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Abstract

The widths of the minor and major hysteresis loops were investigated in epitaxially grown uniaxial magnetic garnet
"lms. It was found that minor loops can be wider than the major loop. This relationship can be turned into the opposite
in the same sample by its proper processing. The phenomenon was interpreted, showing the di!erence in the character of
the technical coercive force and of domain wall pinning "eld. ( 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Coercive properties of materials are commonly con-
sidered to be one of the most important parameters in
applied magnetism. The in#uence of microstructure on
macroscopic and intrinsic magnetic properties have been
studied by several authors (for a review paper, see e.g.
Ref. [1]). The coercive "eld * which is in close correla-
tion to the hysteresis losses of the material * is de-
termined from the width of the hysteresis loop. The
technical coercivity, H

#
is de"ned as the external mag-

netic "eld necessary to reduce the total magnetic moment
of the sample to zero after having been previously
saturated. H

#
is the half-width of the saturation-to-satu-

ration or major hysteresis loop. It was shown [2] that
another characteristic coercive parameter, the domain
wall coercive "eld, H

#8
, could also be determined from

reproducible and well-de"ned small minor hysteresis
loops. Coercivity, determined from the major hysteresis
loop was usually found to be signi"cantly higher than the
domain wall coercivity [3]. This agrees very well with
the usual experience on the great majority of magnetic
materials, i.e. the width of the major hysteresis loop

is larger than that of any of the minor loops. How-
ever, in certain cases * in contrast to the regular and
expected case* the minor hysteresis loops were found to
be wider than the major loop. The aim of the present
work is to investigate and analyse this anomalous
phenomenon.

For the investigations epitaxial magnetic garnet "lms
were chosen. These "lms belong to the most perfect
single-crystalline materials, as their growth by liquid-
phase epitaxy (LPE) technology and the control of their
magnetic properties are very well established processes.
Due to the growing conditions they exhibit large uniaxial
anisotropy which is perpendicular to the "lm plane. The
magnetisation vector inside all domains is aligned per-
pendicular to the "lm plane and the domain structure is
the well-known stripe domain structure, with 1803 Bloch
domain walls.

2. Experimental

The "lms were grown on 2A diameter, (1 1 1) oriented
gadolinium gallium garnet (GGG) substrate by LPE
technology from traditional PbO}B

2
O

3
melt-solution

system. Three di!erent samples were investigated. The
chemical composition of samples A and B was
(Y,Sm,Ca)

3
(Fe,Ge)

5
O

12
, while the composition of

sample C was (Y,Ca)
3
(Fe,Ge,Co)

5
O

12
.
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Table 1
Measured parameters of the samples (h, "lm thickness, M

S
,

saturation magnetization, H
A
, uniaxial anisotropy "eld, p

0
, zero

"eld stripe domain period)

Sample h (lm) k
0
M

S
(mT) H

A
(A/m) p

0
(lm)

A 5.3 19.7 57000 9.0
B 12.6 5.2 233500 165.0
C 11.8 16.3 140400 56.0

Fig. 1. Major and minor hysteresis loops of sample A at room
temperature.

Fig. 2. Major and minor hysteresis loops of sample A at
¹"82 K.

The thickness of the "lms were measured by the optical
interference method. Magnetization measurements were
performed on a vibrating sample magnetometer PAR
Model 155 equipped with a helium cryostat. The external
magnetic "eld (up to $2 T) was measured by an NMR
calibrated, thermally stabilized Hall sensor, and the tem-
perature was determined by a Cu}Constantan ther-
mocouple placed close to the sample. The magnetic
contribution of the paramagnetic GGG substrate was
always subtracted from the measured magnetic moment.
The saturation magnetization, M

S
, was determined from

the saturation-to-saturation hysteresis loops measured
with the external "eld applied along the easy axis, i.e.
perpendicular to the surface of the "lm, with a relative
error less than 1%. The uniaxial anisotropy "eld, H

A
,

was determined from the saturation-to-saturation hyster-
esis loops measured with the external "eld applied nor-
mal to the easy axis, i.e. in the plane of the sample, with
an accuracy of 5%.

