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By using a domestic microwave furnace and depending on the nickel precursor used, either tetrahydrated
nickel acetate or dihydrated nickel formate, different nanosized materials are obtained: Ni/NiO composites,
Ni metal, or NiO. The acetate leads to ceihell composites: Ni on the outside and NiO on the inside,
while the formate behaves oppositely, yielding the metal that is progressively oxidized in air, the shell
being in this case NiO. All these materials show ferromagnetic behavior.

Introduction its electrical and magnetic properties. Hence, stoichiometric
NiO shows a very low electrical conductivity, less tharm*£0

Nanosized materials are known to exhibit profound Q-1 cm! at room temperature, and is classified as a Mott

changes in properties in comparison to those of bulk single Hubbard insulatot516 but the conductivity increases-@

crystals, microcrystalline powders, or thin films with the . . . ;
: " . . . orders of magnitude in nanosized NiO as compared to that
same chemical composition. Nowadays, there is an increasing_, _. . . ; .
; . : . of single crystals, something that is attributed to the high
interest in nanomaterials (nanoparticles, nanostructured mat- . ; .
e .~ density of defects induced by these me#ri§ Concerning
ter, etc.) for fundamental scientific reasons and potential

applications as well: catalysis, magnetic recording, etc. On the magnetic properties, single crystals of NiO are antifer-

these grounds, in the past few years, different methods forromagnetlc (AF), the Nel temperature being 523 K, but

. . ; e when the crystallite sizes are of the order of a few
the preparation of nanoparticles, which can be classified as .
: . . . “nanometers, they become superparamagnetic (SPM) or
chemical, mechanochemical, and thermochemical, are bein

) . - .
exploredi—* gsuperantn‘erromagnet|c (SAFM3.2° Because of the interest

- : . in the application of nanosized metal oxides as anode
. W|_th|_n the thermophysmgl methods, the_use ofm|cro_wav_e materials for rechargeable batteries, ethanol fuel cells, and
irradiation for the synthesis and processing of materials is

I ' . . electrochemical capacitors, NiO is being intensively inves-
an exciting new field with enormous potential. Because of P 9 y

: . . : .~ tigated, and it has been pointed out that electrodes composed
the high penetration depth of microwaves, this way of heating . . : o . )
. . . o of nanocrystalline NiO particles exhibit a higher capacity
is very fast and uniform, thermal gradients are minimized, o . .

. . er and better cyclability than the ordinary ceramic matefia®®
the time for particle diffusion is reduced, and hence, the

products can be obtained in a relatively short time; moreover, (7) Nichter, M.; Ondruchka, B.; Bonrath, W.; Gumm, Green Chem.
intari i i 2004 6, 128

smtgrmg of.the particles is not. favored, and therefore, small (8) Lewis, D.. Rayne, R. J.; Bender, D. A.; Kurihara, L. K.. Chow, G.

particles sizes can be achieved. Because of all these " . Fiiffet, A Kincaid, A.: Bruce, R.Nanostruct. Mater1997 91,

advantages, microwave synthesis is becoming quite common 9 3\-/ 6. Wittaker. G.: Harri A Sond: M Res. Bl
in the organic, biochemical, or pharmaceutical laboratéries, ()19%%953 i opp aker, G hamsson, A.; Song: Mater. Res. Bul

but its scope and use in inorganic solid-state synthesis is(10) Caillot, T.; Aynes, D.; Stuerg, D.; Viart, N.; Perrouy, G.Mater.
more restricted, probably because of the limited availability ) Sci. 2002 37, 5153.

. Sankaranayanan, V. K.; Sreekmma@Qarr. Appl. Phys2000Q 3, 205.
of adequate microwave susceptors. Nevertheless, the syn¢12) xue-Hong, L.; Vian-You, C.; Shu, X.; Shui, B.; Jun-jie, Z.Cryst.

thesis of some inorganic materials by using microwaves has _ Growth 2003 252, 593.
been found to be advantageous in terms of energy saving,\1o) Harpeness, R.. Gedanke, Rew J. Chem2003 27, 1191.
g )% g!(14) Ying, J.; Wei-Wei, W.; Rui-Juan, Q.; Xian-Luo, HAngew. Chem.,
shorter processing times, uniformity of products, and reduc- Int. Ed. 2004 43, 1410.
tion of particle Sizeé14 (15) Morin, F. G.Phys. Re. B 1954 93 (6), 1199.
. . (16) Lukenheimer, P.; Wide, A.; Ottermann, C. R.; BangePKys. Re.
One of the materials that undergoes dramatic property B 1991 44 (11), 5927.
i i i i i i i (17) Biju, V.; Khadar, A. M.J. Mater. Sci.2003 38, 4005.
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On the other hand, nanosized ferromagnetic (FM) metals

Parada and Mora

2H,0, and carbon black (added to enhance microwave absorption).

