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Superparamagnetism and magnetic properties of Ni nanoparticles embedded in S}O
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We have performed a detailed characterization of the magnetic properties of Ni nanoparticles embedded in
a SiO, amorphous matrix. A modified sol-gel method was employed which resulted in Ni particles with
average radius-3 nm, as inferred by TEM analysis. Above the blocking temperafigre 20 K for the most
diluted sample, magnetization data show the expected scaling ™ the; vs H/T curves for superparamag-
netic particles. The hysteresis loops were found to be symmetric about zero field axis with no shift via
exchange bias, suggesting that Ni particles are free from an oxide layef.<Fbg the magnetic behavior of
these Ni nanoparticles is in excellent agreement with the predictions of randomly oriented and noninteracting
magnetic particles, as suggested by the temperature dependence of the coercivity field that obeys the relation
Ho(T)=Hco[1— (T/Tg)*?] below Tg with Hey~780 Oe. The obtained values Hf.,, considering the tem-
perature dependence of the magnetic anisotropy constant, are discussed within the scenario of isolated ran-
domly oriented and noninteracting single-domain particles.
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[. INTRODUCTION single-domain particles are lacking. Ultrafine Ni particles
provide a good example of such low coercivity materials.
Nanosized particles of ferromagnetic metals such as Fe, Isolated Ni nanoparticles can be obtained by
Co, and Ni are the focus of growing interest because of botlevaporatiort® and other techniques like sputteritighigh-
the richness of their physical properties and potential applienergy ball milling? ion exchangé® and sol-gei®?° have
cations like catalysts, high density magnetic recording mebeen used to embed Ni particles in an inert, nonmagnetic
dia, ferrofluids, and medical diagnostics. In 1946 KitteP ~ matrix. Particularly, preparation of Ni nanoparticles dis-
clearly established, by energy considerations, that a singlpersed in porous matrix, typically silica, exhibit two main
magnetic domain would be more stable for particles below groblems: the control of the size of the particles, and the
certain critical size(e.g., ~10 8 m for iron), and Nel®  oxidation of the particle surface. The control of the average
pointed out that for such small particles thermal agitationsize of the particles strongly depends on the parameters of
will prevent the existence of stable magnetization, leading tqhe preparation method. However, because of the very high
a superparamagnetiGPM) state. The pioneering work of gyrface area to volume ratio, these particles have a high re-
Stoner and WohlfarttiSW) provided a model of magnetiza- ctivity and can be easily environmentally degraded. This
tion reversal in single-domain particlésonsisting of a co- usually results in particles with a shell-core morphology

herent rotation of the magnetic moments. The experimentaj e e’ an antiferromagneti@FM) oxide layer surrounds the
difficulties in manufacturing nanoparticle systems of goodL

o . ! ferromagnetic particles, which can yield misleading conclu-
quality hindered a precise comparison to the SW model unti ions from the magnetic data.

recent years, when delicate works on isolated nanoparticles In this work, we present a detailed study on the magnetic

of Co®°Fe ! Ni nanoparticles dispersed in sili¢aand Co : . DA .
nanoclusters showed that although the SW model accu_pr_opertles of h|gh-quz_s1llty N' na_nopartl_cles Of_ about 3 nm
rately describes the magnetic behavior, it fails to account folVIth VEry narrow particle size distribution, oxide free, pre-

more subtle microscopic mechanisms, as discussed in Refared through a modified sol-gel precursor metfbilve

14. But, as the magnetization reversal in the frozen state wilfound that the magnetic properties of such particles are pre-
depend on the dominant magnetic anisotropy, very differengisely described by a model of thermally activated, randomly
magnetic properties should be expected for fine particle§tiented and noninteracting SPM particles, by taking into
with high and low crystal anisotropies, provided that shapeaccount the temperature dependence of the magnetic anisot-
or stress anisotropies are not predominant. Although comropy. We also show that interparticle interactions are readily
parative studies on Ni and Co nanowires have revealed thatservable for highly diluted samples, indicating that the or-
the different crystalline anisotropies of both materials yielddinary criteria for defining a magnetically diluted system of
different magnetic behaviofs, studies on low anisotropy noninteracting particles must be revised.
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II. EXPERIMENT