The hysteresis loops were measured both in the vibra-
ting sample magnetometer and in a magnetooptical
setup, using the Faraday e!ect. Hysteresis loops, mea-
sured by the two methods were found completely equiva-
lent to each other. The technical coercive "eld, H

#
, was

determined from the saturation-to-saturation hysteresis
loop, the external "eld being normal to the "lm surface.
The domain wall coercive "eld, H

#8
, was determined as

the half-width of the minor hysteresis loops measured in
the external "eld applied along the easy axis, only in the
close vicinity of zero applied "eld [3]. The minor loops
were always recorded after demagnetization of the
sample by an AC magnetic "eld with an amplitude de-
creasing to zero. This procedure was to ensure that we
always started from the domain structure with the lowest
energy, anhysteretic equilibrium period, p

0
. The coercive

"eld can be determined with an accuracy of $20 A/m.
Sample A was cut into 5]5 mm pieces, and the refer-

ence measurements were performed on one of these
pieces. Another piece of the sample was annealed in
oxygen atmosphere at 9803C, through 2.5 h, and
measurements were performed after the heat treatment.
Sample B was cut into a large (about 2000 mm2) and into
a small (40 mm2) piece, and measurements were done on
both pieces. A 50 mm2 piece of sample C was measured.

3. Results

The measured parameters of the investigated samples
(at room temperature) are given in Table 1. The room
temperature saturation-to-saturation hysteresis loop,
measured on sample A, is shown in Fig. 1, together with
minor hysteresis loops (in the middle of the curve). The
width of minor loops are smaller than that of the major
loop, however it is not seen clearly in the "gure, because
of the narrow loops. The ratio of the widths of the major

and minor loops is seen much better at lower temper-
ature, where the hysteresis loops are signi"cantly wider.
This low temperature case is illustrated in Fig. 2, for the
same sample. This sample (sample A) represents the stan-
dard garnet samples, its behaviour is typical for the great
majority of materials.

Samples B and C show anomalous behaviour from the
point of view of the ratio of major and minor hyster-
esis loops. The widths of the minor hysteresis loops,
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Fig. 3. Major and minor hysteresis loops of sample C at room
temperature.

Fig. 4. Major and minor hysteresis loops of sample B, measured
on a large piece (room temperature).

Fig. 5. Major and minor hysteresis loops of sample B, measured
on a small piece.

measured around zero external normal "eld, are de"nite-
ly wider, than the width of the major loop. The room
temperature hysteresis loops of samples C and B are
shown in Figs. 3 and 4, respectively.

The temperature dependence of H
#8

was measured in
the as-grown, reference piece of sample A, and on an-
other piece of the same sample, which was previously
annealed through 2.5 h at 9803C in oxygen atmosphere.
It was found that in a certain temperature range (between
100 and 200 K), the domain wall coercive "eld was modi-
"ed (increased), compared with the original values of
H

#8
. In this region, where an increase of H

#8
was found,

the width of the minor loops around the zero "eld be-
came larger, than the width of the major loop, similar to
the case which is illustrated in Fig. 3. However, the heat
treatment did not measurably modify the width of the
major loop in the whole temperature range.

The major and minor hysteresis loops were measured
at room temperature on two pieces of sample B. The
result of the measurements, performed on a large
(2000 mm2) piece of the sample is shown in Fig. 4, while
Fig. 5 shows the result of the measurements, performed

on a small (40 mm2) piece of the same sample. The value
of H

#8
, determined from the minor loop, is the same

(H
#8

"143 A/m) in both cases, while the value of H
#
was

increased by cutting the sample, from the original H
#
"

80 to 260 A/m. On decreasing the size of the sample,
H

#
increases even further, without signi"cant modi"ca-

tion of H
#8

.

