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a b s t r a c t

After being cut, carefully ground, meticulously polished and properly eroded, the microstructure and
magnetic microstructure of La0.3Sr0.7Fe11.8Co0.2O19 hexaferrites were investigated by using magnetic force
microscopy. The shapes of a large amount of the La0.3Sr0.7Fe11.8Co0.2O19 grains were determined to be
mostly irregular flat columns. The shape anisotropy of the hexaferrite grains can be explained by an
vailable online 11 December 2009
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abnormal grain growth process occurs for La + Co-containing hexaferrite powders. The magnetizations
mainly align parallel or anti-parallel to the direction of oriented magnetic field. The magnetic domain sizes
are in the same order of magnitude with the grain sizes. No complex domain structures like corrugation
and spike were observed. Micromagnetic simulations were also performed to help analyzing the magnetic
microstructure.

© 2009 Elsevier B.V. All rights reserved.

tomic force microscopy

. Introduction

M-Type hexaferrites have attracted extensive interests par-
ially due to their technological significance in applications such
s permanent magnets, microwave devices, magnetic recording
edia, high-frequency devices and magneto-optical devices [1–3].

n view of the technological significance and the large volume
f the market, many attempts have been made to improve the
ey magnetic properties by various methods such as doping [4,5],
eat-treatment [6], SiO2 addition [7], ion irradiation [8], etc. Dop-

ng on the Fe [4,9] or Ba/Sr [10,11] lattices was expected to
mprove the magnetic properties. It was found, however, that either
he saturation magnetization Ms, or the anisotropy field HA, or
oth decrease. It was noticed that improved properties could be
chieved by simultaneous doping with La and Co [12,13]. Some
echniques such as nuclear magnetic resonance (NMR) [12] and

ossbauer [14,15] were employed to investigate La + Co doped
-type hexaferrites. Most of the works focused on the struc-
ures, magnetic properties, chemical valences or phases. Rare
nvestigation, however, paid attention to the magnetic domain
tructures.

∗ Corresponding author. Tel.: +86 531 88365435; fax: +86 531 88565435.
E-mail address: pang@sdu.edu.cn (Z. Y. Pang).

925-8388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2009.12.019
Magnetic force microscope (MFM) is a powerful instrument
to investigate the crystalline and magnetic microstructures of
magnetic materials partially due to its high lateral resolution
and capability of capturing the crystalline microstructure images
and corresponding magnetic microstructure images simultane-
ously. However, to our knowledge, few investigation on magnetic
microstructure of La + Co doped M-type hexaferrites by MFM has
been reported. A possible reason is that the surface of the as pre-
pared ferrites is very rough, which makes it hard to achieve MFM
images. In this paper, after cutting, careful grinding, meticulous
polishing and proper eroding of the sample surfaces along and
perpendicular to the oriented magnetic field, the microstructure
and corresponding magnetic microstructure of La + Co doped stron-
tium hexaferrites were investigated by using MFM. Micromagnetic
simulations were also performed to help analyzing the magnetic
microstructure.

2. Experimental

Ingots with nominal composition of La0.3Sr0.7Fe11.8Co0.2O19 (at.%) were prepared
by ceramic process. Pure Fe2O3 and SrCO3 were selected as the raw material. A small
quantity of La2O3 and Co2O3 were added while wet blending. The blended materials
were calcined at 1200 ◦C for 1 h, and then ball milled for 25 h. After granulation, the

ferrites were pressed in an oriented magnetic field of 12,000 Oe and then sintered
at 1210 ◦C for 1 h with a temperature upgrade speed of 150 ◦C/h.

The detection of magnetic microstructures and topographic feature of the sam-
ples was performed by NanoScope IIIa-D3000 MFM in Tapping/Lift modes. The
magnetic probes used were micro-fabricated Si cantilevers with pyramidal tip
coated with about 40 nm thick magnetic Co–Cr thin film and they were magnetized

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:pang@sdu.edu.cn
dx.doi.org/10.1016/j.jallcom.2009.12.019
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ownward prior to imaging. In scanning, the tip lift-height was 50 nm and the oscil-
ation frequency of the tips was about 79.6 kHz. The samples for MFM study were
ut parallel and perpendicular to the oriented magnetic field. After being carefully
rinded and meticulously polished, the samples were vacuum annealed at 450 ◦C
or 1 h to remove the stress built in the surface layer and eroded by hydrochloric
cids for about half a minute to visualize the grain boundaries.

. Results and discussion

The intrinsic coercivity Hcj, remnant induction Br and maxima
agnetic energy product (BH)max of the La0.3Sr0.7Fe11.8Co0.2O19

exaferrites are 437.9 kA/m, 429 mT and 35.2 kJ/m3,
espectively.
Fig. 1 shows the topographic images of La0.3Sr0.7Fe11.8Co0.2O19
exaferrites performed by MFM. The scan size is 5 �m × 5 �m.
ig. 1(a) and (b) was achieved on the surfaces perpendicular and
arallel to the oriented axis, respectively. It can be seen from the

ig. 1. Topographic images of La0.3Sr0.7Fe11.8Co0.2O19 hexaferrites performed by
FM. The scan size is 5 �m × 5 �m and the z range is 200 nm. (a) Images captured

n the surfaces perpendicular to the oriented magnetic field; (b) images captured
n the surfaces parallel to the oriented magnetic field.
mpounds 492 (2010) 691–694

images that the grains mostly, or at least largely, have irregular
section shapes of approximate round or hexagon in Fig. 1a and
approximate rectangle in Fig. 1b, indicating that the grains in the
samples are mostly irregular flat columns. The shape anisotropy
of the hexaferrite grains can be explained by an abnormal grain
growth process occurs for La + Co-containing hexaferrite pow-
ders [16,17]. Moreover, there is another interesting phenomenon
seen from Fig. 1b that the rectangle sections have a compara-
tive good alignment with their long axes perpendicular to the
oriented field direction. That is, the short one is the easy axis
of magnetization. In other words, during ball milling process,
the La0.3Sr0.7Fe11.8Co0.2O19 hexaferrites are easy to crack in the

layer perpendicular to the easy axis of magnetization. Fig. 2
gives corresponding topographic images with large scan sizes
of 10 �m × 10 �m. The characters of the La0.3Sr0.7Fe11.8Co0.2O19
grains mentioned above can also be clearly recognized. Combined