Nanocomposites of Ni:SiDwere synthesized by using
tetraethylorthosilicaté TEOS), citric acid, and nicke(ll) ni-
trate. The citric acid was dissolved in ethanol and the TEOS
and nickel nitrate were added together and mixed for homog-
enization at room temperature. The polymerizing reaction
was promoted by adding ethylene glycol to the citrate solu-
tions at temperatures close to 100°C. The solid resin was
heated at 300°C for 6 h, ground in a ball mill, and then
pyrolyzed at 500 °C. Further details of the method employed
can be found elsewhef®.Here we concentrate our discus-
sion in two diluted samples with~1.5- and 5-wt. % Ni
which are referred in the text as samp&isandS2, respec-
tively.

The structure and morphology of the magnetic powders
were examined by transmission electron microscopy TEM
with a Philips CM200, 200-kV, high-resolution transmission
microscope. Observations of the nanocomposites were per-
formed on a drop of powder suspension deposited on an
amorphous carbon-coated nickel grid.

Magnetization measuremeniM (T,H) in applied mag-
netic fields betweent7 T and for temperatures ranging
from 2 to 300 K, were performed in powders conditioned in
gelatin capsules with a Quantum Design SQU#Dpercon-
ducting quantum interference deviamagnetometer. To de-
termine the coercivity field few steps were followed) first,
the sample was cooled in zero applied magnetic field fronfrom Tg~20 K for theS1 sample tolg~40 K for the more
room temperature down to the measuring temperat@]k; concentrateds2 Sample, in agreement with either a Iarger
second, hysterisis loops were measured in magnetic field&/erage size particle and Ni concentration of sangalé*
ranging from =7 T. Between each hysteresis loop the The SPM behavior of these samples abdgewas con-

sample was warmed up to room temperature, and the stefi§med by magnetic hysteresis loops measured between 2 and
described above were repeated. 200 K, as shown in Fig. 3 for the more diluted sam§gle

Let us concentrate first on the curves taken in the high tem-
perature regime. Th&/M g curves plotted again$t/T for

Ill. RESULTS AND DISCUSSION T>Tg results in a universal curve. This scaling is consistent

) L i i with SPM response, though it is strictly only a true scaling at
Figure 1 shows a low magnification TEM bright field |,y fie|ds for temperatures abog . In addition, aboves,

(BF) image of theS1 sample. It is observed that the Ni e contribution from the SPM particles to the total magne-
nanoparticlesdark spots in the photograplare well dis-

persed in the amorphous Si@atrix. BF-TEM analysis re-
vealed that the Ni particles present an homogeneous particl

FIG. 1. Transmission electron micrograph of Ni nanoparticles
embedded in an amorphous Sifatrix.

size distribution, with a mean particle size ©f3.3 nm(see | o, H=1kOe

the high magnification BF-TEM image in the inset of Fig. 1 o O, o S1
The temperature dependence of the magnetizaf@m) 0.24 l° Te ﬁﬁaﬁ o 82

of both samples, taken in zero-field-cooliti€f~C) and field- 5

cooling (FC) conditions(Fig. 2), exhibits the main features g ;Oéo oo

of SPM systems(1) the ZFC curves are rounded at the & o7 |

blocking temperaturd g, defined as the temperature of the = ¢.20} .©
maximum, indicating a blocking process of the small par- ZFC ®
ticles; and(2) a paramagneticlike behavior aboVvg. It is s
important to notice that abovég, the y ! (not shown is

roughly linear with temperature in agreement with the Curie  0.16
law. At high temperatures, roughty 220 K, where the mag-

netic susceptibility of the system is very small, this linearity
breaks down. This, as observed in nanoparticles of R,

9) and Ni(Ref. 21), is due to a temperature-dependent satu-

ration magnetization which decreases the particle’s super- F|G. 2. Temperature dependence of the magnetization for
paramagnetic moment, increasing the slopg of versusT  samplesS1 andS2. Curves were taken in the ZFC and FC pro-
at high temperatures. The data also indicate hatshifts  cesses aH=1 kOe.

