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1. INTRODUCTION

There exists a large class of highly anisotropic ferro-
magnets that have a regularly nonuniform microcrystalline
structure. These magnets include their alloys Co-Pt, Fe-Pt,
and Fe-Pd with type L 10 ordering. Because of the fortunate
combination of superior magnetic, mechanical and anticor-
rosion properties, these alloys are used as materials for per-
manent magnets. During ordering, a face-centered tetra-
gonal phase is formed out of the high-temperature/cc phase.
The face-centered tetragonal (fct) phase is a highly aniso-
tropic magnetically uniaxial phase (K = 2-7 kJ/m3 and
Ms = 800-1150 kA/m) with the easy axis along the tetra-
gonal с axis.1-* It is noteworthy that the ordered phase con-
sists of regular systems (blocks, plates, stacks) of crystalline
domains of twinned orientation, the so-called c-domains.5~13

Neighboring c-domains, which have the form of thin plates
of thickness d = 0.01-0.1 fj.m, are coherently joined together
along one of the {101} planes so that the tetragonal с axis
(the easy axis) is misoriented by an angle 2a = ir/2. The
thickness of the c-domains and the shape and size of the
regular twinned systems depend on the relation between the
rate of formation and the rate of growth of the nuclei of the
ordered structure in ihefcc-fct phase transition.l4

From an analysis of the experimental data it is found
that alloys that are ordered by different means differ sharply
in the coercive force Hc and relative residual magnetization
jr =M,./MS (compare, e.g., Refs. 1 and 13). The best hys-
teresis properties are obtained for states where the alloy con-
tains a predominantly ordered phase in the form of thin
plates of c-domains.15 The large difference in Hc and jr

among the alloys with different sizes of the c-domains cannot
be explained consistently in terms of only the misorientation
of the easy axis, the degree of dispersion, or the magnetic
independence of the c-domains. In view of this situation, a
microscopic magnetic theory of twinned systems was devel-
oped in Refs. 16-21, with allowance for exchange and mag-
netostatic interactions at the twin boundaries. The presence
of the exchange interaction has been demonstrated experi-
mentally in Ref. 21.

It follows from the microscopic magnetic theory that,
because of these interactions, magnetic domain walls of the
Neel type are formed in a twinned system; they are pinned at
the twin boundaries, and under magnetization reversal,
metastable magnetic states appear. Kandaurova et a/.16

have calculated the critical fields for which the internal
structure of the "frozen-in" magnetic walls undergoes reor-
ganization as a result of an irreversible change in orientation
of the magnetization in the c-domains in a magnetic field. In
the model of coherent rotation of the M vectors we have
calculated the hysteresis properties of a twinned system tak-

ing into account the magnetostatic interaction.22 24 Al-
though these calculations show that the hysteresis charac-
teristics are considerably degraded as compared to the case
of a ferromagnet that is uniform over the crystal structure,

the experimentally observed maximum values of Hc are
much lower than predicted by the theory. This means that
reversal of magnetization of an alloy with a twinned micro-
structure takes place not by the rotation of the magnetiza-
tion vectors M, but by the formation and displacement of
180° domain walls.

In this paper we present a summary of the results of
systematic investigations of the magnetic domain structure
in ordered alloys with twinned systems of various degrees of
dispersion in the absence of a magnetic field and the results
of a study of the behavior of these materials in a magnetic
field. We show that the exchange and magnetostatic interac-
tions at the boundaries of the c-domains lead to the forma-
tion of a special type of domain structure, a cooperative ma-
crodomain magnetic structure. Below, we describe the more
characteristic features of such a domain structure.

2. FEATURES OF THE MICROSTRUCTURE AND MAGNETIC
PROPERTIES

Because of the specific orientation relation between the
fee and fct phases25 any surface of an initially disordered
single-crystal that undergoes thefcc-fct phase transition can
exhibit a variety of cross sections of regular twinned systems.
We shall call such a crystal a "poly-twinned" crystal. As an
example, Fig. 1 shows a picture of portions of the micro-
structure of poly-twinned crystals of FePt (Fig. la,b) and
CoPt (Fig. lc,d). The thickness of the c-domains, as well as
the shape and size of the regular twinned systems depend on
the relation between the rate of formation of nuclei of the
ordered structure and the rate of growth of the ordered
structures. For massive crystals that are ordered near the
phase transition temperature Tc (the rate of growth of the
nuclei is high), the tetragonal phase is typically formed as
stacks of poly-twinned plates. The c-domains in a plate and
the plates in a stack are joined together by various junction
planes of type {110}. A stack that has grown out from a
single center of ordering is distinguished by the common
direction of the boundaries of the c-domains that form it on
the junction plane of the poly-twinned plates. In the equiva-
lent FePt alloy these macroscopically regular twinned sys-
tems are formed even after quick quenching in water, be-
cause of the very high critical temperature Tc = 1300 °C
(Fig. la,b). The c-domains are some tenths of a micron
thick, and the dimension L{ of a plate and L of a stack varies
between 1 and 10 ,um and between 10 and 100 /лп, respec-
tively. The diagram shown in Fig. 2a may serve to interpret
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the portion of the microstructure of the (001) surface of a
FePt crystal shown in Fig. Ib.

In the alloy CoPt it is possible the form regular twinned
systems of various degrees of dispersion (Tc = 830°C).
Since the rate of formation offct nuclei is high, the tendency
for formation of poly-twinned plates is found here too, but in
this case the plates have a block structure and only blocks of
c-domains comprise the regular twin systems. Each block
consists of two kinds of coherently joined c-domains. Figure
lc,d shows for comparison portions of the microstructures
of poly-twinned crystals, ordered by different means. It can
be seen that the crystals are quite different in the size of the
blocks and the thickness of the c-domains. After quenching
and annealing at 660 °C the blocks of c-domains are extreme-
ly small (Fig. Id), and are comparable in size to the c-do-
mains themselves. The c-domains are hundredths of a mi-
cron thick and the blocks of c-domains tenths of a micron.
Adjacent c-domains differ in the orientation of the planes at
which the c-domains are joined and in the orientation of the
tetragonal с axes.
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FIG. I. Microstructure of FePt and CoPt crystals revealed by (a) an
optical microscope and (b) an electron microscope (b-d) with the use of
carbon replicas; a,b) on the (001) FePt crystal surface after quenching in
water from 1300 °C;c) on the (110) CoPt surface after cooling from 850
to 750 "C for 6 h and then annealing for 4 h at 750 °C; d) on the (110) CoPt
surface after quenching in water from 1000 "C and then annealing for 30
min at 660 °C.

FIG. 2. Schematic diagram of the contrast pattern in polarized light on
the (001) surface of an unmagnetized ordered poly-twinned crystal of
type CuAul for various thickness of the c-domains and various orienta-
tions of the plane of polarization, a) Thickness of the c-domains above the
limit of resolution of the optical microscope; b,c) Thickness of the c-
domains below the limit of resolution of the microscope. The different
coloring of the c-domains corresponds to the different orientations of the
tetragonal с axis. The orientation of the plane of polarization is given by
the vector E.

Thus, only blocks of c-domains are regular twinned sys-
tems.

As shown in Refs. 14,26, and 27, the intricate structural
hierarchy of the ordered fct phase (c-domains, blocks,
plates, stacks) is due to the tendency of the crystal to mini-
mize the elastic energy associated with internal stresses.
These stresses arise as a result of the large difference in the
lattice parameters of the ordered and the disordered phases
in thefcc-fct phase transition.13"15'25 According to electron
microscope observations,6'10'14 the coherent twin boundar-
ies of the c-domains contain no dislocations and are free of
internal stresses, i.e., they are invariant. Dislocations are
concentrated at the boundaries of large plates and stacks
that have grown from different centers, and strong internal
stresses are found at the coherent boundaries of highly dis-
persed blocks of c-domains.6'10'14

The alloys with a high degree of dispersion of the twin
systems have large differences in the maximum values of Hc

and/.- For example, for a slowly cooled CoPt alloy near Tc

(where the rate of nucleus growth is high), Hc = 80 kA/m
andy'r =0.3 (Ref. 1). When the rate of formation of nuclei is
high (after quenching in water and subsequent annealing at
500-780 °C) the material exhibits superior hysteresis prop-
erties. After annealing at 660 °C for 20 min a record high
value of the energy product (BH) was obtained for the
equiatomic alloy CoPt, (£Я)тах = 120T-A/mat#c =480
kA/m andyr = 0.82 (Ref. 13). The anisotropy of Hc andjr

are of the form characteristic of multiaxis crystals; the hys-
teresis loops have a stepped form, and jr is higher than the
values calculated for an ensemble of magnetically uniaxial
noninteracting particles with allowance for the distribution
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of the orientation of the easy axis. These features of the mag-
netic properties of poly-twinned crystals are presumably due
to the existence of exchange and magnetostriction interac-
tions at the twin boundaries of the c-domains.21~24

3. MAGNETIC DOMAIN STRUCTURE OF POLY-TWINNED
CRYSTALS IN THE THERMALLY-INDUCED DEMAGNETIZED
STATE

3.1. Observed features of the magnetic domain structure

After sample plates of the alloys FePt and CoPt were
etched in concentrated hydrochloric acid and mechanically
polished in fine diamond paste (10-0.1 fim) the magnetic
domain structure was observed by means of a magnetic sus-
pension by the electron-microscope replica method of
Craik,28 and by the polar magneto-optical Kerr effect.29

The surfaces of the plates, with dimensions 4 X 4 x 1 mm
coincided with the (001), (110), and (111) planes of the
initial unordered crystals. As has been stated above, differ-
ent cross sections of stacks of poly-twinned plates or blocks
of c-domains, formed on all possible {110} planes, were ob-
served on the same surface. For the sake of brevity we shall
call the junction plane of the poly-twinned plates in a stack
the base of the stack, and the planes perpendicular to it or
inclined to it, the prismatic and pyramidal planes, respec-
tively.