(Fe, Co, and Ni) are also being widely studied as they presentDifferent weight percentages of carbon black were added to the

both an interest for fundamental physft$* and an interest

for applications such as magnetic storage, ferrofluids, medical
diagnosis, multilayer capacitors, and catalysis? Although

a wide variety of techniques has been used to produce eithe
nickel or nickel oxide nanopatrticles (i.e., sonochemitaf®
sol—gel"~%0 spray pyrolysi$}5? laser ablatiort? thermal
decompositiort#>¢ high energy ball milling585° and
sputtering method&the synthesis of these materials by using
microwave irradiation is scaréé.

Taking all this into account, the aim of this work has been
to produce nanosized particles of nickel oxide, nickel metal,
or NiO/Ni composites by using microwave radiation and to
study their magnetic behavior.

Experimental Procedures

The reagents used in this study were analytical grade purity:
nickel acetate, Ni(CHHCOO)-4H,0, or nickel formate, Ni(COQ)
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respective nickel salts (5%C, 10%C, and 15%C) and then mechani-
cally homogenized and compacted in pellets of a 12 mm diameter.
The pellets were put in an alumina crucible and placed inside
lg;mother larger one stuffed with mullite. The purpose of using mullite
Is to maintain the same position of the pellets in each experiment
and to avoid the breaking or cracking of the glass turntable. The
whole assembly was kept at the center of the turntable, and the
microwave processing was carried out for periods of 5, 10,
15, and 30 min each. Worth noting: the microwave source is a
domestic microwave oven, operating at a 2450 MHz frequency and
1000 W power. The choice of the nickel precursors was based on
several requirements: (a) sufficiently high electrical permittivity,
(b) noncentrosymmetrical structure, and (c) simple composition and
availability.

Powder X-ray diffraction (XRD) was used to characterize the
samples. Data were collected on a Phillips X-Pert X-ray diffrac-
tometer (Cu K radiation,A = 1.5418 A), filtered with nickel.
Morphologies and sizes were observed by means of transmission
electron microscopy (TEM) performed on a JEOL transmission
electron microscope, using an accelerating voltage of 200 KV. The
average size of the particles was also calculated from the full width
at half-maximum (FWHM) of relevant peaks using the Scherrer
equatiorf2 which is given byXs = 0.91/FWHM cos#@, whereys is
the crystallite sizel is the X-ray wavelength, antdlis the diffraction
angle.

Magnetic measurements were performed on a SQUID magne-
tometer (Quantum Design). M/H measurements were made with
applied fields up to 5 T, and in some cases, the complete hysteresis
loops, characteristic of ferromagnetic behavior, were recorded. Zero-
field-cooling (ZFC) and field-cooling (FC) experiments in an
applied field of 1000 G were also performed to measure the temper-
ature dependence of the magnetization between 5 and 300 K.

The values of the specific areas were measured by the BET
method and calculated from the corresponding nitrogen adsorption
isotherms at 77 K, using a Micrometrics ASAP 200 surface
analyzer; a value of 0.164 rfrfor the cross-section of the nitrogen
molecule was used.

Results and Discussion

Nickel Acetate as Precursor Two pathways were fol-
lowed for the microwave irradiation: (a) keeping 15 min as
a constant time and varying the amount of carbon15%)
and (b) fixing the amount of susceptor (10% weight of
carbon) and varying the time of treatment from 5 to 60 min.
In all the experiments carried out, the obtained products were
nanosized nickel oxide/nickel metal composites in different
ratios, depending on the amount of carbon black and the time
of irradiation as illustrated by the XRD patterns of Figures
1 and 2.

If the amount of carbon black is 5%, the X-ray diffraction
pattern (Figure 1, sample 1a) clearly shows the (111), (200),
and (220) reflections of cubic NiO (JCPDS card no. 47-1049)
as the main phase (aprox. 80%), besides the (111) and (200)
peaks corresponding to fcc metallic nickel (JCPDS card no.
4-0850) as a second phaseZ0%). As the amount of carbon
black increases (10% C), the ratio of intensities of the XRD

(61) Palckik, O.; Avivi, S.; Pinket, G.; Gedanken, Nanostruct. Mater.
1998 11 (3), 415.