0 50 100 150 200 250 300
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T T T TABLE I|. Best-fit parameters foM/Mg(H,T) vs H/T curves

10 5 g; K ¥ T e and calculated radii of spherical particles. Magnetic moment values
in emux 10'7 and radii in nm.
o 100K
a 150K | _ :
05 o 200K . Sample weighted. (x) simple L(x)
& o L(yfit | Ko To Mm fm O u roory
S0 tog-normal LU Tt § s ] = 46 28 12 38 14 52 29 25

2 51 29 17 44 16 6.1 3.1 3.1

the mean magnetic moment,, obtained by the latter is

TR TR TR higher. The radii of supposed spherical particles calculated
u(emu x 10'6) i from the respective magnetic moment values are in excellent
P e T T T T agreement with TEM observatiorg$able ).
H/T (T/K) Turning now to the low temperature regime, Fig. 4 shows

the hysteresis loops measured at temperatures ranging from
FIG. 3. Normalized magnetization as a functiontfT attem- 35 to 50 K. We remark that NiO/Ni composites exhibit an
peratures of 50, 100, 150, and 200 K for nanocrystalline Ni parexchange bias due to interfacial interaction between ferro-
ticlgs. The inset shows th_e Iog'-normal distributie) of the mag- magnetic Ni and AFM NiG* This exchange interaction is
netic moments, as described in the text. evidenced through a shift of hysteresis loops along the field
axis when the system is field-cooled below the ordering tem-

tization is described byl =Msl (x), whereMs=Nu isthe  horare of the AFM phase. Definirige+ and He- as the

saturation magnetization due to N particles with magnetiG,oecjve fields with decreasing and increasing fields, respec-
moment x, and L(x) is the Langevin function withx

_ tively, a measure of the symmetry of tihd(H) curves is

=uH/KgT. This expression assumes that the system is CoMgiyen hy AH. = (Hc- +He-)/2. Previous works on Ni/NiO
prised of noninteractingand monodisperseparticles. How- systems reported values for the exchange bias fiei}-

ever, since real systems do have a distribution of magnetipangmg from~80 Oe in Ni/NiO nanowire to ~700 Oe
. ) : . "5 partially oxidized Ni nanoparticle®. The hg/steresis loops
;'eld H 'gzﬁ"z?“er described as a weighted sum of Langev'rhisplayed in Fig. 4 clearly show that these loops are symmet-
unction ric about zero field §H.~1 Oe) indicating the absence of
= [ uH particles with the shell-core NiO-Ni morphology. The data
M =f L(ﬁ) f(u)du, (1) also indicate a negligible contribution of isolated NiO nano-
0 B particles, which would exhibit large loop shifts of up to
27 H
wheref () is the distribution function of magnetic moments ~ 10 kOeX" Thus our magnetic data strongly suggest that the
related to the saturation magnetization by m_odlfled .sol—gell method usgd for _the synthesis o_f nanosaed
Ni metallic particles results in significantly less oxidized me-

® tallic particles than other techniqu&s®
Ms= fo flu)du.

0.8

Equations (1) and (2) assume thatMg is nearly
temperature-independent, a condition valid provided that
Tg<T<T.. Therefore, our analysis has been restricted to

the 50<T<200 K range, sincdg<40 K andT-~650 K. — 04
To perform the calculations we have used a log-normal dis-2
tribution of x values, g
0.0
o
1 In?(w/ g
ex% — M , (3) E

20?

flu)=———
(®) Zane

whereo is the distribution width ang.q is the median of the
distribution related to the averagmean magnetic moment
(tm) bY pm= o exp(—a?/2). Table | shows the best-fit pa-
rameters obtained for sampl8% andS2, using Egs(1) and '°'_%_10 T 005 000 005 0.10
(2), and a single Langevin function. Although both fits lead H (T)

to comparable results, the most important difference arises

from the magnetic moment values. The simple Langevin fit-  FIG. 4. Expanded view of hysteresis loops taken at 3.5, 10, and
ting results in a magnetic momept close to the median 50 K for nanocrystalline Ni particlesd+ andH- are defined in
value . obtained from the log-normal weighted fitting but the text.