In interpreting the pattern obtained in polarized light
we took into account the superposition of two main effects:
the polar magneto-optical Kerr effect and the effect of aniso-
tropic reflection contrast.5 The latter is due to the elliptical
polarization of a linearly polarized light when it reflects
from an anisotropic metal surface30 and it occurs both in
magnetic and in nonmagnetic optically anisotropic crystals.
If such a crystal is rotated about the optical axis of the micro-
scope the orientation of the plane of polarization of the inci-
dent light changes relative to the principal crystallographic
axes of the sample, and the intensity of the reflected light
varies, going through a maximum and a minimum. If the
field of view of the microscope includes two crystals whose
tetragonal axes lie in the plane of observation but are mutu-
ally misoriented by an angle of тг/2, while the plane of polar-
ization of the light is along one of the с axes, then the contrast
between the crystals is a maximum; one is white and the
other is black. If the plane of polarization makes an angle of
77/4 with the axes of the crystal, then they are indistinguish-
able in contrast (they are both gray).

Within this picture, the contrast pattern in polarized
light on the (001) surface of a nonmagnetic crystal consist-
ing of stacks of poly-twinned plates with a regular internal
structure will have the form shown in Fig. 2a if the size of the
c-domains is above the limit of resolution of the optical mi-
croscope. Each plate should exhibit a regular alternation of
gray and black bands (plate 1), gray and white bands (plate
2), or black and white bands (plate 3), depending on the
orientation of the tetragonal axes in the c-domains that form
the plate. When this poly-twinned crystal is rotated about
the axis of the microscope the intensity of the reflected light
will vary in the c-domains with tetragonal с axes parallel to
the plane of observation, (these are the white and black
bands in Fig. 2a); with a rotation by an angle of ir/4 the
contrast between the white and the black c-domains disap-
pears, and for an angle of тг/2 the white domains become

black and the black ones white. The color of the c-domains
with the tetragonal с axes normal to the surface of observa-
tion (see plates / and 2) will not change with rotation since
these are optically isotropic parts of the surface.

However, in the experiments with c-domains in ordered
poly-twinned crystals there are very small dimensions that
are not resolved with the optical microscope.6'14 It is clear
that here the contrast pattern on the poly-twinned plates is
formed as a result of the superposition of the intensities of
the light reflected from individual c-domains.30 Then the
poly-twinned plates, consisting of gray and black c-domains
of equal thickness, will have an overall dark color, while the
plate formed of the gray and white c-domains will be light-
colored (see plates / and 2 in Fig. 2a,b). If the sample is
rotated about the axis of the microscope the same change in
intensity should be seen on plates with this internal structure
(plates 1 and 2 in Fig. 2c) as for the corresponding rotation
of a single crystal with an anisotropic surface. For example,
Fig. 2b,c shows schematically the contrast pattern on plates
1 and 2 for different configurations of the plane of polariza-
tion relative to the tetragonal axes in the c-domains. It is
interesting to note that the overall intensity of the reflected
light for plates that contain dispersed c-domains of equal
thickness with the с axes parallel to the plane of observation,
but misoriented by тг/2, remains the same as for different
orientations of the plane of polarization. Therefore, when
the crystal is rotated the gray color of these plates remains
(see plate 3 in Fig. 2b,c). We have in fact seen this variation
in the pattern of the contrast in polarized light on the (001)
surface of a nonmagnetic poly-twinned CuAu crystal.31

A ferromagnetic uniaxial crystal exhibits, in addition to
the anisotropic reflection contrast, the polar magneto-opti-
cal Kerr effect, which consists of a rotation of the plane of
polarization of the light as it is reflected from a surface mag-
netized along the normal. We shall henceforth arbitrarily
regard a c-domain with the с axis normal to the surface as
being colored white if the magnetization vector M in the c-
domain is directed upward along the normal to the observed
surface (©) and black if the vector M is oriented in the oppo-
site direction ( e ). At the reflecting surface of a nonmagne-
tic crystal the c-domains with this tetragonal с axis always
appeared gray in polarized light (Fig. 2a, plates 1 and 2).

The contrast pattern in polarized light at one or another
surface of a ferromagnetic poly-twinned crystal will depend
on the size of the elements of the microstructure, the orienta-
tion of the tetragonal axes relative to the surface of observa-
tion, the plane of polarization of the light, and the direction
of the magnetization vector in the c-domains with a normal с
axis. For example, if the distribution of the magnetization in
a stack of poly-twinned plates on the (001) surface corre-
sponds to Fig. За, and the thickness of the c-domains and of
the poly-twinned plates is above the resolution limit of the
optical microscope, then the contrast pattern will look like
that shown schematically in Fig. 3b (the plane of polariza-
tion is indicated by the arrows). If the thickness of the c-
domains, for the same plate size, is below the resolution of
the microscope, then the contrast pattern, as noted above, is
formed by a superposition of the light reflected from the
individual c-domains. For this case Fig. 3c,d shows the con-
trast pattern on the surface of the same stack as in Fig. 3b for
two orientations of the plane of polarization. We have ob-
served similar contrast patterns for poly-twinned FePt and
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FIG. 3. Schematic diagram of the contrast pattern on the (001) surface of
a ferromagnetic poly-twinned crystal for a specified distribution of the
magnetization vectors M in the c-domains and various orientations of the
plane of polarization relative to the tetragonal axis, a) Distribution of the
magnetization in a stack of plates; the thin lines show the boundaries of the
c-domains, and the heavy lines the 180° magnetic domain walls; the orien-
tation of the magnetization vector M relative to the surface of observation
is denoted by I I, parallel to, and 0 Ф, perpendicular up and down,
respectively, b) Contrast pattern for a c-domain thickness d above the
limit of resolution of the microscope; the c-domains with different orienta-
tions of M have different colors. c,d) Contrast pattern for thicknesses of c-
domains below the limit of resolution. The orientation of the plane of
polarization is denoted by the vector E.

CoPt crystals.31 Some of them are shown in Fig. 4 (compare
Figs. 4a-c and 3c,d).

Because of the strong anisotropy of the reflection con-
trast and its superposition with the polar magneto-optical
Kerr effect, the same distribution of the magnetization in a
poly-twinned crystal can correspond to several contrast pat-
terns. The variation in contrast with rotation of the sample
about the optical axis of the microscope is due to c-domains
with tetragonal с axes parallel to the surface of observation.
For a fixed position of the sample the contrast pattern varies
as a result of the reorientation of the magnetization vector M
in the c-domains with the tetragonal с axes normal to the
surface of observation. A magnetic domain structure ap-
pears in its true form only when there is no anisotropic con-
trast, i.e., when the plane of polarization of the light makes
an angle of тт/4 with the tetragonal axes (Fig. 3d). The be-
havior described above in the formation of the contrast pat-
tern in polarized light has been used in our work to interpret
the complicated microdomain and macrodomain magnetic
structure of poly-twinned crystals.

3.2. Domain structure of crystals consisting of large stacks of
plates

Figure 4 shows typical patterns of magnetic domain
structure on the {100} and {l 10} surfaces of a poly-twinned
FePt crystal consisting of large stacks of poly-twinned plates
with a microstructure regular on the macroscopic scale. To
each cross section of a stack of plates corresponds its own
completely oriented configuration of magnetic domain
structure, in which one can distinguish main and secondary
(surface) domains. On the basis plane of the stacks the main
domains have the form of bands, oriented along the (111)

10 fj.m

Is f
Hi

FIG. 4. Magnetic domain structure of a poly-twinned crystal
of FePt revealed by means of the polar Kerr magneto-optical
effect for different planes of the stacks of poly-twinned plates,
a-c) The same spot on the (001) prismatic surface for var-
ious orientations of the plane of polarization, d) The pyrami-
dal (010) plane, e) The basal (110) plane, f) The prismatic
(110) plane [the (001) plane for Fig. 4b].
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FIG. 5. Magnetic domain structure of a poly-twinned FePt
crystal, revealed by means of a Craik replica for the same
planes of the stacks as in Fig. 4. a) (110);b) (110);c) (001);
d) (010).

directions with an additional structure of "combs" (Fig.
4e). The prismatic cross sections of the stacks have main
domains of a zigzag form (Fig. 4a-c,f). The zigzag angle is
frequently close to 77/2, but can vary considerably along the
normal to the base of the stack. The domain structure does
not appear at all in every other alternating plate in the (010)
cross section (Fig. 4d). As has been stated above, (Sec. 3.1),
these plates consist of c-domains with tetragonal с axes lying
in the plane of observation, and they do not contribute to the
polar magneto-optical Kerr effect. The nonbasal cross sec-
tions of the packets are also distinguished by the configura-
tion of the surface magnetic domains (Fig. 4d,f).