(62) Cullity, B. D. Elements of X-ray Diffraction Addison-Wesley:
Reading, MA, 1978.
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Figure 1. X-ray diffraction patterns of the materials obtained from nickel
acetate mixed with different amounts of black carbon and irradiated for
15 min.
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Figure 2. X-ray diffraction patterns of the materials obtained from
nickel acetate mixed with 10% of black carbon and microwaved for different
times.

peaks changes (Figure 1, sample 1b), and finally, for 15%
black carbon added, the major phase60%) is metallic
nickel (Figure 1, sample 1c). By using the Deby&cherrer
equation, the estimated average sizes of the particles rang
between 30 and 40 nm.

Chem. Mater., Vol. 18, No. 11, 2I®b
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Figure 3. TEM, dark-field micrograph of sample 1b. The inset shows the
corresponding SAED where different phases are identified.

pattern is depicted, showing the usual diffraction rings of a
polycrystalline sample. This is in agreement with work
reported by other authors on the thermal decomposition of
nickel acetate, which always results in metallic nickel
together with the expected nickel oxide although in different
proportions depending on the atmosphere §3&HThis
behavior is in contrast with the thermal decomposition of
other nickel compounds (nitrate and hydroxide), which yields
pure NiO. Interestingly enough, in this selected area of the
sample, besides the characteristic peaks of NiO and Ni, we
can also observe, as quite faint rings, the more intense
diffraction peaks, (102) and (104) of NiGQ(JCPDS card

no. 10-0272), formed as an intermediate product. The fact
that the carbonate is not observed by means of XRD can be
attributed to its concentration being below the detection limit.
Nevertheless, it is worth showing, as it illuminates the
decomposition mechanism.

Worth noting, the tetrahydrated nickel acetate is a molec-
ular solid in which structure Ni is octahedrally coordinated,
fully surrounded by oxygen, four of them belonging to the
water and the other two to the acetates, which are mono-
dentate ligands. Thus, the compound is better described as

?etra-aqua-bis (acetato-oxygen)-nickel fiand although the

thermal decomposition is quite complicafédit is not

Figure 2 shows, through the corresponding XRD pattems, g, vising to find nickel oxide as the major product of the

the influence of time (15, 30, and 60 min) for a fixed amount yecomnosition. Thus, the chemical decomposition processes
of carbon added (10%). It can be observed that the amount

of metallic nickel produced also increases with time up to 1
h of treatment (sample 2c), for which metallic nickel is the

major phase and the system does not evolve upon Iongert

times of treatment. The relative visually estimated propor-
tions of NiO/Ni are 50:50 (sample 2a); 60:40 (sample 2b);
and 75:25 (sample 2c), and the average crystallite sizes ar
also between 30 and 40 nm.

On the other hand, Figure 3 shows a micrograph of a

selected sample, 1b. Agglomerates of Ni/NiO are produced
by the microwave-induced decomposition process, their grain

induced in our case by the microwave irradiation are not
very different from those produced by the conventional ther-
mal heating, but times of treatment are much smaller, and
he nanometric particle size is due to the lack of sintering;
agglomerates are formed due to magnetic interaction between

é)articles.

(63) Gadalla, A. H.; Yu, H.-FThermochim. Actd99Q 164, 21.

(64) Estelle J.; Salagre, P.; Cesteros, Y.; Serra, M.; Medina, F.; Sueiras,
J. E.Solid State lonic2003 156, 233.

(65) Cramer, R. E.; van Doome, W.; Dubois, IRorg. Chem.1975 14,
2462.

size being nanometric. In the inset, the corresponding SAED (66) Cerc Korose, R.; Bukovec, PThermochim. Act2004 410, 65.



