H0(T), of the saturation magnetiza-
tion 4irM,(T), and of the domain-wall energy aw(T).
for films with comparisons (in the melt)
Y1.7Smo.3Gai.oFe4.oGeo.75Sio.25Ou (solid lines) and
Y2.0Sni0.4Gai.iFe3.9Oi2 (dashed lines).

7. CONCLUSION

The best method of obtaining high-grade iron-garnet
films with reproducible parameters is liquid-phase epi-
taxy from the molten solution. The epitaxial growth is
most adequately described by a model that takes into ac-
count the volume diffusion and the depletion of the
growth particles in the single crystal on the film sur-
face. The control of the quality of the epitaxial films
and an investigation of their magnetic properties are
easiest to carry out by optical and magneto-optical
methods. The existing theories describe adequately the
static and temperature properties of garnet films, but
only qualitatively their dynamic properties. Further
progress in the development of bubble devices calls for
the synthesis of new garnet compositions with higher
domain-wall velocities and wider ranges of temperature
stability of the principal magnetic parameters.
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