Above all, we note the most characteristic feature of the
observed domain structures. Whereas the thickness of the c-
domains of the elementary regions of the ordered phase in a
uniform crystal structure is a fraction of a micron (Fig.
la,b), the width of the magnetic domains reaches several
microns. This means that each magnetic domain is a macro-
domain and encloses a large number of crystalline c-do-
mains, differing in the orientation of the easy axis. This con-
clusion has been verified experimentally as shown in Fig. 5,
which shows an electron microscope photograph of a por-
tion of a domain structure of the "comb" type (Fig. 5a), of
the leaf type (Fig. 5b), and the zigzag type (Fig. 5c), taken
by means of magnetic replicas. The fine-powder suspension
is observed within the structure of the plate and provides
information on the mutual arrangement of the macrodo-
main walls and the boundaries of the c-domains on various
cross sections of the stack of plates. Figure 5a shows that on
the base of the stack the macrodomain walls of the main
macrodomains are oriented along the traces of the boundar-
ies of the c-domains (compare with Fig. 4e), and the boun-
daries of the c-domains intersect at the prismatic (Fig. 5c)
and the pyramidal planes at a large angle (compare with Fig.
4c and 4d, respectively).

It has been noted above that magnetic domain walls of
the Neel type are formed on the invariant boundaries of the
c-domains. The crystalline c-domains are magnetic micro-
domains. As shown in our work, 16~20 the characteristic angle
of the microdomain walls depends on the thickness of the c-

domains and the constants of the material, but for a thick-
nessW>0.02^m we can say approximately that these are 90°
walls. In this way, in a regular twinned system of plates of
exchange-interacting uniaxial crystals the same intensity
arises as in a multiaxis ferromagnet:32'33 the existence of a
net magnetic moment in a system of 90° microdomains re-
sults in the formation of a macrodomain magnetic structure
with 180° Bloch walls within the c-domains. It follows from
direct observation of the domain structure that the magneti-
cally independent regions of the ordered phase are not the
individual c-domains, but the plates and/or the stacks of
poly-twinned plates that have grown from a single center of
ordering. The magnetic domain structure is cooperative in
nature. If a c-domain were an isolated region of ordered
phase, the width of the magnetic domains, according to the
theory of thin plate-like crystals, would be only a fraction of
a micron.34

Figure 6 shows pictures of a cooperative magnetic do-
main structure on various crystallographic planes of single-
crystal CoPt heated to 1000 °C and cooled from 850 to
750 °C over a period of six hours with subsequent quenching
in water. After this treatment the crystal has a microstruc-
ture that is very nonuniform in size and internal structure
and has poor hysteresis properties (Hc = 160 kA/m,
jr = 0.3; Ref. 35). In addition to the zigzag domain structure
discussed above (Fig. 6a), the CoPt crystal shows new do-
main structure configurations not seen in FePt. For exam-
ple, on the (010) cross section the macrodomains of magnet-
ic walls are arranged along the boundaries of the
poly-twinned plates (Fig. 6b), whereas in the corresponding
stack of the FePt crystal the microdomain walls are inclined
to the boundaries of the plates at an angle of zzir/4 (Fig.
4d). On the (HO) surface of the CoPt crystal the overall
shape of a magnetic domain structure is reminiscent of a
labyrinthine domain structure on the basal plane of a bulk
uniaxial ferromagnet (Fig. 6c). Only with a detailed exami-
nation does one observe microscopic regions with a more or
less regular domain structure that differ among themselves
by the mean orientation of the macrodomain walls.

Comparing the microstructure of the domain structure

424 Sov. Phys. Usp. 35 (5), May 1992 Vlasovaefa/. 424



А*#ГУ (110)

FIG. 6. Magnetic domain structure of a CoPt poly-twinned crystal after
cooling from 850 to 750 °C over a period of 6 h and then annealing at
750 °C for 4 h. The domain structure is revealed by means of the polar
Kerr effect on (a) the {111} planes; b) the {010} planes; c) the {110}
planes.

of FePt and CoPt crystals, one can conclude that the forma-
tion of new domain -structure configurations is related to the
change in the thickness of the c-domains and to the internal
structure and the dimensions of the twinned systems, and, as
a consequence, to the change in the crystallographic orienta-
tion of the 180° magnetic walls.

3.3. Domain structure of crystals with highly dispersed
twinned microstructure

After the CoPt crystal has been quenched in water from
1000 °C and then thermally annealed at 660 °C for 20 to 60
min an ordered phase is formed in it that consists of highly
dispersed blocks of c-domains. The most characteristic fea-
ture of this state of the ordered CoPt crystal is the irregular
labyrinthine domain structure. The minimum size D of the
magnetic domains is comparable to the ultimate resolution
of an optical microscope. It is important to note that on the
two mutually perpendicular (110) and (001) planes the do-
main structures can scarcely be distinguished by their
shapes.31 The pattern of the domain structure on a {110}
surface is shown in Fig. la. A comparison of the domain
structure with the microstructure of the CoPt (Figs. Id and
7a) shows that the magnetic domains are not only consider-
ably wider than the individual c-domains, but are also actu-
ally wider than the linear dimensions of the regular system of
c-domains. Thus, a single magnetic domain encompasses
several blocks of c-domains and is a macrodomain. A possi-
ble interpretation of the magnetic domains in the domain

FIG. 7. Magnetic domain structure of a poly-twinned CoPt crystal after
annealing at 660 °C for 30 min. a) Pattern as revealed by means of the
polar Kerr effect; b) its interpretation on the (110) surface. The fine lines
show the boundaries of the c-domains and the heavy lines show the boun-
daries of the macrodomain walls. Notation for the orientation of the mag-
netization vectors in the c-domains relative to the surface of observation:
I T parallel; 0 ffi at an angle of ir/4.

structure of the CoPt crystal in this case may be the scheme
illustrated in Fig. 7b. Here it can be seen that the macrodo-
main walls, indicated by the system of heavy lines, are found
only at the boundaries of the blocks of c-domains, unlike the
domain structure of the FePt and CoPt crystals shown in
Figs. 4—6, where the domain walls are located in the interior
of the regular systems of c-domains.

Near the Curie temperature, natural sites for the forma-
tion of magnetic domain walls are the boundaries of the
blocks of c-domains with internal stresses. As the tempera-
ture is lowered below the Curie temperature, T<TC, the in-
ternal stresses hinder the redistribution of the domain walls
to comply with the temperature variation of the saturation
magnetization Ms and the magnetic anisotropy constant K.
Therefore the domain structure in a thermally demagnetized
CoPt crystal treated to produce the optimum hysteresis
properties is not in a state of equilibrium.

Thus, there exist magnetic domains of various orders in
poly-twinned FePt or CoPt crystals with different degrees of
dispersion of the twinned systems and of the c-domains that
form them. These are magnetic microdomains that coincide
with crystalline c-domains and magnetic macrodomains
that include a large number of c-domains. In other words,
the hierarchy in the microstructure of ordered alloys (c-do-
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mains, blocks, plates, stacks) formed in thefcc-fct phase
transition also corresponds to the hierarchy in the magnetic
domain structure. The cooperative phenomena, that is, the
self-organization in the ferromagnetic twinned system, are
due to the exchange and magnetostatic interactions at the
twin boundaries of the c-domains.

4. MAGNETIC DOMAIN WALLS IN A POLY-TWINNED
CRYSTAL

It is clear from the above discussion that a ferromagne-
tic poly-twinned crystal contains magnetic microdomain
walls that coincide with the boundaries of the crystalline c-
domains, as well as magnetic macrodomain walls that inter-
sect a large number of c-domains. Let us examine the struc-
tural features of the two kinds of walls.

4.1. Microdomain walls

Microdomain magnetic walls that are pinned at twin
boundaries are structurally similar to ordinary domain
boundaries but at the same time they differ qualitatively
from the latter in that they do not move in a magnetic field.
Analytic expressions have been derived' 5~'8 for the energy of
Bloch (B) and Neel (N) walls over the entire range of thick-
ness of the c-domains. It was shown that in the CoPt, FePt,
and FePd alloys the energetically more favorable walls are
the "frozen-in" Neel (N-type) walls. For these walls we
shall present only approximate expressions that are valid
beginning with a relative c-domain thickness
|-0 =d/S0>5(S0 = (A /K)1/2, the Landau-Lifshitz param-
eter that characterizes the width of a magnetic domain wall.
Neel walls of two types, Nl and N2, have been analyzed in
Refs. 15 and 16. In the domain walls of type ЛГ, the magnetic
moment at the center of the twin boundary is directed along
the normal to the plane of the boundary. The magnetostatic
energy associated with the formation of this wall is small and
its contribution to the total energy can be neglected.20'35 In
this approximation the surface density of the energy of a
Neel wall is

: _ „180/
(1)

where Ув° = 4ЛГ<50 is the surface energy density of the 180°
Bloch walls in a uniaxial crystal. For a = rr/4,

If a Bloch magnetic transition layer is formed on the twin
boundary of the c-domains, then the surface density of the
energy will be

2 - (1 - cos2a)1/2 - 2 c g r | n s i n a
sine

For a = 7Г/4 we have

ч 1/2]

(3)

Consequently, YN^ < Ув°> which confirms the existence of
type NI Neel walls on the twin boundaries.