'
I
'S
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6 - r - — T ment with those obtained from TEM and (H) data, as
shown in Table I.
g Equation(4) also gives additional information regarding
] Hc at low temperatures. By using the appropriate expression
J Hcp=0.64K, /Mg for randomly oriented and noninteracting
particles and the Ni bulk valubg (T=0)=541 emu/cr,
we found Hcg~950 Oe. This zero-temperature coercivity
field is similar to the one of-780 Oe obtained for sample
S1 by the extrapolation of thel ¢ vs T*2 curve, as shown in
the inset of Fig. 5. These results indicate that the model for
randomly and noninteracting particles gives appropriate val-
o ues for the coercivity at low temperatures, at least for the
oo ° ° g T more diluted sampl&l1. The difference of~20% between
. S S B the predicted and théower experimental coercivities ex-
0 25 50 100 150 200 trapolated toT=0 may be associated to incoherent magne-
T(K) tization reversal processes, such as fanning and curling, re-
FIG. 5. Temperature dependence of the coercivity for lated to weak magnetic inter_actions which are expected Fo
samplesS1 andS2. The inset showsi<(T) to obey a T)2 de- decre_aseH co- These me_chanlsms are known to be d_eterml—
pendence wittH ¢, of ~780 and 650 Oe for sampl&L andS2, nant in patterned materials, as previously observed in nano-
respectively. metric Ni chains and wiréd>*where incoherent rotation by
curling can reduce the reversing field down+30% of the
calculated for rotation in unison. Although TEM micrographs
of our samples do not show evidence of significant particle
agglomeration, dipolar interactions that might induce an evo-
lution of the magnetization reversal toward more incoherent
and heterogeneous mechanisms cannot be ruled out.

[+:]

H, (10°Oe)
& [=2]

[\V]

H, (10°Oe)

TheH(T) values at different temperatur@sg. 5 reveal
that coercivity develops appreciably beldw~ 20 and 40 K
for samplesS1 and S2, respectively, in agreement with
blocking temperatures inferred from(T) curves. The coer-
civity for a system ofrandomly oriented and noninteracting
particlesis expected to follow the relation

IV. CONCLUSION

1/2 . .
In summary, we have prepared Ni nanoparticles embed-
He(T)=Hco 1—(T—B) } 4 Y i "

ded in SiQ amorphous matrix which exhibit superparamag-
netism aboveTg<40 K. The magnetic characterization of

_ 28 ) _ these materials indicates that metallic particles are free from
with Heo=0.64K/Ms,™ whereK is the anisotropy constant 4 oxide layer, as inferred from the absence of exchange bias
of bulk Ni, Mg is the saturation magnetization, afigs hysteresis loops taken at temperatures befgyv The
=K(V)/25g . The above expression considers that the magmagnetic behavior of the more diluted samples is consistent
netization reversal takes place coherently, a situation that cagjiin the predictions of systems having randomly oriented
be achieved when interparticle interactions are and noninteracting small particles when the temperature de-
neglected*>* Figure 5 shows that this dependence ispendence of the magnetic anisotropy is considered. The
closely followed by both samples, supporting the picture ofsmall difference between predicted and observed coercivity
noninteracting particles, as previously observed in systemfields at zero temperatuté, is still an open problem.
comprised of metallic and ferromagnetic nanopartiéigs’

Also, the extrapolation ofHc(T) to O yields values offg

~16 and~ 27 K for samplesS1 andS2, respectively, con-

sistent with those obtained froi (T) curves. ACKNOWLEDGMENTS
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