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Characterization and size-dependent magnetic
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BasCosFe,, 041 nanocrystals are synthesized through a stearic acid sol-gel method. The
reaction temperatures are dramatically lower than that of the conventional ceramic
method. The nanocrystalline powders obtained at 750 °C were spherical in shape with grain
sizes in the range 15-25 nm and become a plate-like form when the heat-treatment
temperature increased. The magnetic properties of these samples are different from those
of the bulk Z-type hexagonal ferrite with a lower specific saturation magnetization. This
phenomenon can be attributed to the existing of a nonmagnetic layer existing on the
surface of the particles. The higher value of the coercivity force is obtained when the
particle sizes approximately are equal to 90 nm and assume a single-domain character. The
surface composition of the nanocrystalline Co,-Z hexagonal ferrite is different from that

of the bulk counterpart material with a higher content of the Ba element and Co element.
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1. Introduction type and W-type hexagonal crystal system ultrafine par-
Inspired by the realization that the physicochemicalticles. Other types of hexagonal crystal system ferrite
properties of nanophase materials are dramatically difultrafine particles (such as X-, Y-, Z- and U-type) can
ferent from those of the bulk counterparts and usuallynot conveniently synthesized by these methods men-
exhibit new or crossover phenomena, the design, prepdioned above because of their more complicated struc-
ration and characterization of nano-materials have beetures. These materials are usually been prepared by the
of great interest [1, 2]. Ultrafine magnetic particles, ceramic method. High calcination temperatures (1100—
for example, exhibit unigue phenomena such as sut400°C) are applied for the solid reaction to occur and
perparamagnetism and quantum tunneling of magnesften result in the formation of coarse aggregation. The
tization. Below a critical size, magnetic particles be-sizes ofthe powders so produced are larger thapn®.5
come single domain as opposed to multidomain in thel'here are few papers dealing with the preparation and
bulk materials and can possess unusually high coercivimagnetic properties of these kinds of hexagonal ferrite
ties [3-5]. Because of their unique physical propertiespanocrystals and the full range of exploitation of the
nano-scale magnetic particles have high potential fopotential offered by these materials is strongly limited.
applications in diverse areas such as high density per- In our earlier works, we have developed a relatively
pendicular recording, color imaging, ferrofluids, UHF novel non-agueous synthesis method—the stearic acid
(ultra-high frequency: 300 MHz to 3 GHz) devices gel method for the preparation of M-type and W-type
and magnetic refrigeration [6—8]. During the past fewhexagonal crystal system ferrite nanocrystals and the
years, the ultrafine hexagonal ferrites have been thénal powders with size of 10-200 nm were obtained
subject of intense research. Several synthesis proc§l9, 20]. The main advantage of this technique is that
dures have been proposed up to now to obtain ultrafinthe raw materials are mixed on an atomic level in the
particles of hexagonal crystal system ferrite: the glassliquid state and the temperature of solid state reaction is
crystallization method [9, 10], hydrothermal synthesislowered obviously. The composition of the final product
method [11], chemical coprecipitation method [12, 13],also can be accurately controlled. These merits make
organic resin method [14], microemulsion mediatedit distinguished from other methods, especially for the
process [15, 16] and the so-called liquid mix techniquepreparation of multicomponent composite oxides.
[17,18]. Almostall studies, however, have beenfocused Z-type (Ce-Z) hexagonal crystal system ferrite nan-
merely on the synthesis and magnetic properties of Mocrystals have now been prepared through the stearic
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acid gel method. We report here an investigation of theAll samples used for XPS measurements were single-

morphological, structural, magnetic and surface comerystal silicon substrates and were analyzed at ambient

positional characteristic of the products which hastemperature.

been carried out by means of x-ray powder diffrac-

tion (XRD), transmission electron microscope (TEM),

vibrating sample magnetor (VSM) and x-ray photoelec-3. Results and discussion

tron spectroscope(XPS). The influences of the particlg.1. XRD

size effect on the magnetic properties of the productshe X-ray diffraction patterns of the heat-treated pow-

also are researched. Further results concerning othelers indicated that, at heat-treating temperature up to

kinds of hexagonal crystal system ferrite nanocrystalg50°C, the sample was mainly consisted)ofFe,0;

such as X-type, Y-type and U-type is still under way and BaCQ. Z-type (BaCo,Fe4041) hexagonal crys-

and will be reported elsewhere in the future. tal system ferrite powders were then obtained when
heat-treating temperature raised above TGOXRD
patterns of the specimens subjected to different heat-