The characteristic feature of the structure of the walls of

type N2 is that in the center of the twin boundary the vector
M lies in the plane of the wall. The surface energy density of
these walls is

V2a_ ISO f 5 \
-

. (7)a = (b2 + sin2a)1/2, b = t) + cos 2a,

For a given angle of misorientation of the easy axis the
energy of the Neel wall of type N2 is determined by the mag-
netostatic interaction parameter rj (Ref. 17) and is larger for
larger r).

4.2. Macrodomain walls

Macrodomains are separated by 1 80° Bloch walls. From
general considerations we can assume that the mean orienta-
tion and the total energy of a macrodomain wall in a stack of
poly-twinned plates depends on the crystallographic orien-
tation of its 180° sections within the c-domains and the mag-
netic structure of the regions where the 180° Bloch walls and
the 90° Neel walls intersect.

Figure 8 shows schematically a diagram of possible con-
figurations of macrodomain structure on the basal crystallo-
graphic planes of a stack of poly-twinned plates with a ( 1 10)
base for the case where the 180° walls in the c-domains are
arranged along the planes of type {100} (column A) or
along the {1 10} planes (column B). It can be seen that on
some planes the mean orientations of the macrodomain
walls in the two cases can be close together or even coincide
(e.g., the (001 ) plane in Figs. 8A and 85). However, on the
(110) basal plane and the (010) pyramidal planes the do-
main structures are quite different in the mean orientations
of the macrodomain walls (compare Figs. %A a with 85a, and
&A d with 85 d).

Experiments have shown that domain structure config-
urations of type A are observed in those stacks of poly-
twinned plates that consist of c-domains of various thick-
nesses </> 1 /j.m (Ref. 31). Poly-twinned plates with such
domain structures were observed on the {110} and {010}
surfaces of the CoPt crystal (compare, e.g., the diagram in
Fig. &A d with Fig. 6b). In the FePt crystal, where the thick-
ness of the c-domains is d ~ 0. 1 /zm configurations of type A
were not obtained. The domain-wall configurations that
were best observed in FePt were those that correspond to the
diagram in Fig. 85. Therefore, the most probable planes of
the 180° macrodomain magnetic walls in the FePt alloy are
the {110}. One can make out types of macrodomain walls,
which differ in their mean orientations relative to the junc-
tion plane of the poly- twinned plates (Fig. 85, the (001)
plane). The walls of the first type (1) consist of only 180°
Bloch walls and regions of their intersection with 90° Neel
walls, Nt . Macrodomain walls of type 2 include regions of
charged 90° walls. It may be presumed that the magnetic
structure of these regions is similar to the distribution of the
magnetization in type N2 Neel walls. The total area of the
1 80° В regions in macrodomain walls of type ( 1 ) is consider-
ably larger than in the walls of type ( 2 ) , but the walls of the
former type do not contain charged Neel regions. A theoreti-
cal estimate for a particular case has been given36 for the
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FIG. 8. Diagram of the possible configurations of the main macrodo-
mains on some planes of a stack of poly-twinned plates. The base of the
stack is taken to be the (110) plane. The fine lines show the boundaries
of the c-domains, the heavy lines the 180° parts of the macrodomain
magnetic walls. A) the planes of the 180° walls are the (100) and the
(010) plane, alternating in adjacent plates. B) The planes of the 180°
walls are the {110} planes.

(010)

relative critical thickness £"„ of the c-domains below which
the existence of macrodomains walls of the second type is
energetically unfavorable. For the FePt alloy this value is
£0 = 170, whereas for the FePd alloy, £0 = 49, which corre-
spond to 0.5 and 0.15 /zm, respectively. The average thick-
ness of the c-domains in FePt is close to 0.1 /j.m, that is,
macrodomain walls of the second type are permitted theo-
retically. Unfortunately, this estimate was made without
taking into account the energy of the region of intersection of
the Bloch and Neel walls (B — N intersection).

4.3. Intersection of micro- and macrodomain walls

The region ofB — N intersection can be regarded as a
kind of analog of the well-known Bloch lines in the block

FIG. 9. Arrangement of magnetic domain walls in a poly-twinned
crystal. 1. Neel wall (N,); pinned on a twinning boundary; 2-180"
Bloch macrodomain wall (B); 3- region of intersection (B-N) of
Bloch and Neel walls. The x axis is perpendicular to the plane of
the figure.

domain walls of magnetic crystals. An exact calculation of
the distribution of the magnetization in the region ofB — N
intersection is beset with great mathematical difficulties.
With a number of simplifying assumptions, the energy of a
В — TV intersection has been estimated in Ref. 38. A diagram
of intersecting 180° Bloch walls and 90° Neel walls and the
distribution of the magnetization in the region of the В — N
intersection in the yz plane, used for the calculation are
shown in Figs. 9 and 10, respectively.

According to Ref. 38, the energy density per unit length
in the region of the В — N intersection is

where

sine

- tanh »L
2

tanh(a/sina)

(8)

(9)

1

1I +cosa-tanh(a/sma2)

A^os^a + Л2зт2а

2k '

Л, and A 2 are, respectively, the exchange interaction param-
eters along the tetragonal axis and in the basal plane of the
crystal, and cp and 9 are the azimuthal and polar angles that
define the orientation of the magnetization vector in the re-
gion of the В — TV intersection. The angles <p and в vary over
the range ZA^-ZA,, (see Fig. 10):

Ay, = (or/sin а)д , Дд = (л/2)6в. (12)

For 2a = ir/2 the energy y™__ N is less than the energy
density of a uniform 180° Bloch wall and amounts to
0.755 °̂. It follows directly from the relation 7e°-N <7в8°
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FIG. 10. Schematic diagram of the distribution of the projections of the
magnetization vectors M on the yz plane in the region of intersection of
Bloch and Neel walls.

that the larger is the number of twin boundaries a mobile
macrodomain wall intersects the lower will be the total ener-
gy. From this result we have not only a new and previously
unrecognized contribution to the magnetic hysteresis result-
ing from the hindered motion of domain walls at regions
with the highest density of twin boundaries, but also find an
explicit relation between the coercive force Hc and the pa-
rameters of the twinned microstructure.39

4.4. Microdomain walls in a magnetic field

Before proceeding to a discussion of the behavior of the
domain structure during magnetization reversal in a
twinned system, it is logical to analyze the change in the
structure of microdomain walls in a magnetic field. Very
little has heretofore been done along this line. The most com-
plete study has been a theoretical treatment of the structure
of microdomain walls pinned to twin boundaries.16 We shall
present some results that pertain to a single wall (d-> oo) in a
magnetic field perpendicular to the plane of the wall.

In a field parallel to the intrinsic magnetic moment of a
wall of type ./V, (Fig. lla, upper diagram) the "angle" of the
wall (the angle в in Fig. l ib) and the energy density (Fig.
1 Ic) decrease with an increase in the quantity

Я Я
A = Я. ' KIM,

In a negative field, on the other hand, both these quantities

increase. In a field h = — 0.5 the orientation of the magneti-
zation M in the domains changes discontinuously. As a re-
sult, the distribution of the magnetization vectors M in the
wall become complicated (the lower diagram in Fig. l la).
The vector M rotates by 360° + 29 in going through the twin
boundary. The energy of the wall increases severalfold and
continues to increase with increasing | — A |. The opposite
result is obtained for a Bloch wall.

Figure He shows plots of ( f N t / Y 0 ) (^) f°r various val-
ues of the parameter 77 = 2trM]/K (the solid lines) and a
plot of (YB/YO ) (A), the dashed line. It can be seen that the
energy of a Bloch wall in negative fields can be less than the
energy of an N{ Neel wall. That means that the magnetic
field can cause a change in the type of microdomain wall.

The distribution of the magnetization in a microdomain
wall thus changes in a magnetic field, along with the effective
width and the energy density: these changes can be discon-
tinuous and result in complicated distributions of the mag-
netization of the wall. Finally, for certain conditions changes
in the type of microdomain can be expected under the action
of a magnetic field. The effect of a magnetic field on the
structure of 180° Bloch macrodomain walls should in the
first approximation be the same as for homogeneous 180°
Bloch walls.40 We did not study the change in the structure
and energy ofB — TV intersection lines in a magnetic field.