2722 Chem. Mater., Vol. 18, No. 11, 2006 Parada and Mora

251 —O0—0—0—0- 1o} o
; sample2b
20 / —
(\35’ sample2a
£ 9] T 15mj
min.
o9 —o— 30 min.
s 10 5
g
5 2L
o] 300K =

0 10000 20000 30000 40000 50000
H (Gauss)

Figure 4. Magnetization vs applied field, measured at room temperature,
corresponding to samples 2a and 2b. An increasing Ni/NiO ratio produces T T T T

bigger magnetization. -1000 -500 0 500 1000
H(gauss)
5757 Figure 6. Hysteresis M/H loops at different temperatures corresponding
" to sample 2b.
5,70 sHin;gé)eOszauss
values obtained at different temperatures are quite similar
- cesd and that_ the shape_s of the respective loops are quite
G symmetrical, something that can, indeed, be attributed to
5 ferromagnetism. Thus, it can be concluded that, despite the
S 5607 nanometric size of our particles, no superparamagnetism is
observed and that the ferromagnetic behavior of metallic
5,55 nickel is the predominant feature.
. Nickel Formate as Precursor.If the precursor employed
5,50+ : is Ni(CHO)+2H,O and following the same methodology

T T T T T T
0 50 100 150 200 250 300 350
T(K)

Figure 5. Field-cooled and zero-field-cooled magnetization vs temperature
of sample 2b measured at 1000 G.

previously described for nickel acetate (different amounts
of carbon black or different times of irradiation), the
microwave treatment only produces amorphization, inde-
pendently either of the amount of carbon black added or the

As regarding the magnetic properties, Figure 4 shows thetime of exposure. These amorphous phases are easily
magnetization versus applied field measured at room tem-transformed to Ni— Ni/NiO — NiO nanosized phases at a
perature of two composites (samples 2a and 2b) obtainedmoderate temperature and short heating times when treated
with different times of microwave irradiationt = 15 andt in a conventional oven.

= 30 min, respectively. It can be seen that both samples Thus, when the amorphous product is treated at D0
saturate withMs values of 20 and 25 emu/g, respectively. for 15 min, pure nickel is obtained; for longer treatments,
Assuming a ferromagnetic behavior close to that of the bulk 1—4 h, the obtained products are nanosized nickel/nickel
metal for which &M value of 55 emu/g has been propo$éd, oxide composites in different ratios. Finally, for longer
we can estimate the amount of nickel in each sample, heating times (i.e., 6 h), the product is nanosized NiO. Figure
approximately 37 and 46%, respectively, in fairly good 7 shows the XRD patterns corresponding to four different
agreement with the proportions estimated from the intensitiessammes heated for 15 min (Figure 7&)h (Figure 7b), 3 h

of the respective peaks in their XRD patterns (see Figure (Figure 7c), ad 6 h (Figure 7d), where the more intense
2). To asses the possible superparamagnetism of these Nioéjiffraction peaks corresponding to fcc cubic metallic nickel
Ni composites that would appear as a result of the nanometricang nickel oxide can be observed with different relative
size of the particle$}*":59°05%e have performed measure-  jntensities corresponding to the different phase proportions.
ments of the magnetization versus temperature of a repre-|n Taple 1, the compositions and average size, determined
sentative material (sample 2b: 10% C, 30 min of treatment), using the full width at half-maximum (FWHM) of more
cooling it within an applied magnetic field of 1000 G (FC jntense peaks for samples 7a, 7c, and 7d, are listed. A
measurements) and without it (ZFC measurements), as shownemarkable feature regarding the particle size is the fact that
in Figure 5. In this plot, there is not a cusp in the ZFC plot,  the materials obtained upon oxidation are of smaller size than

which discards superparamagnetic behavior. that of the precursor metallic nickel, meaning that the external
Instead, we can observe that both curves (FC and ZFC)gpge) is progressively being peeled off.

have the same shape and do not coincide, something

characteristic of ferromagnetic materials. Moreover, some hemical that tak | h . ickel f :
complete hysteresis loops (M vs H) have been obtained for chemical process that takes place when using nickel formate

the same sample at different temperatures (2, 75, and 200Pceurs through an inverse path as compared to the nickel

K), which are shown in Figure 6; we can observe that the acetate case. The process can be described in three steps:
' ' (1) microwave heating: Ni(HC&,-2H,O — amorphous

(67) Xia, B.: Lenggoro, I. W.; Okuyama, K. Am. Ceram. So@001, 84 phase; (2) short thermal treatment (air, 3@): amorphous
(7), 1425. phase— Ni (crystalline nanosized); and (3) long thermal

According to these results, it is possible to infer that the
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Figure 7. X-ray diffraction patterns of materials obtained from nickel

formate after microwave irradiation and thereafter heated in air a®300
for 15 min (7a) 1 h (7b) 3 h (7c), ad 6 h (7d).

Table 1. Summary of Microstructural Parameters of Phases
Obtained from Nickel Formate as Precursor

sample 7a 7c 7d
Composition Ni Ni (40%H NiO (60%) NiO
@ (nm) from XRD 37 19, 16 11
Sset(M?/Q) 144 73 77

treatments (air, 300C): Ni + 1/20, — Ni O (crystalline
nanosized).