Fig. 2. Topographic images of La0.3Sr0.7Fe11.8Co0.2O19 hexaferrites performed by
MFM. The scan size is 10 �m × 10 �m and the z range is 200 nm. (a) Images captured
on the surfaces perpendicular to the oriented magnetic field; (b) images captured
on the surfaces parallel to the oriented magnetic field.
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are in two and three domain states, respectively. Platelet-shaped
grains divide into more magnetic domains. To improve the mag-
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Fig. 3. Unit cell structure of M-type strontium hexaferrites.

ith the unit cell of M-type strontium hexaferrites shown in
ig. 3, it can be deduced that the La0.3Sr0.7Fe11.8Co0.2O19 ferrites
hould be easy to crack in the (0 0 0 1) plane during a ball milling
rocess.

The corresponding magnetic force images of above topo-
raphic images are shown in Fig. 4 (5 �m × 5 �m) and Fig. 5
10 �m × 10 �m), respectively. It can be seen that the magnetic
mages captured from the plane perpendicular to the oriented mag-
etic field are characterized by darker areas adjacent to brighter
reas, however, large grey areas are observed in the images cap-
ured from the surfaces along to the oriented magnetic field,
howing that the magnetizations mainly align parallel or anti-
arallel to the oriented direction [18]. The domain sizes are in the

ame order of magnitude with the grain sizes (∼several hundred
anometers), showing that the crystal sizes are around the single
omain limit. The theoretic single domain limit calculated from the

ig. 4. Magnetic force images of La0.3Sr0.7Fe11.8Co0.2O19 hexaferrites performed by MFM. T
n the same place simultaneously. The scan size is 5 �m × 5 �m and the z range is 40◦ . (a)
mages captured on the surfaces parallel to the oriented magnetic field.
mpounds 492 (2010) 691–694 693

formula:

R0 = 9�180◦

�0M2
S

(1)

(where �180◦ is the domain wall energy of 180◦ wall, MS is the
saturation magnetization) is about 320 nm [19]. This value is very
close to the observed experimental domain sizes. Previous research
[20] pointed out that both the large and the small grains would
reduce the coercivity due to the emergence of multi-domain and
superparamagnetism, respectively. However, few experimental
observations of single domain limit in La + Co doped strontium
hexaferrites have been reported, our experiment provides a basic
reference.

No complex domain structures like corrugation and spike
which often observed in other hard ferromagnetic materials were
observed in our experiments, which maybe because that the grain
size less than the critical thickness T2 (T2 = 128�/�0M2

S ) [21]. For
La0.3Sr0.7Fe11.8Co0.2O19 hexaferrites, T2 is about 5 �m, while the
grain size is no thicker than 1 �m. Complex domain structures could
not form. Moreover, because the grain sizes great larger than 10 nm,
the “exchange coupling domain” [22] exists in nanocomposite mag-
netic material could not form, either.

The magnetic domain structures of permanent magnets are
tightly related to the size and shape of the grains. To well
understand the observed magnetic microstructure, micromagnetic
simulations were performed and the results shown in Fig. 6. The
micromagnetic models used are three dimensional model based on
the Object Oriented MicroMagnetic Framework (OOMMF) software
available from NIST [23]. The micromagnetic elements are initially
assigned a random direction, and the system is allowed to evolve
to a stable state. It can be seen from Fig. 6 that for grains with same
diameter d = 250 nm, sphere and column with height h = 250 nm are
in single domain states. Columns with h = 200 nm and h = 150 nm
netic performance further, it is necessary to reduce the volume
fraction of the flat grains and, at the same time, control the crystal
sizes just below the single domain limit.

he magnetic force images and the topographic images shown in Fig. 1 are captured
Images captured on the surfaces perpendicular to the oriented magnetic field; (b)
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Fig. 5. Magnetic force images of La0.3Sr0.7Fe11.8Co0.2O19 hexaferrites performed by MFM. T
in the same place simultaneously. The scan size is 10 �m × 10 �m and the z range is 40◦ .
(b) images captured on the surfaces parallel to the oriented magnetic field.
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ig. 6. Micromagnetic simulations of domain states in xy plane. (a) Spheres,
= 250 nm; (b) columns, d = 250 nm and h = 250 nm; (c) columns, d = 250 nm and
= 200 nm; (d) columns, d = 250 nm and h = 150 nm.

. Conclusions

In summary, the microstructure and corresponding magnetic
icrostructure of La0.3Sr0.7Fe11.8Co0.2O19 hexaferrites are investi-

ated by MFM. The grains are mostly irregular flat columns. During
all milling process, the La0.3Sr0.7Fe11.8Co0.2O19 crystals are easy to
rack in the (0 0 0 1) plane. The magnetizations mainly align paral-
el or anti-parallel to the direction of oriented magnetic field. The

agnetic domain widths are in the same order of magnitude with
he grain sizes. No complex domain structures like corrugation and
pike were observed.
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