5. CHANGE IN COOPERATIVE DOMAIN STRUCTURE IN A
MAGNETIC FIELD

The forms of behavior of the changes in the domain
structure in a magnetic field for a single stack of poly-
twinned plates have been established in a study of the do-
main structure in cross sections of stacks with different ori-
entations relative to the (110) and (001) observation
surfaces of plate samples of FePt. The field H makes an angle
if/ with the normal to the base of the stack or an angle <p with
the [100] direction if it lies in the basal plane of the stack
(Fig. 12).41

5.1. Magnetization of a stack of poly-twinned plates

During magnetization, macrodomain walls move and
the macrodomains disappear. The shape of the walls and the
nature of their motion depend strongly on the magnitude

О 0,5 1,0 1,5 2,0 2,5 у/$0 -0,5 О 0,5

FIG. 11. Behavior of microdomain walls in a magnetic field, a)
Schematic distribution of the M vectors in a Neel microdomain
wall; upper and lower diagrams, respectively: before and after the
discontinuous change in the magnetization in a reverse magnetic
field, b) Dependence of the polar angle в in the Neel microdomain
wall (N, ) on the reduced coordinate y/80 for various reduced
magnetic fields h differing in magnitude and sign: 1) h = 2.0; 2)
h = Q ; 3 ) h = -0.5;4)h= - l.O.andJ) A = - 2.0 for the case
a = 45° and 77 = 1. c) Dependence of Bloch wall energy (dashed
line) and Neel wall energy (solid lines) on the field h: 1) h = 0.5;
2) h = 1.0; 3) h = 3.0; 4) h = 10 for a = 45° and 77 = 1.

1,0 h
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FIG. 12. Distribution of stacks of poly-twinned plates with a (110) junc-
tion plane and the orientation of the external magnetic field H relative to
the crystallographic directions of the initial disordered single crystal. The
quantity ф is the angle between the direction of H and the normal to the
base of the stack; cp is the angle between the direction of H and the [001]
axis in the basal plane of the stack.

and orientation of the external magnetic field. If the magnet-
ic field H is along the normal to the base of the stack
(1/1 = 0), then zigzag macrodomain walls move parallel to
themselves as an entire unit, and it is easy for them to slide
along the boundaries of the poly-twinned plates practically
without hindrance. The magnetization is already complete
in fields Hs =; 200 kA/m (Fig. 13b,c), where Hs is the field at
which the macrodomain magnetic structure disappears. A
diagram of the variation in the domain structure for ф = 0 is
shown in Fig. 14a-c. After magnetization, the (100) surface
of the stacks of poly-twinned plates has the color of those
zigzag microdomains (gray or black-white; see Figs. 1 За and
14a) in which the orientation of the net magnetization coin-
cides with the direction of the applied field. For instance, in a
field tts directed along the upward normal to the base of the
stack, adjacent planes are practically indistinguishable in
contrast (Fig. 13b) while in a field H,. of the opposite sign
(Figs. 13c and 14c) the contrast is maximum.

The angle between the normal to the base of the stack
and the direction of the external magnetic field can be varied
by rotating the sample about the optical axis of the micro-
scope. Although the change in the orientation of the plane of

W fj-m

FIG. 13. Variation of the magnetic domain structure on the (001) surface
of a stack of poly-twinned plates during magnetization of FePt crystal.
b,c) The field H points along the normal to the base of the stack or, d-f)
parallel to the plane of the base of the stack and is equal to: a) 0; b)
H, = 200 kA/m; c) H,; d) 280 kA/m; e) 416 kA/m; f) 528 kA/m.

polarization relative to the crystallographic directions of the
sample causes a change in the contrast between macrodo-
mains, the nature of the motion of the macrodomain walls
discussed above stays the same over the entire range of an-
gles Q<i/>< 7Г/4.

If the magnetic field is applied at an angle
7Г/4 < ф < 3-Я-/4 or in the basal plane of the stack, the behav-
ior of the domain structure is more complicated. If the field

H,>0

H2>H,

©
Н4>Н1

FIG. 14. Variation in the domain structure on the (001) surface of a
stack of poly-twinned plates of an FePt crystal in magnetic fields of
various orientations. a,b) H perpendicular to the base of the stack
(ф = 0); c,d) H parallel to the base of the stack (ip = 0).
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is perpendicular to the (001) surface of observation, i.e., if it
lies in the basal plane of the stack (<p = 0), the volume of
these microdomains or their fragments whose component of
magnetization is parallel to the field H will increase and the
volume of the fragments with a magnetization component
antiparallel to the magnetic field will decrease. In agreement
with the interpretation of the domain structure (see. e.g.,
Fig. 8.8с), the portions of the same macrodomain wall in
adjacent plates must move in different directions. A diagram
of the proposed change in the domain structure is shown in
Fig. 14d,e. As judged from the picture of a real domain struc-
ture (Fig. 13d-f) this actually happens, but the motion of
domain walls in that experimental geometry is strongly hin-
dered. Up to fields H = 80 kA/m large changes in the do-
main structure do not occur (Fig. 1 За), and then the walls of
the white fragments begin to move, undergoing considerable
bending within the poly-twinned plates (Fig. 13d,e). Strong
pinning at the macrodomain walls is observed on the boun-
daries of the plates. The walls of the black fragments scarcely
move at all. In fields H = 400 kA/m the motion of the white
fragments stops and further magnetization reversal comes
about through the formation of regions magnetized in the
direction of the field within the domains magnetized oppo-
site to the field [the gray fragments within the black and the
white fragments within the gray (Fig. 13e) ]. As a result, the
pattern of zigzag macrodomains (Fig. 13a) is converted to a
pattern of white and gray stripes (or gray and black stripes;
Fig. 13f). As judged from the contrast in polarized light, the
magnetization is completed in fields of 700-800 kA/m. It is
still possible, however, that residues of macrodomains re-
main in the boundaries of the plates also in higher fields.

According to theory,42 the hindrance of the motion of a
domain wall is the greatest if the plane of the defect and the
domain wall coincide. This conclusion also applies to the
macrodomain walls located at the boundaries of poly-
twinned plates (Fig. 85). However, experiments have
shown that the motion of macrodomain walls inclined to the
boundaries of the plates is also hindered. The observed retar-
dation in the motion of macrodomain walls is evidently re-
lated to the interaction of mobile 180° Bloch walls with 90°
Neel walls frozen at the twin boundaries.

5.2. The two types of microdomain structure

It appears from observations of domain structure that a
quasisaturated state is achieved in fields H>HS—the ma-
crodomain walls within a poly-twinned plate disappear and
the plate becomes a macro-single-domain macrodomain
plate (Figs. 13b,c and 14c,e). However, the microdomain
structure can exist up to fields comparable with the anisotro-
py field Ha. Microdomains are not resolved in an optical
microscope, since the thickness of the c-domains is ~ 0.1
[im. An analysis of the contrast pattern on the same cross
section of the stacks of plates for various directions of the
external magnetic field /7>//s allows us to interpret the mi-
crodomain magnetic structure of the plates. It is assumed
that the contrast on a poly-twinned plate is a simple superpo-
sition of the contrasts from the individual c-domains that
make up the plate (see Sec. 3.1). It is also assumed that the
magnetization vectors deviate very little from the easy axis
in the center of thick c-domains (dzzQ. 1 /zm) as a result of
the exchange interaction16"21 or in a magnetic field H = 0.1

X
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FIG. 15. Interpretation of the microdomain structure on the (001) sur-
face of a poly-twinned FePt crystal for various orientations of the external
field H>H, relative to the base (110) of the stack. a,b) H perpendicular
to the base of the stack (ф = 0); c,d) H parallel to the base of the stack

Ha (Refs. 2-4). This deviation was not taken into account in
analyzing the patterns.

For various directions of the external field, stable (1,Г)
and metastable (П,1Г) quasisaturated states, differing in
their microdomain structure (Fig. 15a-e), are formed. The
state I (Г) is formed when a stack is magnetized in the range
of angles 0 < -ф < -ir/4 and is characterized by the absence of
magnetic charge and the formation of Nl microdomain
walls at the twin boundaries of the c-domains (Fig. 15a,b).
The state II (1Г) is obtained for magnetization in the range
ir/4 < if> < 7Г/2 (Fig. 15c,d). In this case magnetic charge is
formed at the boundaries of the poly-twinned plates and
charged Neel walls, of type N2, are formed. The existence of
analogous magnetic states was predicted theoretically in a
calculation of the process of magnetization reversal of
twinned systems in a model of uniform rotation of the mag-
netization vectors with allowance for the magnetostatic in-
teraction.20'22-24

5.3. Magnetization reversal of a stack of poly-twinned plates.
The two types of macrodomain magnetic structures

The magnetization reversal of a stack of poly-twinned
plates consists of a transition from one single macrodomain
structure to the other (1*±Г,Н*±1Г) and occurs by the for-
mation and growth of macrodomains.
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FIG. 16. Variation in the domain structure on the (110) basal
plane of a stack of poly-twinned plates during magnetization
reversal of an FePt crystal. The domain structure is revealed by
means of the polar Kerr effect. The magnetic field H is perpen-
dicular to the basal plane and equal to: a) 208; b) 64; and c) 80
kA/m.

5.3.1. Domain structure of poly-twinned plates in a magnetic
Held perpendicular to the base of the stack

Figure 16 shows the pattern of changes of the domain
structure on the (110) basal plane of a stack of poly-twinned
plates of a FePt crystal in a magnetic field H perpendicular
to this surface (^ = 0). As a rule, the main domains are
formed abruptly at locations where poly-twinned plates
abut, and they appear as stripes oriented along the different
(111) directions (Fig. 16a). The larger these centers of for-
mation of the domain structure are—that is, the smaller are
the stacks with a regular microstructure—the less regular
the domain structure becomes, since the domain walls very
frequently are located along the boundaries of the stacks. As
the magnetic field is further reduced, new macrodomains are
formed (Fig. 16b) and the macrodomains move (Fig. 16c).