The different response toward microwave irradiation of

Chem. Mater., Vol. 18, No. 11, 2I%%

Niogz20;
Nig2om
Nigiin
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NiO(200)
Niop11)
NiO(3R) «

to sample 7c, a NiO/Ni composite.

increased. Finally, after a long enough thermal treatment in
air (6 h), they become monophasic NiO nanoparticles.

In Table 1, the values of specific surface areas of some of
the materials are also listed. It is worth noting that nickel
obtained by this procedure (sample 7a) possesses a BET
surface area of144 nt/g, higher than those reported for
nickel Raney}; and thereafter, the oxidation of nickel gives
nanosized nickel oxide (sample 7d) with a surface area
approximately half of that of the parent nickel, but still quite
high. Therefore, the use of these materials as catalysts in
different processes should be explored.

Figure 8 shows a micrograph correspondimg 8 htreated

the formate and acetate precursors can be attributed to theisample. It can be seen that the sizes of the particles are not
different structure and bonding: the acetate is a molecular homogeneous; ranging from5 to ~25 nm, the average size
solid, as previously described, while in the formate structure, is of the order of 17 nm. The inset corresponds to the SAED
chains are formed because of the bridging character of thepattern, where the typical rings of a polycrystalline sample
formate ligand, so that this salt should be named as catenaare evident and have been indexed as (111) and (200) of fcc

tetra-aqua-tetrakisuf formate O,0) dinickel (2)%8 The

metallic nickel and (111), (200), and (220) of cubic NiO,

scheme presented is consistent with data reported by othealthough the intensities of rings are much weaker for the
authorsy®"®which have prepared nickel powders by spray metal. As previously mentioned, longer treatments yield

pyrolysis of nickel formate at 35TC or nickel-nickel oxide

monophasic nanosized cubic NiO, and Figure 9 shows a

nanoparticles by the same procedure from nickel nitrate andmicrograph corresponding & 6 htreated sample. Interest-
cosolvents such as formic acid; the thermal decompositioningly, the size of these particles is smalleri0 nm), and

of the nickel formate proceeds in three steps: dehydratation,the diffraction rings depicted in the inset correspond to
decomposition, and oxidation. It is worth recalling that in polycrystalline cubic NiO.

the past few years several attempts to produce nickel and Regarding the magnetic properties, bulk NiO is known to
nickel oxide nanoparticles in strong reducing conditions, such pe gn antiferromagnet witfiy = 533 K. However, when

as working with hydrazine solutions, have been empldyed.

the patrticle size is only a few nanometers, the uncompensated

In our case, the formation of metallic nickel seems to be magnetic spins associated with the surface atoms are not

due to the reducing gasesx#HCO) that the formates produce

negligible and give rise to a net magnetization. In this

upon decomposition, and the nickel metal nanoparticles connection, Figure 10 shows the magnetization versus
formed are highly reactive, and upon treatment in air, they applied field recordedta2 K corresponding to a sample
are progressiv_ely oxidized to NiO, thus giving inte_rmediate heated durig 6 h at 300°C in air that is quite pure NiO. A
Ni/NiO nanosized composites when heating times are pysteresis loop is evident, consistent with ferromagnetic

(68) Krogmann, K.; Mattes, RZ. Kristallogr. 1963 118 291.

(69) Kang, D. J.; Kim, S. G.; Kim, H. SJ. Mater. Sci.2004 39 (18),
5719.

(70) Wang, W. N.; Itoh, Y.; Lenggoro, I. WMater. Sci. Eng., 2004 111
(1), 69.

(71) Boudjahem, A. G.; Monteverdi, S.; Mercy, Nlangmuir 2004 20
(1), 208.
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Figure 9. TEM bright-field and SAED pattern micrographs corresponding sample 7a (pure Ni). The inset shows the M/H measurements 6 tat
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407 /
Laan o J /A/
0,005 - ak . . o o 30_ /A
14 L a - Lo ] /A/A
s - " ~ ODG
g o] 4 3
£ ° e
L o
2 ; e
=
00°
o
-14 . °
r T T T T T T 1 L 1 I 1 "
-60000 -30000 0 30000 60000 -1000 -500 0 500 1000
H(gauss) H(Gauss)

Figure 10. M/H meausurementg & K corresponding to sample 7d (NiO).

