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Size-dependent magnetic properties of NCgy granular films
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Ni/Cgo granular films were prepared by magnetron sputtering and thermal evaporation techniques with
different ratios of Ni atoms to £ molecules. A high-resolution transmission microscopy analysis shows that
Ni nanoparticles are well isolated and embedded in an amorphgus&rix. X-ray-diffraction and Raman
spectra indicate lattice expansion of Ni particles and charge transfer from Njgtowhich provide clear
evidence that strong interfacial interactions exist between Ni particles andjinea@ix. Measurements of the
surface magneto-optical Kerr effect show that the coercivitits) (of Ni particles embedded inggmatrix are
enhanced significantly. The film with an average Ni particle size of 3.3 nm still presents ferromagnetism with
a value ofH¢ of 45 Oe at room temperature. We suggest that the enhancemety ofay be attributed to
surface spin disorder of Ni particles induced by the strong interfacial interaction between Ngand C
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[. INTRODUCTION the critical size for the superparamagnetic transition is about
3 nm, which is remarkably smaller than that of Ni embedded
Many researchers have given evidence of interfacial interin SiO, or graphite matrix11314
actions between & and metals, e.g., charge transfer and
surface reconstructlolrﬁ The_ chargg trgnsfer fr_om metal t.o Il EXPERIMENT
Ceo may provide opportunities to find interesting properties
in metal/G, nanocomposite materials, since the interfacial Granular Ni/G films were prepared in a magnetron sput-
atomic and electronic structures are very important to theering system. The base pressure waa0x 10 ° Pa. High-
properties of nanostructured materi#is Based on this con- purity argon gag99.999% was used as the sputtering gas.
sideration, some interesting physical and structural propertieshe Ni target(99.99% was sputtered with dc magnetron
of (Co,Fe,CoFe)/&,® Ag/Cs, nanocomposite filnfsand  sputtering at a pressure of 3.0 Pa, and the deposition rate was
(Al,Cu)/Cgo multilayer film$ have already been reported. ~0.15 nm/sec. A thermal heating source was used to subli-
It is known that the interaction betweensdCand Ni is  mate Gy powder(99.9% at a deposition rate 0f0.06 nm/
strong. When g, was deposited on Ni10), reconstruction sec. The Ni target and thesgheating source were separated
of the Ni(110 surface was induced and2 electrons were from each other. During deposition, a substr&é, glass,
transferred from Ni to g.° Therefore, it is reasonable to Si, or NaC) was placed on a disk and was exposed alterna-
expect that the magnetic properties of the Ni nanoparticleively to the two sources controlled by a computer. In order
embedded in the & matrix will be different from that of to obtain homogeneous Niigcomposite films, the holding
Ni/SiO, nanocomposite or graphite-coated magnetic nanotime of the substrate under each source was limited so that
crystalline films which were studied intensively in the pastthe deposition thickness in each cycle is less than 1 ML. In
yearst?~1 this way, the two components can blend into each other very
Understanding the magnetic properties of nanopatrticles iwell. Five samples with various nominal ratios of Ni atoms
a central issue in magnetic materilsn many cases, finite- to Cgo molecules Ny;:Ncgo) from 1.5 to 30 were prepared
size effects dominate the magnetic properties of nanopaby adjusting the holding times under Ni ang,Gources.
ticles, and become more important as the particle size de- Films on SiQ glass substrates with a nominal thickness
creases because of the competition between surface magnesit50 nm were analyzed by x-ray diffractomefi¢yRD) with
properties and core magnetic properfiegor a particle of 18-kW CuK« radiation. Films with a nominal thickness of
radius~4 nm, 50% of atoms lie on the surface. The symme-25 nm were also deposited on freshly cleaved N@l)
try breaking at the surface results in a surface anisotropy. Isubstrates for JEOL 2010 high-resolution transmission elec-
other cases, the magnetic properties of nanoparticles ateon microscopy(HRTEM) analysis. A Raman spectrometer
strongly influenced when the surface is in contact with dif-was used to investigate the metgl{@terfacial interactions
ferent medid’ Therefore, surface effects in a nanoparticlein films on Si substrates with nominal thickness of 200 nm.
are of great important. Magnetic properties of the films on SjGsubstrates were
In this paper, we report our studies on the preparation antheasured by a surface magneto-optical Kerr effect
characterization of Ni/gy granular films with Ni nanopar- (SMOKE) measurement system at room temperature. The dc
ticles embedded in amorphougCnatrix. We find that the magnetic field was applied in an in-plane direction in a scan-
coercivity of Ni nanoparticles is enhanced significantly, andning range from—2 to 2 kOe.
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FIG. 1. The spectrums of x-ray diffraction at room temperature.
(a). The spectrum of the film in whichNy; :Nggo=30 is in the
scanning range of 40°-105() Ni (111) XRD peaks of the films.

The arrows indicate the Kill) peak positions. ) ]
FIG. 2. The HRTEM image of the filmNy;:Ncgo=6). The

IIl. RESULTS AND DISCUSSION black lines are guides to the eye for the(Nil) lattice.