For the same magnetic field orientation H|| [ 110] it is
possible to observe on the (001) plane perpendicular to the
(110) plane the formation of zigzag macrodomains going
through the entire stack of plates. The shape of these macro-
domains and their subsequent behavior in a magnetic field is
wholly similar to that described in Sec. 5.1 and in Figs. 13a-c
and 14a-c. In the stacks having, e.g., a gray color (Fig. 13b)
gray-white macrodomains appear abruptly (Fig. 13a) with
walls that then move very rapidly in the magnetic field. The
coercive force is mainly determined by the field at which the
macrodomains appear, and, as determined from the domain
structure patterns, is 25-40 kA/m.

It is important to emphasize that the polar Kerr effect
reveals the changes in the magnetization only for those c-
domains in which the vector M has a large component nor-
mal to the surface of observation.29 Thus, observation of
domain structure in two mutually perpendicular planes, the
(110) and the (001) in combination, is evidence that for the
same orientation of the external field relative to the base of
the stack (H|| [ 110]) irreversible changes in the magnetiza-
tion occur simultaneously in all three types of c-domains
that form the stacks of poly-twinned plates and that have
mutually perpendicular easy axes (Fig. SB). This confirms

our conclusion that the individual c-domains are not magne-
tically saturated regions of ordered phase. Such regions are
the poly-twinned plates and/or stacks of plates.

This kind of behavior in the changes in the domain
structure during the magnetization reversal also holds for
those cross sections of stacks of plates where the condition
О < ф < -ir/4 is satisfied. Here it must be again emphasized
that the preferred sites of formation of the macrodomains
are the regions where the stacks abut and the boundaries of
the poly-twinned plates.

The magnetization reversal of stacks of poly-twinned
plates in the range of angles 0 < if> < тг/4, that is, the transi-
tion I «=s Г, thus proceeds by the discontinuous formation and
growth of zigzag macrodomains. We shall designate the ma-
crodomain structure that is formed in the l*±I' transition as
the DS, structure. With a precision up to hysteresis effects,
this structure is analogous to that of the domain structure
observed in the thermally demagnetized state (Fig. 4).

5.3.2. Domain structure of stacks of poly-twinned plates in a
magnetic field parallel to the base of the stack

For this orientation of the magnetic field (H \\ (110) and
for the range of angles тг/4 < ̂ <я-/2 the magnetization re-
versal occurs via the formation of two types of macrodo-
mains of magnetic structure, DS1(I/) and DSII(ir, corre-
sponding to the two types of microdomains of the magnetic
states I and II. We shall present some examples without,
however, going into a detailed description or an analysis of
the DSn macrodomain structure.

Figure 17 shows the variations in the domain structure
on the prismatic (110) cross section that result from the
magnetization reversal of a stack along the [ 110] direction
(•ф = ф = iT/2). For this orientation of the external field H
the adjacent poly-twinned plates cannot be distinguished by
their contrast in polarized light. As the field H decreases,
narrow inclined macrodomain walls grow out of the poly-
twinned plates (Fig. 17a) and a more complicated "leaf
structure is formed. Within the individual plates the leafs
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FIG. 17. Variation in the magnetic domain structure on the prismatic
(110) plane of a stack of poly-twinned plates during magnetization rever-
sal of an FePt crystal. The domain structure is revealed by means of the
polar Kerr effect. The magnetic field H is perpendicular to the surface of
observation (ф = <p = ттП) and equal to a) 240; b) 88; c) —24;, d)
— 144; e) —200, and f) — 332 kA/m. The arrows indicate the locations

of the macrodomain walls 1, 2, 3, and 4.

have the same color (Fig. 17b). As the magnetic field H is
further reduced the motion of the DS,, macrodomain walls
is hindered. In small negative fields broad zigzag macrodo-
main walls are abruptly formed (Fig. 17c). In each plate
they can be distinguished by the different color of the addi-
tional domains: in the dark main domains the leafs are bright
and in the bright main domains the leafs are dark. As the
reverse magnetic field is increased further, some movement
of the macrodomain walls of type DS, is observed (compare
Figs. 17c and 17d,e). After the disappearance of the DSj
structure the type DSn structure is visible (Fig. 17f), and
the latter also begins to disappear in fields H> 300 kA/m.
contracting onto the boundaries of the plates.

Figure 18a-d shows diagrams of the domain structure
observed on the (010) surface inclined to the base, with vari-
ation of the magnetic field applied in the (010) plane at an
angle ^~77/4. A diagram of the microstructure on this sur-
face is shown in the lower part of the figure. After the sample
is magnetized and the field is turned oif macrodomains of
type DSn in a complicated configuration are visible on plate
1 (Fig. 18a). No domain structure is revealed at all on plate
2, since the easy axis in the two types of c-domains that form
the plate lie in the plane of observation. In a small negative
field a white macrodomain DS, appears abruptly (Fig. 18b)
and as the field is further increased it moves along the bound-
ary of the poly-twinned plate (Fig. 18c,d). This process

20 vm
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FIG. 18. Variation of the domain structure on the pyramidal (010) plane
of a stack of poly-twinned plates during magnetization reversal of an FePt
crystal. The domain structure is revealed by means of the polar Kerr
effect. The magnetic field is applied in the (010) plane perpendicular to
the boundaries of the plates and makes an angle t[>zz45° to the [110]
normal and is equal to:a) 4;b) —24;c) —72;andd) — 112 kA/m. The
lower diagram is that of the microstructure of plates 1 and 2.

ceases in fields H~200 kA/m. With this experimental ge-
ometry domain structures of both types coexist in fields from
0 to 200 kA/m. The transition DS,, ^DS,,, occurs only dur-

ing the formation and motion of DS, domains. The macro-
domain structures OS, and DSn differ in their configura-
tion, the width of the macrodomains, the range of angle and
fields in which they exist, and their behavior in a magnetic
field.

The general character of the variation of the domain
structure in the range of angles ir/4 < i/> < rr/2 and the inter-
pretation of the domain structure on the (001) plane are
shown schematically in Fig. 19. In the maximum magnetic
field a system of black and gray (or gray and white) stripes is
seen; these are the poly-twinned plates (Fig. 19a). This pat-
tern corresponds to the microdomain structure of type II
(Fig. 15c). As the magnetic field is reduced a system of nar-
row inclined macrodomains of type DSn are formed in every
other plate (Fig. 19b). These DSn domains arise out of the
boundaries of the poly-twinned plates in order to reduce the
magnetostatic energy of the magnetic charges that exist on
the boundaries of the plates with domain structure of type II.
As the magnetic field is further reduced, the DSn walls no
longer move, and further magnetization reversal occurs via
the sudden formation of a zigzag DSj structure at the loca-
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FIG. 19. Variation and interpretation of the magnetic domain structure
on the (001) plane of a stack of poly-twinned plates during magnetization
reversal of an FePt crystal. The magnetic field is applied perpendicularly
to the (001) plane at an angle ф = Iff (тг/4<ф<тг/2).

tion of the DS,, structure and a gray and black-white zigzag
macrodomain contrast, typical of this type of domain struc-
ture, appears and proceeds through the entire stack of plates
(Fig. 19c). This pattern corresponds to the microdomain
structure of type I with uncharged poly-twinned plate boun-
daries (Fig. 15a,b). In a certain field adjacent regions of the
same macrodomain wall in mixed poly-twinned plates move
in opposite directions (Fig. 19d). However the complete
magnetization reversal of the stack via the motion of macro-
domain walls of type DS, is hindered. As the field is in-
creased macrodomains of type DSn are formed. In the maxi-
mum negative field, Hm^Hs, a pattern of black and gray
stripes with microdomain structure of type II are formed
(Fig. 15d). We note that in the states of type II (Fig. 19a)
the resultant magnetization vector lies in the junction plane
of the poly-twinned plates, while in the states I (Г) it points
along the normal to the base of the stack (Fig. 19c).

The transition from state II to state IF thus occurs not
directly by the growth of macrodomains of type DSn, but
through the formation of "transverse" DS, macrodomains,
a process characteristic of the magnetization reversal pro-
cess of multiaxial ferromagnets.43 The coercive force in this
case is also determined by the fields at which the DS, macro-
domains appear. This result is in qualitative agreement with
the conclusions of the theory of Refs. 22-24.

5.4. Magnetization reversal of crystals with highly dispersed
twin microstructure

When the nature of the contact changes and the condi-
tions for closure of the magnetic flux at the boundaries of the
poly-twinned plates are violated separate poly-twinned
plates can become magnetically independent regions of or-
dered phase, and blocks of c-domains can do so if the regular
ordered structure of the plates is disrupted. Here, changes
are to be expected in the configuration and behavior of the
domain structure during magnetization reversal and in the
magnitude of the magnetic hysteresis characteristics.

Actually, in the magnetization reversal of CoPt crystals
with a highly dispersed twinned microstructure, the re-
versed magnetic phase is formed in exceedingly high nega-
tive magnetic fields. The domains of the reverse-magnetiza-
tion form discontinuously in individual microregions of the
surface of a poly-twinned crystal as short lines or longer
lines, situated along certain crystallographic directions. The
regions of magnetization reversal are similar in size to the
blocks of c-domains or groups of them (Fig. 20a,b), and the
directions along which they form are the traces of the boun-
daries of regular twinned systems. Thus, the boundaries of
the blocks of the c-domains or their groups act as grain boun-
daries, as do the boundaries of the stacks of poly-twinned
plates.