2. Experimental details treatment temperature were recorded and the results

2.1. Synthesis are shown in Fig. 1. The broadening of diffraction lines

The raw materials utilized in the present study wered’® caused by the small crystalline size effect of the
barium hydrate purchased from Yuelong Chemical FacS@mples. With the increase of the calcination temper-
tory in Shanghai, Cobalt acetate bought from Hailing@ture the grain sizes increased and the diffraction line
Chemical Factory in Nanjing, ferric nitrate supplied by Pecame narrow. _ .
Nanjing Chemical Factory and stearic acid purchased The average grain sizes were first determined from
from the Second Reagent Factory of Shanghai, all of anthe XRD pattern parameters of the specimens according
alytically pure. These materials were weighed with mo-t0 the Scherrer equation [21]:
lar ratios of Co:Ba: Fe equal ®: 3:24. Thesynthe-
sis procedures were as follows: an appropriate amount D— kA,
of stearic acid was heated and melted, and then the (B cosp)
weighed barium hydrate, cobalt acetate and ferric ni-
trate were added into it. After complete mixing, the whereD is the average grain sizkjs a constant equal
solution was heated at 80—100D for abou 2 h and ob- t0 0.89,1 is the X-ray wavelength equal to 0.1542 nm,
tained a homogeneous transparent solution sol. The s@lis the full width at half-maximum (FWHM) and is
was slowly cooled to ambient temperature and formedhe diffraction angle. The results obtained are shown in
a gel. Finally, the gel precursor was calcined at450 Table I. It can be seen that the grain size grows with the
for 0.5 h and subsequently heat-treated 850750°C,  increase of the heat-treating temperature.
850°C, 950°C, 1050°C, 1150°C respectively, to ob-
tain loose black powders.

3.2. TEM and EDP

The morphology of nanocrystalline Z-type hexagonal
2.2. Characterization ferrite heat-treated at various temperatures was stud-

Theidentification ofthe crystalline phases ofthese sami€d by transmission electron microscopy (TEM) and
ples appearing after the heat-treatment is carried out off€ results are shown in Fig. 2. It can be seen that par-
operating at 40 KV and using Cu,Kadiation. Trans- S1Z€ anq vvﬁh the grain sizes in the range 15-25 nm.
mission electron micrographs (TEM) were taken with Fi9- 2b indicated that the morphology of the powders
a JEM-200CX microscope operating at 150 KV. Theo_btam_ed at 850C changed to plate from and the_gra!n
specific surface areas were measured by the BrunauetiZ€s in the range 40-60 nm. The average grain sizes
Emmett-Teller (BET) method atliquid nitrogen temper- of the specimen determined by statistics mean method
ature using N gas as the adsorbent and samples wer&'® also listed in Table I. It can seen that the outcomes
degassed at 30 for 6 hours prior to analysis. Satura- are _baS|caIIy consistent with that of_the XRD method.
tion magnetizatioms and coercivityH, were measured ~ Fig- 3 shows the electron diffraction pattern of nan-
at room temperature using a LDJ-9500 vibrating samocrystalline Z-type hexagona'l system ferrite. It can be
ple magnetometer (VSM) with maximum applied field S€€n thatthe patterns of specimen heat treated &t750 '
of 6.37x 10° Am—L. Saturation magnetization, was  Were some closed circles and the patterns of the speci-
obtained by a 1H?2 extrapolation to the infinite field. Men obtained at 85 were some uncontinuous bright
X-ray photoelectron spectroscope (XPS) analysis waspots. This phenomenon also can be attributed to the
performed using a Perkin-Elmer PHI ESCA 5300 spec-
trometer with a Mg K (1253.6 eV) achromatic X-ray o . .
source Operated at 15 KeV and an emission current 0;Ii]ABLE | Average grain sizes determined from XRD pattern using
Sch ti d TEM
20 mA. The vacuum inside the analysis chamber was © Senerer eqaton an
maintained ak 2 x 10~ Torr during the analysis. Sam- Temperature®C) 750 850 950 1050 1150
ples with a dimension of 1 cm 1 cm were mounted
on the sample holder with double-sided tape. Analy
sis were obtained for the center area ok 2 mn¥.

_Oxrp (NM) 26.3 61.3 86.6 136 210
drem (nm) 23.4 52.0 76.1 120 180
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Figure 1 XRD patterns of the nanocrystalline && type hexagonal ferrite powders calcined at different temperature. ()&% 750°C (c)
850°C (d) 950°C.

small crystalline size effect. With the decrease of theaverage grain sizel, (nm), can be calculated according
grain size the number of diffraction spots is increasedto the following equation:

Below a critical size the pattern would become a se- o

ries of closed circles and differentiated from that of the d=6x 10

bulk counterpart. It is also one of the unique features of (So)

hanophase-materials. whereS (m?/g) is the specific surface area of the parti-
cles andp is the density of Z-type (GeZ) hexagonal
crystal system ferrite and equal to 5.830° kg/m®.

3.3. BET The results including the determined specific surface
The specific surface areas of the powders gained at difireas and the deduced average grain sizes of the spec-
ferent temperatures were measured by the BET methaddhens heat treated at various temperatures are listed in
at liquid-nitrogen temperature ghdsorption) and the Table Il
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Figure 3 Electron diffraction pattern of GeZ type hexagonal ferrite nanocrystals calcined at different temperatures (& 16P850°C.