4. Discussion

Measuring the magnetic hysteresis loops, two charac-
teristic parameters can be determined from the width of
the loops, each of them characterizing di!erent proper-
ties of the measured specimen. One of them, the so-called
coercive force, or technical coercivity (H

#
) is one of the

most frequently used parameters for the characterization
of magnetic materials. Even though such a parameter is
important in technical applications, it is generally di$-
cult to "nd its direct link with individual micromagnetic
processes which take place in the material during the
complete change in the magnetic state of the sample.
These processes can include rotation of the vector of
magnetization, nucleation of magnetic domains and
translation of domain walls within the bulk of the mater-
ial. The other one, the domain wall coercive "eld, H

#8
,

which characterizes the interaction between translating
domain walls and the actual structure of the material
[3}5], is de"ned as the minimum mean external magnetic
"eld necessary to irreversibly move the walls in the
sample. H

#8
can be measured only in certain cases, where

the change in magnetization takes place only by domain
wall displacement. Uniaxial epitaxial magnetic garnets
are a very good model material for studying this para-
meter.

Usually H
#

is larger than H
#8

; it is well known from
the everyday experience and from the basic handbooks
dealing with magnetic phenomena. The same general
relationship was found also in the case of epitaxial
magnetic garnet "lms, systematically investigating and
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comparing the results of di!erent methods for coercivity
[3]. However, in certain cases, which are represented by
samples B and C of the present work, the opposite rela-
tionship can exist between H

#
and H

#8
. The H

#8
'H

#
relationship was reproducibly found on these samples.
The reason can originate in the extraordinary magnetic
parameters of these samples, compared with the standard
samples (see Table 1). It is thought that the shape of the
major hysteresis loop is determined mainly in the epi-
taxially grown magnetic garnet "lms by the domain wall
nucleation. The saturation magnetization of samples
B and C is small, compared with the uniaxial anisotropy
"eld. The nucleation of the domain walls is di$cult in the
previously saturated sample, because the nucleation is
poorly assisted by the low value of the saturation mag-
netization (low value of the demagnetization energy) and
at the same time strongly opposed by the large value of
the domain wall energy density, p

8
"4(AK

6
)1@2, where

A is the exchange constant, and K
6

is the uniaxial anisot-
ropy constant.

If a thin "lm of thickness h is considered, with large
uniaxial anisotropy perpendicular to the "lm plane, the
nucleation "eld can be expressed by the following for-
mula, applying dipolar-random "eld Ising model to gar-
net "lms [6]. Here a is the cell size of the magnetically
saturated area and the magnetic moment of a single cell is
m"a2hI

4
/k

0
.

H
/
"A4

p
DW
I
4

!9
I
4
h

4pk
0
B

1

a
"wa. (1)

The di!erence in the parenthesis of the nucleation "eld
formula has been shown as an important parameter in
Ref. [6]. It has been veri"ed, that for non-standard sam-
ples (B,C), w'0, while w(0 for standard samples. w de-
pends just on physical quantities, while a is the lattice cell
side we choose. The nucleation "eld goes to zero with
a from negative values (standard) or from positive values
(non-standard).

Considering that H
#

and H
#8

represent two di!erent
types of characteristics of the material, it is not surprising
that these parameters can be modi"ed independent of
each other. In the extreme case, the proper processing of
the sample can turn over the originally existing H

#
/

H
#8

'1 or H
#
/H

#8
(1 relationship. As seen in the pre-

vious chapter, we have managed to "nd experimental
evidence for both cases, i.e. in a standard sample (sample
A), due to annealing, the originally experienced H

#
/

H
#8

'1 relationship was reversed in a certain temper-
ature range, and in an irregular sample (sample B) the
original H

#
/H

#8
(1 relationship was also reversed into

H
#
/H

#8
'1 by cutting the sample.

