Domain structure and magnetic properties of YFeO, particles
below the single-domain critical size
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The possible existence of a multidomain structure in particles of dimensions smaller than the critical
single-domain size is established by visual observation of the domain structures of single-crystal
YFeO; particles. This structure is metastable and can be obtained during the course of thermal
magnetization of the particles. It is shown that the existence of the metastable structure is due to
the presence of an energy barrier that separates the multidomain state of the particle from the

single-domain state.

1. The question of the domain structure (DS) and the
magnetic properties of small particles, with dimensions
smaller than the critical dimensions of single domains,
has not get been sufficiently investigated. As is well
known[!J two critical dimensions, do and dg, are connec-
ted with the single-domain state. In particles with
dimensions d < do, the single-domain structure is pre-
served during the course of particle magnetization-
reversal that proceeds via uniform rotation of the spins.
In the dimension range do < d <d,, the one-domain
structure that is at equilibrium in the absence of a field
may become destroyed if magnetization reversal is pro-
duced by some incoherent spin rotation.

Theoretical estimates show that in ordinary ferro-
magnets even the largest of the critical dimensions, dg,
does not exceed several microns. Consequently, investi-
gations of the domain structure and the magnetic proper-
ties of the particles in the region where equilibrium
single-domain states exist is a very complicated prob-
lem, which has remained practically unsolved to date.

Attractive prospects are afforded by the study of
orthoferrites of rare-earth metals and yttrium. These
substances pertain to the class of weak ferromagnets,
with a resultant magnetic moment Ig ~ 10 G, a Curie
temperature T, ~ 300—400°C, and a magnetic-anisotropy
constant K ~ 10° erg/cm®. In accordance with these
characteristics, we obtained theoretical estimates for
de ~ 300 . and do ~ 1 . This leads to the possibility of
visual detailed study of the domain structure and of the
magnetization process using individual particles with
dimensions on the order of dc' The present paper deals
with these questions.

2, We investigated single-crystal particles of yttrium
orthoferrite with dimensions from 30 to 800 ., grown by
the method of spontaneous crystallization from the solu-
tion in the melt. All the particles had shapes close to
parallelepipeds. The dimensions of some of the particles
are listed in the table. The first two figures correspond

Magnetic characteristics of certain single-crystal particles of yttrium
orthoferrite
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to the dimension in the plane perpendicular to the easy-
magnetization axis (the crystallographic axis c), and the
last to the dimension along this axis.

The domain structure was observed by the method of
magnetic suspension, on particle natural faces perpen-
dicular to the ¢ axis. It should be noted that the shape of
the cross section in the central part of the particle was
more regular, close to rectangular, than the shape of the
faces on which the domain structure was observed. The
external magnetic field was oriented parallel to the ¢
axis and was produced by a solenoid (up to 0.4 kOe) or
by an electromagnet (up to 13 kOe). The particles were
magnetized also by using a strong pulsed field (up to
140 kOe). The particles were demagnetized by heating
above the Curie point (T, = 375° C) and subsequent cool-
ing in a magnetic screen (thermal demagnetization).

3. The observations of the domain structures of many
of the particles, after multiple thermal demagnetization,
have shown the following: Large particles with dimen-
sions d > 300 p (group A) always had a multidomain
structure, consisting of two or three domains (Fig. 1A).
Among the smaller particles with d < 300 u, some par-
ticles (group C) always had a one-domain structure
(Fig. 1C), and in the other cases the form of the domain
structure could not always be reproducible (group B),
and the particle could have either one or two domains.
A typical domain structure in the two-domain state for
particles of this group is shown in Fig. 1B.

The observations have also shown that the probability
of observing a particle after thermal demagnetization in
the one-domain state is higher the smaller the particle
dimension.

When the magnetic field is turned on, the magnetiza-

FIG. 1. Form of the domain structure on
yttrium-orthoferrite natural faces perpendic-
ular to the easy-magnetization axis: A—three-
domain particle, B—two-domain particle, C-
one-domain particle. The signs plus and minus
indicate the direction of the magnetization in
the domains.
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tion of particles with multidomain structure proceeds
via displacement of the domain walls. In particles of
group B, the displacement process had a clearly pro-
nounced jumplike character. Magnetic saturation was
reached after several jumps of the wall, and sometimes
only one jump. It should be particularly noted in this
case that the saturation field Hg of the particles of this
group was always noticeably weaker than their proper
demagnetizing field Hy = NI, where N is the demagne-
tizing factor along the ¢ axis, calculated for each parti-
cle on the basis of its dimensions in accordance with the
formula introduced by Joseph (5, In larger particles,
however, saturation was reached as a rule in fields

HS = HN'

The values of the fields Hg and Hyy and the ratio
Hg / Hy are given for some of the investigated particles
in the table. For particles of group B, the ratio Hg/Hy
was usually 0.3—0.5 (reaching ~ 0.1 in individual parti-
cles), whereas in particles of group A the value of this
ratio was of the order of unity.