TABLE Il Specific surface areas and the average grain sizes detefFABLE 111 Surface composition of the samples heat-treated at dif-
mined by the BET method ferent temperatures

Temperature®C) 750 850 950 1050 1150 Heat-treatment

temperature °C) Ba (%) Co (%) Fe (%) O (%)

S(m?/g) 35.7 15.5 11.9 7.4 47
d (nm) 315 727 94.5 152 240 750 5.91 16.94 18.31 58.84
850 5.64 15.87 18.73 59.76
950 5.35 15.26 19.02 60.37
. . 1050 5.09 14.96 19.44 60.51
On comparison of the results on the grain size de-45q 4.95 12.84 2290 59.31
termined by the three characterization methods, i.€8ulk Co,-Z ferrite 4.29 2.86 34.29 58.57

XRD , TEM and the BET method, it can be found that

the grain sizes estimated by the specific surface area

method were slightly larger than those of the othersinstrument for the surface analysis because of its high

This was believed to be the result of agglomeration ofsensitivity and nondestructive nature. The results of sur-

the nanocrystals owing to the high surface energy oface analysis of Z-type hexagonal ferrite nanocrystals

the ultrafine particles. The adsorptive capacity of N determined by the XPS are listed in Table Ill. It can be

decreased with gathering of the powders and the speseen that the content of the Ba element and Co element

cific surface area thus determined is smaller than théncreased with the decrease of the heat-treatment tem-

actual value, so the particle size calculated through theerature and the particle size, while for Fe element the

foregoing equation is larger [22]. reverse result was obtained. It also should be noted that
the content of the O element did not show any regular
changing when the patrticle size decreased.

3.4. XPS

With the decrease of the patrticle size, the number of the

broken bonds on the surface of the particles would in3.5. VSM

crease and the surface composition of the ultrafine partiSaturation magnetizatios; of nanocrystalline Z-type

cles should be different from that of the bulk counterparthexagonal ferrite was observed to decrease with de-

materials. X-ray photoelectron spectroscope is an idealreasing particle size. This fact can clearly be seen by
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Figure 5 Coercivity of Ce-Z type hexagonal ferrite nanocrystals as a

Figure 4 Saturation magnetization of @& type hexagonal ferrite function of particle size

nanocrystals as a function of specific surface area.

. i . ment result into the Herzer theory, is approximately as
plotting o5 as a function of BET specific surface areapg a5 90 nm.

Sof the particles, as shown in Fig. 4. The figure shows
thatos decreases linearly &increases. The result can
be explained by assuming a nonmagnetic layer existing. Conclusion
on the surface of the particles. In this casgcan be  The stearic acid sol-gel method seems to be a conve-
written as nient and versatile one for obtained very homogeneous
nanoscale Z-type hexagonal ferrite powders. The reac-
os = 0o(1 — §), tion temperatures are dramatically lower than that of
the conventional ceramic method. The nanocrystalline
wherep is the densityg is the thickness of the non- powders obtained at 75C were spherical in shape
magnetic layer andyg is the saturation magnetization with grain sizes in the range 15-25 nm and become
for the bulk material. The value &f estimated by fit- a plate-like from when the heat-treatment temperature
ting the experimental results into the above equation, isncreased. The surface composition of the nanocrys-
as small as several angstroms. The decreasgwith  talline Ca-Z hexagonal ferrite is different from that of
decreasing patrticle size can thus be interpreted as a réie bulk counterpart material with a higher content of
sult of the increase in the ratio of nonmagnetic volumethe Ba element and Co element. The magnetic proper-
to the total volume of the particles. A similar descrip- ties of these samples are different from those of the bulk
tion of surface nonmagnetic layer effect on the M-typeZ-type hexagonal ferrite with a lower specific saturation
hexagonal ferrite has also been proposed by O. Kubmagnetization. This phenomenon can be attributed to
et al.[23]. the existing of a nonmagnetic layer existing on the sur-
The variation of coercivityH; with the heat-treated face of the particles. The higher value of the coercivity
temperature and thus the corresponding grain size dbrce is obtained when the particle sizes approximately
the Z-type ferrite nanoscale particles is shown in Fig. 5are equal to 90 nm and assume a single-domain char-
The samples heated around 980to 1050°C exhibit  acter.
higher H; values thus indicating that at these temper-
atures the particles appear to assume an increasing|
single-domain character. The higher values also resuficknowledgement .
from the orientation of the defect-free single-domain T hiS project was supported by the Doctoral Foundation
particles obtainable by the sol-gel process. Orientatio®f the State Education Committee of China and the
may occur during sintering of the fine particles. Foundation of Natural Science of Jiangsu province.
It is observed from Fig. 5. that, when the specimens
are heat-treated at 95Q and 1050C coercivity values References
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