(110)

FIG. 20. Variation of the magnetic domain structure of a poly-twinned
CoPt crystal after annealing at 660 °C for 30 min (the state with the opti-
mum hysteresis properties) on the (110) surface in a magnetic field. a,b)
Field H perpendicular to the surface of observation and equal, respective-
ly, to — 225 and — 400 kA/m. The domain structure is revealed by
means of the polar Kerr effect. c,d) H parallel to the (110) plane and
equal, respectively, to — 144 and — 744 kA/m. The domain structure is
revealed by means of a magnetic suspension.

433 Sov. Phys. Usp. 35 (5), May 1992 Vlasovaeta/. 433



Observations of domain structure during magnetiza-
tion reversal of a CoPt crystal in a field parallel to the (110)
plane have shown that domains of various orientations,
(001), (110), and OH), can appear at the same location of
a sample (Fig. 20c,d). It should be emphasized that for the
same microstructure, {110} domains are observed by means
of the polar Kerr effect (Fig. 20b), while the (111) domains
(Fig. 20c) do not show up with this method, or have a very
low contrast. We therefore suppose that the (110) and
(111) domains differ in the ratio of the normal to the tangen-
tial component of the magnetization: in the (110) domains
the vector M is inclined away from the с axes towards the
[110] normal and in the (111) domains it is inclined
towards the (110) planes. The reason for the inclination of
M may be the exchange interaction, which operates on the
twin boundaries of the c-domains.' *~2' On the basis of these
results we conclude that in crystals with a highly dispersed
twinned microstructure the magnetic states I(I') and
II (1Г) also occur, similar to those that we predicted theoret-
ically and observed in studies of magnetization reversal of a
FePt crystal consisting of large stacks of poly-twinned
plates.41

6. QUANTITATIVE RELATION BETWEEN THE PARAMETERS
OF THE DOMAIN STRUCTURE AND THE CHARACTERISTIC
DIMENSIONS OF THE ELEMENTS OF THE TWINNED
MICROSTRUCTURE

6.1. Models of domain structure and the dependence of the
domain width on the size of the stacks of poly-twinned plates

Studies of the form of magnetic domain structure and
the behavior of the domain structure in a magnetic field
show that the magnetically independent regions of ordered
phase are not the individual magnetically uniaxial crystal-
line c-domains, but regular systems of c-domains (blocks,
plates, stacks). The exchange and magnetostatic interac-
tions at the twin boundaries result in an increase in the effec-
tive size of the magnetically independent regions. The boun-
daries of the regular systems of c-domains, on the other
hand, play the role of grain boundaries. We can therefore
assume that the width of the magnetic macrodomains de-
pends primarily on the size of the stack of plates. In Ref. 36
we advanced two models of the magnetic domain structure
of stacks of poly-twinned plates with a regular internal struc-
ture. These models are illustrated in Fig. 21 and they differ in
their mean orientation, total area, and internal structure of
the macrodomain walls. If we denote the projection of a c-
domain on the z axis by d, then the dimensions of the poly-
twinned plates L, and of the stacks L along the z axis will be,
respectively,

L\ = md + ДЛ,, 0 < A.L, < d, т =0,1,2...,

, k= 1,2, 3...,
(13)

where k is the number of pairs of twinned plates in a stack.
The period of the domain structure is D = 2n(2d/V5),
where 2« is the number of c-domains in a half-period D. The
displacement of the trace of a c-domain from the trace of a
twin boundary on the surface of a stack is denoted by by
(Fig. 2la). Let us also introduce the notation

(14)

A numerical calculation of the relation between the width D
of the macrodomains, the thickness d of the c-domains, and
the dimension of a plate, L, for fixed values of L and d, re-
spectively, is given for model ( 1 ) . In the volume energy den-
sity / of the stack of plates we include the magnetostatic
energy/m and the energy of the magnetic domain walls, fr, of
the Bloch and Neel domain walls. The energy of the regions
of intersection of the Bloch and Neel walls is neglected in the
calculation.

In the calculation of the intrinsic magnetostatic energy
of the surface magnetic charges we assumed that the dimen-
sions of a stack are infinite in the xy plane, the poly-twinned
plates with regularly alternating easy axes are formed pair-
wise, and the plates all have the same thickness Ll . Then the
magnetic charges that are formed on the upper and lower
surfaces bounded by a stack of plates will be located one on
top of the other. In this case, the volume magnetostatic ener-
gy density of these charges can be represented by the rela-
tions given in Ref. 44, and one can show that for the distribu-
tion M2 (y) = (Vl/2)My, shown in Fig. 2 la, a minimum

, _ K
/ro

1 1 - exp(- \Tbipkl/2n)

x I I - i (15)

FIG. 21. Models of the magnetic domain structure of a stack consisting of
two poly-twinned plates: a) without charged domain walls, and b) with
charged domain walls.
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FIG. 22. Reduced width of macrodomains as a function of the
reduced dimension of a stack of poly-twinned plates; a) for the
case L, = md (relative thickness of the c-domains
£0 = rf/<50 = 30 (curve 7) and 200 (curve 2), and b) for the
case £| = md + Д£, (relative thickness of the c-domains
!„ = 30).
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exists at the value т = 0.5. Here К is the anisotropy constant
and 77 is the magnetostatic interaction parameter. In addi-
tion to the notation defined above [see formulas (13) and
(14) ] we also used the notation in Ref. 44.

The energy of all the domain walls, normalized to a unit
volume of the crystal, is for model (1)

, , N T

(16)

where

m for 0 < т < тсг,

m + 1 for TCT < т < 1,

m for т = 1.

1 -Л/, (17)

The rest of the notation is defined above. For given material
constants К and ij, the energy f—fm +fr must take on a
minimum value in terms of the discrete values n, the number
of c-domains in a macrodomain of width D, and the contin-
uous parameter т, which is the displacement of a macrodo-
main wall relative the the c-domain boundary (Fig. 2la)
The minimum energy is found with the use of a computer.

The general nature of the relation between the equilibri-
um width D of a macrodomain and the dimension L of a
stack of plates is described by a Malek-Kambersky type of
curve obtained for a uniform uniaxial crystal:34 with in-
creasing L there is at first a decrease and then an increase in
the width of the macrodomains (Fig. 22a). In the range of
dimensions/, > 104<50 (where<50 = (A / K ) l / 2 ) , the curves of
D(L) for various values of £0 = d/<50 coincide, that is, they
do not depend on the thickness of the c-domains that form
the plate. If L,, the thickness of the poly-twinned plate, is
not an integer d{Lx =md + AZ,,), the curves of D (L), un-
like those for a uniform crystal, exhibit discontinuous
changes in the equilibrium thickness of the microdomains as
the dimension L of a stack varies (Fig. 22b). This in turn, as
is shown in Fig. 22b, leads to a situation where the depend-
ence of the width of the macrodomains on the thickness of
the stacks of poly-twinned plates is not single-valued. Even
more conspicuous is the discontinuous and non-single-val-
ued variation of the parameter D with a decrease in the re-
duced thickness d of the c-domains in the case of a given

relative thickness L of a stack of poly-twinned plates (see,
e.g., Fig. 4 in Ref. 36).

An analysis of the calculations of D(L) for small plates
shows that the discontinuous variation in the period of the
domain structure is due to the existence of two energetically
stable magnetic states of a twinned system. One of them cor-
responds to the minimum of the magnetostatic energy, and
the other to the minimum of the boundary energy. Whereas
the minimum of the magnetostatic energy always occurs for
т = 0.5, the contribution of the energy of the domain walls to
the total energy of the crystal depends strongly on the size of
the c-domains and of the poly-twinned plates. If 180° macro-
domain walls disappear or if new ones are created the bound-
ary energy changes as the macrodomain walls move driven
by the change in the dimensions of the structural elements.
The appearance of additional walls in large poly-twinned
plates causes little change in the total area of the macrodo-
main walls, and therefore for the most part the features of the
internal structure of the plates show up for the case of small
L, comparable to d.

In order of magnitude the theoretical width of the ma-
crodomains calculated for the FePt alloy corresponds to that
observed experimentally. However, for a quantitative check
on the theoretical calculations it is necessary to make a thor-
ough study of the relation between the parameters of the
domain structure and the dimensions L and d for specifically
prepared samples containing only a single system of poly-
twinned plates. Also required is a theoretical modeling of a
complex domain structure of poly-twinned systems, in par-
ticular, an analysis of model (2) (Fig. 21b) should be car-
ried out.

6.2. Single-domain nature of poly-twinned crystals

The usual definition of the critical size for a single do-
main as being the dimension below which the stable state of
the crystal-particle is a uniformly magnetized state is not
applicable to a poly-twinned crystal. At the same time, if in
the first approximation a system can be regarded as a magne-
tically independent region, whose dimensions determine the
parameters of the domain structure, it should be assumed
that beginning at some size Lc the existence of macrodomain
walls in a twinned particle will be energetically unfavorable.
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FIG. 23. Shape and characteristic dimensions of a particle consisting of
crystalline c-domains. The fine lines indicate the boundaries of the c-do-
mains and the Neel microdomain walls coincident with them. The heavy
line indicates the 180° Bloch macrodomain wall.