Modi"cation of magnetic parameters such as uniaxial
anisotropy due to the heat treatment in O

2
atmosphere

was reported in Ref. [7], and the phenomenon was at-
tributed to the climbing motion of the vacancy pairs
formed by dodecahedral site cations and oxygen va-

cancies from the "lm interior to the surface. The heat
treatment had an in#uence also on the domain wall
coercive "eld. In the 100}200 K temperature range,
H

#8
was increased due to the annealing in the oxygen

atmosphere, while H
#

did not change measurably. The
reason is, that H

#8
is much more sensitive to any "ne

modi"cation of the sample's magnetic parameters, and
also to any change in the defect structure. The observed
phenomenon, the modi"cation of H

#8
only in a certain

temperature range, instead of the full range, can be inter-
preted on the basis of a model, describing the temper-
ature dependence of coercivity of garnet "lms [8}10].
According to this model, di!erent types of wall-pinning
traps (material defects) coexist in the sample, each of
them prevailing in di!erent temperature regions. From
the measurement results it can be concluded, that the
heat treatment modi"ed only the strength of a certain
type of defects, leaving the others unchanged.

The modi"cation of the size of the sample has no
in#uence on any basic magnetic material parameter,
which determines the behaviour of the domain walls,
through the domain wall energy density and domain wall
thickness. Cutting of the sample into smaller pieces has
no in#uence on the originally existing defect structure of
the material as well. Because of this, no change in H

#8
can be expected due to samples cutting, in good agree-
ment with the experiments. (The sample size, however,
has a small and opposite sign in#uence on the domain
wall coercivity, as was found previously [11]. This e!ect
becomes signi"cant only in the case of very small, some
mm2 size pieces, and H

#8
was found to decrease with the

sample size. This e!ect was attributed to the sample-
size-dependent derivatives of the total free energy with
respect to the domain wall positions. In the case of the
sample B, this change in H

#8
due to the decrease in the

sample size was negligible.) On the other hand, the nu-
cleation of the domain wall becomes even more di$cult,
if the sample size is decreased, because of the change of
the demagnetizing "eld. The magnetostatic term in the
expression of H

#
(see e.g. Ref. [12]),

H
#
"a

2K
6

k
0
M

S

!N
%&&

M
S
, (2)

makes it clear that magnetostatic e!ects give a signi-
"cant contribution to the coercivity. (Here is a phe-
nomenological parameter, and N

%&&
is the e!ective

demagnetizing factor.) This is the reason why the modi"-
cation of the demagnetizing "eld by cutting the sample
can have such a large in#uence on H

#
.

Preliminary experiments showed as well, that the value
of H

#
depends signi"cantly on the value of the magnetic

"eld, by which the sample was previously saturated. In
the case of the non-standard samples, anomalous behav-
ior of H

#
, as a function of the saturating "eld, was

experienced. This phenomenon is being studied, and will
be published later.
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5. Conclusions

The widths of minor and major hysteresis loops were
investigated in epitaxially grown uniaxial magnetic gar-
net "lms. It was shown that in certain cases minor loops
can be wider than the major loop. Both the widths of
major and minor loops can be modi"ed in the same
sample, independent of each other, by suitable processing
of the specimen. These results revealed the di!erent char-
acteristics of the macroscopic coercive "eld, determined
from the major loop, and of the domain wall coercive
"eld, determined from minor loops, close to zero mag-
netic "eld. H

#
was found to be a sample parameter, while

H
#8

to be a material parameter. H
#8

is a very stable
quantity, it cannot be modi"ed easily (only by rough
processing of the specimen), and the modi"cation (if there
is any) is small and valid only in a limited temperature
range. This parameter is the real physical characteristic
of the interaction between the moving domain wall and
the defect structure of the material. On the other hand,
H

#
depends very much on the actual size of the sample

(the di!erence can be larger than one order of magni-
tude), and it depends also on the magnetic prehistory of
the sample.
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