The amplified hysteresis loop is shown in the inset. Figure 12. Asymmetrical hysteresis loops observed in M vs H measure-

ments for sample 7b (Ni/NiO composite) at different temperatures: 2, 150,
. . . . and 280 K.
an applied field of 5 T, and a coercitive field o700

Oe can be measured @ K (see the inset). Interestingly  pias can be detected. This phenomenon, typical of the
enough, other authors have reported similar magnetizationjnteraction between ferromagnetiantiferromagnetic materi-
values for nanosized nickel oxide:2.5 emu/g for particles i has been extensively studied in nanostructures by Nogue
of sizes about 23 nm and~0.3 emu/g for particles ranging et 4|78 and consists of a displacement along the magnetic
between 13 and 18 nfithe particle size being in our case  fie|d axis of the hysteresis loops, which become asymmetric.
about 10 nm. In this connection, we have measured different hysteresis
On the other hand, for a sample that is pure metallic nickel loops on the magnetization curvesTat= 2, 150, and 280
(sample 7a), obtained by heating the amorphous phase ak, which are shown in Figure 12. It can be observed that
300 °C for 15 min, FM behavior, as expected, has been the coercivityHc reduces with temperature-650, ~450,
found; see Figure 11. and~250 Oe at 2, 150, and 280 K, respectively), a feature
In this case, a saturation magnetization value of 36 emu/gthat can be attributed to the role of thermal activation as it
is reached at 6 T, smaller than that expected for ordinary, occurs in ferromagnetic materials when approaching the
ferromagnetic nickel (55 emu/g), which can be related to Curie temperature. It can be seen that the hysteresis loops
the small size of the obtained nickel particles. Worth noting, presented are somehow asymmetric and shifted along the
these particles remain unaltered in room conditions at leastfield axis, and therefore, an exchange bias is apparent in this
for 3 months, which indicates that some passivation takes material; it can be estimated as 50 G, and most likely, the
place. FM material would be the nickel in the core of the particles
In Ni/NiO composites such as sample 7b, obtained by While the AFM material would be the nickel oxide shéll.

heating the microwaved productrfd@ h at 300°C in air,
and probably with a coreshell configuration, ferromag-  (77) Seto, T.; Akinaga, H.; Takano, F.; Koga, K.; Orii, T.; Hirasava, M. J.
netism is also observed, and moreover, a very interestin Phys. Chem. 200 109 (28), 13403,

’ ’ y g(78) Nogus, J.; Sort, J.; Langlais, V.; Skumryev, V.; Staah, S.; Mloz,

new phenomenon, referred to in the literature as an exchange  J. S.; Bafp M. D. Phys. Rep2005 422, 65.
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to be due to the small size of the particlesl® nm) when
10,09 produced from the formate, very different from the acetate.

FC \ More work at higher temperatures is in progress to ascertain
this particular point.

9,5

°07 Conclusion

8,5 As a summary, we can conclude that the microwave

sample 7¢ irradiation of two different nickel organic salts (acetate and

8,0 2EC formate) produges Ni/NiO nanoparticl_es but quite differently.

The acetate directly produces particles26 nm) of the

7,5 antiferromagnetic oxide that are progressively reduced to

. . — ferromagnetic nickel. In the formate case, two consecutive

0 50 100 1502000 280 300 treatments are required: microwave irradiation and then
T(K) conventional thermal treatment in air, and this results in

Figure 13. Zero-field-cooled and field-cooled measurements of the smaller nanoparticlesf\(lo nm) where ferromagnetism is
magnetization vs temperature in an applied field of 1000 G corresponding

to a Ni/NiO composite (sample 7c). A cusp near 250 K in the ZFC plotis &/ways observed: for pure NiO (normally antiferromagnetic),
evident. pure Ni, and Ni/NiO composites as well, which would
present a coreshell morphology (nickel in the core and an

Actually, other authors have also found exchange bias effectsoxide shell).

in mixtures of Co (FM) and NiO (AFM) nanometric powders

that, a_lthough prepared_ by a d_iffereht method (high energy Acknowledgment. The authors express their gratitude to
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both curves is evident, and as an important feature to note,cmM0511365

the Mzec curve exhibits a cusp at 2500 K that defines

. 79 -
the_bIOCkmg tempe_rat_uré’é), above which supe_zrpar_amag- (79) Stephen BlundelMagnetism in Condensed Matté@xford University
netic (SPM) behavior is normally accepted. Again, this seems Press: New York, 2001.
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