Figure Xa) shows a typical XRD spectrum of the as-
depositedNy; :Ncgo=30 film on glass substrates in & 2 . .
scanning range of 46°105°. Because the XRD peak posi- nanoparticles is 2.5 nm.

i T - Figure 3 shows the Raman spectra of the Rj/@lms
tions and the relative intensities of the samples match those. : . .

. . . With Ny :Ncgo ratios of 1.5, 6, and 30 respectively. The mea-
of polycrystalline Ni powder, we conclude that there is no

dominant crystalline orientation for the Ni grains. Therefore,surernents were performed at room temperature, and the laser

we can calculate the average diameters of Ni grains with thBOWer was below 50 mW/cfrin order to minimize the pos-

Scherrer relation. The results show that the average size dg'-ble photogcilymenzatlon effect ofggmolecules. The peak
) X at 1469 cm- corresponds to the pentagonal pinch mode
creases from 6.6 to 2.6 nm as tNg; : N¢g ratio decreases

from 30:1 to 1.5:1(see Table ). At the same time, the [Ag(2) in pristine Ggl. The peaks at 1457 cm (Nyi :Nceo

: " . . =15 and 6 and 1444 cm® (Ny;:Ncgo=30) are the
Ni(111) peak position downshifts from 44.5° to 44.[Fig. . . _ Ni - 7 C60
1(b)], indicating that the lattice of the Ni particles expands, soften” modes of Ad2); they reflect the charge transfer

and the expansion increases with the decrease of partic%om Ni to Coo. The downshift of the AP) mode in an

: o : ni :Nceo=30 film is 25 cm'!, and that inNy; :Nggo=1.5
Z%ehnljoga(re;i(s;np()\:e, .,t\Te |Ee3r6t)|t¥sd2|s(t)%récle& c;r%\htl%;[o;of 5 and 6 films is 12 cmt. According to the calibration of the
0" Ni-'NC60™— .

) _ - : ; 6-cm ! downshift of the Ag2) mode per electron transféft,
\Z/é?l;gﬁssp;ggle'&(\'m Nceo=1.5) is 2.056 A, while the bulk we derived that the charge transferred to eaghrolecule
. i in an Ny;j:Ncg=30 film is ~4 electrons, and that in
Nni:Nceo=1.5 and 6 films are-2 electrons. These results
uggest that the interfacial interactions between Ni nanopar-

TEM images that the average interparticle separation of Ni

Atypical HRTEM image of an as-deposited NifZranu-
lar film (Ny;:Ncgo=6) is shown in Fig. 2. From this figure,
we can see that Ni nanoparticles are embedded in an amot
phous Gy matrix. The statistical result of the particle size
obtained by counting over hundreds of particles is displayed " T " T " T
in the inset of Fig. 2, which indicates that the size distribu- 1469
tion is narrow and the average size~8.2 nm. This consists

with the XRD result(3.3 nm. We also estimated from HR- =
=
=
TABLE |. Structure parameters and coercivityi) of the 4
Ni/Cgo films. D is the average size of Ni particledy; is the identity i
distance of Ni(111), andH¢ is the coercivity of Ni particles. >
‘@
c
No. Nni :Nceo D (nm) dni (A) Hc (O¢) 2
1 151 2.6 2.056 ~0 -
2 6:1 3.3 2.052 45 NN 144 [ MU A
3 12:1 4.3 2.046 47 1300 1400 1500 " 1600 1700
4 18:1 5.1 2.039 66 Raman Shift (cm‘1)
5 30:1 6.6 2.036 85

FIG. 3. The Raman spectra of the NifJilms.
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1.02 — ' T coercivity of D=3.3 nm Ni/Gy film (Ny;:Ncgo=6) is 45

30:118:1. Oe (see Table )l which is larger than that ob=13.6 nm

o1l 1241] Ni/C film. Zhao et al* studied Ni/SiQ granular films, and

’ 6:1 found that the blocking temperature3g) are 27 K for
.5 ] 3.5-nm Ni nanoparticles and 80 K for 6.1-nm nanoparticles.

1.00 Considering that the superparamagnetic transition size in-
creases with the temperatiffeand that theD =3.3 nm Ni
particles in the G, matrix are still in the ferromagnetic state

Kerr Signal

0.99 | g (Hc=45 Oe) for theNy; :Ncgo=6 film, we can simply con-
clude that the transition size of Ni particles in thg, @atrix
is much smaller than that of Ni nanoparticles in the SiO
0.98 T —