Regardless of the dimension, all the multidomain par-
ticles became single-domain after applying the field Hg.
Their subsequent behavior in the field was identical to
the behavior of particles with initial single-domain
structure (Fig. 1c). This was manifest, first, in the fact
that the particle magnetization reversal took place jump-
wise in negative fields greatly exceeding the field Hg in
absolute magnitude. Second, regardless of the initial
domain structure, for some particles the coercive force
H,1 corresponding to this jump was equal to the limiting
coercive force H; (these are particles 3, 4, and 10 in
the table), while for others we had Hpy < Hg, i.e., in
these particles the coercive force depends on the magne-
tizing field. This indicates that relatively stable ready-
made magnetization-reversal nuclei can exist in the
particles, including the one-dimensional particles after
thermal demagnetization, and these nuclei are irreversi-

bly annihilated by a sufficiently strong external field®’",

The measurements have shown, and this is in part
reflected in the table, that the smaller the particle
dimension the more probable are high values of H,y and
He. It was also noted that in small particles the depend-
ence of the coercive force on the field is less pronounced
or even nonexistent.

4, An analysis of the results suggests that in all par-
ticles with d < 300 p the equilibrium structure is the
one-domain structure, while the multidomain structure,
as well as the presence of ready-made magnetization-
reversal nuclei in certain one-domain particles, corre-
sponds to metastable states. This assumption is based
on the fact that a multidomain particle with dimension
d < 300 pu, tending to an equilibrium state, becomes
one-domain when a relatively weak field Hy < Hy is
turned on, whereas a field Hg ® Hy is needed to magne-
tize to saturation particles with dimensions d > 300 p
in which the multidomain structure is at equilibrium.

The appearance of metastable states in the particles
can be explained in the following manner: In the immed-
iate vicinity of the Curie point, the magnetic ordering
sets in not uniform over the entire volume of the par-
ticle, but in individual regions. These regions can have
oppositely directed magnetizations. Domain walls are
produced during the course of the subsequent growth and
"'joining" of these regions. When the particle is subse-
quently cooled, these walls can remain in the particle,
both as a result of their interaction with the crystal-
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structure defects, and because of the appearance, even in
an ideal crystal, of energy barriers to the displacement
of the domain wall, The latter situation is theoretically
admissible in particles with dimension d <d,;.

Indeed, let us consider a spherical particle of radius
R. Let the particle be divided by a domain wall of thick-
ness § < R into two domains with antiparallel magne-
tization orientation. The total energy of such a particle,
comprising the domain-wall energy and the magnetostatic
energy, is given by

3y .
F='4—R-V(1“tz) +F mst (1)
where

x

A
y=4KS, 5=(i) L=<,

4 3
5% R V=?nR. (2)

Here A is the exchange parameter, x is the displacement
of the wall from the center of the particle, y is the par-
ticle energy per unit particle surface, and V is the vol-
ume of the particle. The magnetostatic energy was
calculated for this case by Neel (8] and is given by
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where Py (t) are Legendre polynomials. It is seen from
(3) that the magnetostatic energy Fp, gt is a series with
increasing even powers of t:

-—
Fpg=4m IR a, ™,
n=0

where aj are the coefficients of the series.
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It will now be more convenient to change to dimen-
sionless quantities, referring the total particle energy F
to the energy of a uniformly magnetized particle of the
same radius: Fo = 2715V/3. Then

F r 9 v
=—=—(1-1)+ 2 . Zn‘
¢ r, R( ) 2 ot

1"
where "
r=9v/8xl.z, (5)

The energy € has a minimum att = 0 and R > R,, where
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On the other hand, equating the total energy of the parti-
cle (1) to the energy of a uniformly magnetized particle,
we obtain for the critical radius of the one-domain state
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Thus, at least in spherical particles, with dimensions
in the interval

]2 ~0.108.

R.<R<R., (8)

or equivalently 0.514 < r/R < 0.959, metastable states
can exist with the domain wall located at the center of
the particle. Figure 2 shows by way of example the de-
pendence of the magnetostatic energy €, o4 (curve 1), the
domain-wall energy (curve 2), and the total energy ¢
(curve 3) on the wall-displacement parameter t at r/R

= 0.6. We see that when the wall is located at the center
of the particle, (t = 0), there is a relative minimum of
the energy, separated from the absolute minimum € =1
(homogeneously magnetized state) by an energy barrier.
This wall is in a position of stable equilibrium.
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FIG. 2. Dependence of the magnetostatic energy emgt (curve 1), of
the domain-wall energy ey (curve 2), and of the total energy € = € gt
+ €w (curve 3) on the wall position in a spherical particle at r/R = 0.6.

FIG. 3. Magnetization curves of two-domain particles for r/R values
0.52(1),0.6 (2),0.7 (3),and 0.8 (4).

FIG. 4. Dependence of the saturation field on the dimension of the
spherical particle.

When an external field H is applied along the easy
magnetization axis of the crystal, the wall begins to
move away from the position corresponding to t = 0, The
equilibrium wall position tyg is determined in this case
from the minimum of the sum of the energy € and of the
particle energy € in the external field. In dimensionless
units, the latter is given by

en=—ht(3—*), h=Il/H. lI\="/.al..