It is logical to consider this size, below which the macrodo-
main state is realized, as the critical size for a single-domain
poly-twinned crystal. In Ref. 38 the critical size Lc has been
defined from the condition of equality of the total energy of a
single-domain state, F('', and a two-domain state, F<2), of a
twinned particle. The total energy F{'' of a single-domain
state is equal to the sum of the magnetostatic energy and the
energies of the microdomain Neel walls. In a two-domain
particle there are, in addition to these energies, additional
contributions to the total energy from the energy of the 180°
Bloch wall that divides the crystal into two macrodomains
and from the energy of the magnetic В — N regions of inter-
section of the Bloch and Neel walls.

To facilitate the calculations of the magnetostatic ener-
gy we assume that the twinned particle has the shape shown
in Fig. 23. The side faces of the individual c-domains that
form the twinned particle are inclined to the junction plane
of the c-domains by an angle of ir/4. Given that the c-do-
mains have the same thickness and are arranged in pairs in
the twinned particle, the magnetic charges on the upper and
lower bases of the prism are arranged one on top of the other.
In this case the intrinsic magnetostatic energy of a particle
with dimensions Lx,Ly, and Lz is equivalent to the magne-
tostatic energy of a particle with the shape of a rectangular
prism of the same dimensions but with the magnetization M
along thej> axis, and we can use the general expression for the
magnetostatic energy.44 Figure 24 shows, for a particle with
a square base, Lx = Ly = I, the ratio of the intrinsic magne-
tostatic energy of the single-domain state to that of the two-
domain state as a function of the relative dimension of the
particle, Ly/L. For a cubic particle (Ly/L = I) this ratio is
1.95; that is, the intrinsic magnetic energy of a two-domain
particle is about half that of the single-domain state.

The expressions for the surface energy density of Neel
domain walls and of the В — N intersection region used in
the calculation are given above [ formulas (I),(2),(8), and
(9) ]. For the total energy of the magnetic domain walls of a
single-domain, F^1', and a two-domain, Ff\ twinned parti-
cle, taking into account the energy of the В — N lines we
have

(18)

FIG. 24. Ratio of the intrinsic magnetostatic energy of a twinned particle
in a single-domain to that in a two-domain state, /!„' V/^,2 > as a function of
the relative dimensions Ly/L (Lx = Lt = L).

(19)

f_£_tanhJL+(JL_tM1h«l)
~N I sin a 2 \ 2 2/

X sin" a tanh(a/sina)
1 + cos a tanh(a/sin a)

/ J N = l -cosa , (20)

The rest of the notation is defined in Sec. 4.1 and 4.3.
Depending on the relative size LX/S0 of a particle for a

specified number и of pairs of c-domains and a value of the
parameter i] = 1irM\/K, the total
+ F

( '

energy _ / - ( I )

can be greater or less than the total energy
Fm =/^2) + F™. From the condition Fw = F(2), which
states that the total energy of a macro-single-domain state is
equal to that of a macro-two-domain state, we obtain the

<,7 2,0

FIG. 25. Critical size for a single domain state, Lc = Lr/S0 as a function
of L /<50 for a = яУ4, -q = 0.1 and various values of л. The dashed curves
indicate regions of dimensions £„ of the c-domains for which the approxi-
mation £„ > 5 is not satisfied. For n = 1 this figure shows just the part of
the curve that satisfies the condition £0 > 5.
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dependence of the critical size for a macro-single-domain for
a twinned particle (for a = тг/4 and A} = A2; see Sec. 4.3)
as a function of the ratio of its dimensions and internal struc-
ture. Figure 25 shows this dependence for a particle with a
square base (Lx = Ly = L) for the values rj = 0 and 1 and
n = 1, 5, 10, and 20. It can be seen that depending on the
number of c-domains in a twinned particle, there can be from
one to three critical sizes. As n is increased the number of
critical values of Ly/S0 for a fixed L /S0 decreases and for
sufficiently large n there is only one critical size. For
Ly/80 > 104 all the curves coincide, regardless of the value of
n. Consequently, for particle of such size the critical size for
a macro-single-domain does not depend on the internal
structure and is the same as that for ordinary homogeneous
ferromagnets.

It is interesting to compare the data obtained here with
the results of a numerical calculation of the conditions for a
single domain for uniform uniaxial particles, as derived by
Craik.45 A comparison of the magnetic states of twinned and
single-crystal particles with the same external geometrical
dimensions shows that in a twinned particle with a small
number of c-domains (n < 10) the single-domain state is sta-
ble for larger dimensions than in single crystals. This conclu-
sion is important in the practical use of alloys of the CoPt
type for permanent magnets.

7. CONCLUSIONS

Ferromagnetic alloys that become ordered with the for-
mation of a poly-twinned microstructure are widely used
magnetic materials whose potential is far from exhausted.
Nonetheless, a theory of the magnetization processes, the
hysteresis properties, and the magnetic domain structure of
these alloys has only recently begun to be developed. In our
investigations we have obtained new results for the physics
of magnetic domains. They are the following:

1. It has been shown that an ordered microdomain mag-
netic structure is associated with the ordered crystallograph-
ic microstructure of poly-twinned systems. Two types of mi-
crodomain structures corresponding to two types of
quasisaturated states are distinguished in a stack of poly-
twinned plates.

2. A theory has been constructed for the various types of
magnetic microdomain walls pinned at twin boundaries.
The behavior of these "frozen-in" walls in a magnetic field
has been analyzed.

3. We have introduced the concept of a cooperative
magnetic domain structure, which consists of micro- and
macrodomains. We have worked out an optical polarization
method for observing the domains—a method by which is is
possible to decipher and interpret the intricate pattern of the
domain structure on surfaces with diiferent crystallographic
orientations. We have determined the principal features in
the formation and behavior in a magnetic field of the cooper-
ative domain structure of poly-twinned crystals with various
degrees of dispersion of the structural elements.

4. We have proposed some models of cooperative mag-
netic domain structure that depend on the internal state and
dimensions of the elements of the twinned system. We have
obtained theoretically a qualitatively new formula for the
dependence of the size of a microdomain on the size of a
poly-twinned crystal. The multivalued and discontinuous
nature of this dependence is due to the effect of the param-

eters of the crystal structure on the magnetic domain struc-
ture. For a calculation of the parameters of the domain
structure a new entity must be introduced into the theory—
the region of intersection of mobile macrodomains with
"frozen-in" microdomain walls. The energy density of these
unique "lines" is calculated.

5. We have introduced the concept of magnetic macro-
single-domain state of a twinned crystal. The theory reveals
a relation between the critical size for this property and the
microstructure of the particle.

The hierarchy in the microstructure of ordered alloys
(c-domains, blocks, plates, and stacks), which arises in the

fcc-fct phase transition, corresponds to the hierarchy in the
magnetic domain structure. The cooperative phenomena,
i.e., self-organization, observed in the study of domain struc-
ture are due to exchange and magnetostatic interactions at
the twin boundaries of the c-domains. They play an impor-
tant role in the formation of the magnetic hysteresis proper-
ties of ordered alloys. The exchange and magnetostatic inter-
actions induce the formation of metastable magnetic states
and an increase in the effective size of the magnetically inde-
pendent regions of ordered phase. These regions are not the
individual c-domains, but regular systems of them. In the
first approximation the poly-twinned plates and the blocks
of c-domains or groups of them can be considered as a grain
in a polycrystalline material. The existence of metastable
magnetic states allows us to treat these grains as magnetical-
ly multiaxial.

Our observations have shown that during magnetiza-
tion reversal the boundaries of these grains act as active
centers for the formation of domains of reversed magnetiza-
tion. Therefore, in alloys consisting of large stacks of
poly-twinned plates, the macro-single-domain state is very
unstable, and consequently the magnetic hysteresis charac-
teristics are very weak. More pronounced hysteresis proper-
ties are obtained only in alloys with a highly dispersed
twinned microstructure. In dispersed grains—blocks of c-
domains smaller than the critical size for the grain to exist as
a macro-single-domain, the macrodomain magnetic struc-
ture is absent in the residually magnetized state. The relative
residual magnetization of poly-twinned crystals is also en-
hanced over that of polycrystalline material consisting of
dispersed uniaxial grains by the exchange interaction at the
twin boundaries of the c-domains. The dependence of the
critical size for single-macro-domains on the external mag-
netic field also plays an important role in increasing the coer-
cive force of alloys with a highly dispersed twin microstruc-
ture.

The theory we have developed for the domain structure
and the hysteresis properties of poly-twinned crystals, which
involves models of the rotation of the magnetization and the
motion of macrodomain walls, predicts and explains, to a
greater or lesser degree, the experimentally observed behav-
ior of cooperative domain structure and the origin of the
hysteresis properties. However, for a complete and well-
grounded description of such complicated self-organizing
systems as ferromagnetic poly-twinned crystals, apparently
approaches are needed that are developed on the basis of
modern synergetics.
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