©)

The calculation of ty was carried out by a numerical
method, and the results were used to plot magnetization
curves which in our case are described by the formula

(10)

Figure 3 shows the results of this calculation for four
values of the parameter r/R from the indicated interval
of variation of R. We note first that in the absence of a
field the spherical particle is in the demagnetized state.
When the field is increased from zero, the wall begins to
move smoothly from the center of the particle to its
edge. This leads to a gradual growth of the magnetiza-
tion If at all the considered values of r/R. When a cer-
tain field Hg, which depends on the magnetic characteris-
tics of the crystal and on the radius R, is reached, the
stable position of the wall vanishes and the wall leaves
the crystal jumpwise, leading to a jumplike growth of the
magnetization to a value Iy = Ig. With subsequent de-
crease of the field H from the value H > Hg to zero, the
particle remains in the one-domain state. In this state,
it has the lowest energy (Fig. 2).

I,,/I,.= I/zln (3‘“1112) .

It follows from the results that saturation of the par-
ticle is reached in the fields much weaker than the de-
magnetizing field Hy. The saturation field decreases
with decreasing radius R. This relation is shown in Fig. 4.
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For spherical yttrium-orthoferrite particles at Ig
=9 G, K = 4.5 x 10° erg/em®[®)) and A ~ 107 erg/em
(y ~ 2 erg/cm® we have d; = 2R, ~ 180 p, d; = 2R,
~ 340 1, and 6 ~ 100 A. We see therefore that G/dc
< 6/d, < 1. Therefore the theoretical results obtained
above are fully applicable to spherical particles of
yttrium orthoferrites whose dimensions lie in the inter-
val 180 <d < 340 u.

One can expect the laws governing the magnetic be-
havior of the particles with metastable domain structure
to become even more clearly pronounced in particles of
rectangular shape, inasmuch as at a constant area of the
domain wall the height of the energy barrier that pre-
vents the transition to the one-domain state is deter-
mined mainly by the magnetostatic energy of the parti-
cle.

Thus, the theoretical analysis shows that even in an
ideal particle with dimension d < d¢ there can exist a
metastable domain structure connected with a stable
position of the domain wall.

In real particles, an important role in the formation
of the metastable domain structure can be played by
various types of defects due to imperfection in the shape
and imperfection in the crystal structure of the parti-
cles. These defects can exert an influence on the growth
of the magnetically ordered regions near T,, and on the
stability of the produced domain walls. Individual pecul-
iarities of the particles can explain why some particles
with d <d, have a one-domain structure after thermal
demagnetization, while in others the one-domain struc-
ture is violated by the presence of ready-made nuclei
of magnetization reversal, while still others are in a
two-domain state. The appearance of a domain structure
of one type or another is not strictly connected with the
geometrical dimensions and the shape of the particle.
The fact that the type of the domain structure is not re-
producible in individual particles after repeated thermal
demagnetization indicates that the process of domain-
structure formation is sensitive to small accidental
changes of the external conditions.

The pinning of domain walls on defects serves as an
additional cause-of their stability in particles with
d <d;. Inthe case when this pinning is not too strong,
magnetic saturation, as in an ideal particle, will be
reached in fields ‘Hg < Hj,, but the value of the field Hg
itself will be larger than that theoretically expected. For
a comparison of the values of HS/ Hy, listed in the table,
with those calculated theoretically (Fig. 4), we can con-
clude that it is precisely this situation which is realized
in yttrium orthoferrite particles.

It was noted above that with decreasing dimension the
probability of observing the particle in a one~domain
state increases. On the one hand, this can be attributed
to the fact that in small particles the energy barrier that
prevents the displacement of the domain wall is smaller,
and consequently the probability of the onset of a two-
domain state during the process of thermal demagnetiza-
tion is smaller. On the other hand, one can assume that
the number of defects in the particles is decreased and
accordingly the conditions for the appearance of domain
walls near T, become worse, as do the conditions for
the stabilization of their position following the subsequent
cooling. The decrease in the number of defects in the
particles can also be the reason why smaller particles
have a higher coercive force and the dependence of the
coercive force on the magnetizing field is less pro-
nounced in them.
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We note also that although in particles with d <d, it
is the one-domain structure which is the equilibrium
structure in the absence of the field, reversal of the
magnetization of these particles along the limiting
hysteresis loop occurs, in all probability, via growth of
magnetization-reversal nuclei, which are produced in
sections with decreased magnetic anisotropy. This is
indicated by the relatively low values of the coercive
force of the particles, in comparison with the anisotropy
field Hy ~ 10° Oe.

Thus, from an analysis of both the theoretical and
experimental results it follows that in particles whose
dimensions are lower than the critical dimension d; at
which a one-domain structure occurs, there can exist
metastable states with multidomain structures. These
states can be obtained after thermal demagnetization of
the particles. A particle with metastable structure can
be magnetized to saturation in a field much weaker than
its proper demagnetizing field. It is to be expected that
the regularities of the domain structure and of the mag-
netic properties established through the study of single-
crystal yttrium-orthoferrite particles, in the region of
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the transition from the multi-domain state to the one-
domain state, will become manifest also in other magnet-
ically uniaxial high-anisotropy ferromagnets.
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