matrix at room temperature~300 K). Based on the above
discussions, we suggest that, for Ni nanoparticles embedded
in a G5o matrix, the coercivity is enhanced significantly, or in
FIG. 4. The hysteresis loops measured by SMOKE systems adther words, that the critical size of superparamagnetic tran-
room temperature. sition is much smaller as compared to Ni nanoparticles em-
bedded in graphite or SiOmatrix.
ticles and the g, matrix are very strong. Coupling between magnetic particles often plays an es-
It is interesting to note that the charges transferred fronsential role in determining the magnetic properties of granu-
Ni to Cg, reduce when the Ni nanoparticles become smallerar systemg? However, such coupling reduces with increas-
We think this is due to the quantum size effects of Ni nano-ing interparticle separation. Murakawt al>* reported that a
particles. The average sizes of Ni particles Niy;:Ncgg ~ separation of 1-2 nm by SiQayers remarkably weakened
=1.5, 6, and 30 films are 2.6, 3.3 and 6.6 nm, respectivelyhe exchange interaction of magnetic grains. Hayashi 12
(see Table)l For very small metallic nanoparticles, the en- also suggested that 2-nm-thick graphitelike carbon layers
ergy levels become quantized and the number of total freeould significantly reduce the exchange coupling between
electrons is limited. In this case, their Fermi levels will be- cobalt nanocrystals. Furthermore, Zheeigal® studied the
come lower and lower as more and more electrons are trangaagnetic properties of (Co,Fe,CoFe}{Cgranular films.
ferred away. When the Fermi level reduces to equal to th@hey suggested that thesgmolecules could limit the grain
lowest unoccupied molecular orbital of thggdnolecules, growth and reduce the magnetic coupling between the metal
charge transfer from Ni to £ stops. Wanget al*® studied  grains. According to our HRTEM result&ig. 2), Ni nano-
the interactions between Ag nanoparticles aggi@olecules, particles distribute in a very narrow size range and are iso-
and concluded that the charge transfer from Ag tg @hly  lated from each other with interparticle separations-@&.5
occur when the Ag clusters are greater than a critical @ze nm. So we think that the magnetic coupling between Ni
nm), while only weak van der Waals type interactions existnanoparticles should not be the dominant reason for the en-
between Ag and g when Ag particles are smaller than 4 hancement of the coercivities in the NigJilms.
nm. This result supports our discussion for NgGystem. In general, bond lengths at the surface of metal nanopar-
The measurements of magnetic properties were carrieticles tend to contract as an effect of reduced coordin&fion.
out by using a SMOKE instrument with longitudinal con- Stadniket al?® reported that the lattice constant for a 5-nm
figuration, the dc magnetic field being applied is in the in-Ni particle embedded in a SyOnatrix decreases by2.4%
plane direction and parallel to the incident plane of theas compared to the bulk valu@.034 A). However, in our
He-Ne laser beam. The hysteresis loops measured at roooase, instead of lattice contraction, a lattice expansion of Ni
temperature are given in Fig. 4. The loops indicate that thearticles was observe(Fig. 1). Pospesciet al2® also re-
coercivity (Hc) decreases with the decrease of the averagported a lattice expansion of 0.2—0.6 % for Cu nanoparticles
particle sizegsee Table)l As the average particle size varied in Cu/Gsy granular films. What makes the metal nanopar-
from 3.3 to 2.6 nm, the loop degenerated into a line HRd  ticles embedded in a & matrix so different is the strong
reduced from 45 Oe to undetectable. This indicates that theharge transfers from metal tozC As electrons are trans-
critical size for the superparamagnetic transition lies in beferred away from a metal nanoparticle, the coupling between
tween 3.3 and 2.6 nm at room temperature. the metal atoms is reduced. This will in turn lead to a lattice
It is known that, due to thermal effects, the coercivity of expansion. The smaller the nanoparticle the less it can offer
ferromagnetic nanoparticles decreases abruptly with decreass the free electrons. For smaller nanoparticles, the ratio of
ing particle sizeD),'>*°when the size is less than a critical lost electrons to the total number of electrons is higher than
size Do) below which the particle will be a single domain that of larger nanoparticles. We think this is the dominant
particle. According to Brown's micromagnetic thedfy?>  reason why the Ni nanoparticles expands more and more
the estimatedg. for a spherical Ni particle is~42 nm.  when they become smaller. This kind of lattice expansion
Block et al. reported that? at room temperature, the coer- may reduce the exchange coupling between Ni atoms, so it
civity of the graphite-coated Ni nanoparticles decreases frontends to disturb the spin orders at the surface of Ni nanopar-
~40 to~20 Oe with the decrease of the average patrticle sizéicle in the Ni/G films.
from 13.6 to 11.4 nm. However, at room temperature, the According to Kodama and Berkowit?, when surface
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spin disorders are present, the surface anisotropy enhancege to the effect of the interfacial interaction between Ni and
the coercivities of spinel nanoparticles. When the surfaceCg,. Therefore, we suggest that the coercivities are enhanced
anisotropy is uniaxial, with an axis defined by the dipolarby the surface anisotropy because of the spin disorder at Ni
moment of the neighboring ions, the easy axis of these ionparticle surfaces in a Nifg system.

is approximately radial. If the spins are perfectly aligried

surface spin disordgrthe effect of the radially symmetric

surface anisotropy will average to zero. For this case, IV. CONCLUSION

Kodama and Berkowitz found that the coercivity was van-

ishingly small for the 2.5-nm NiF®, particle. When there é:)rroperties of Ni nanoparticles in Nijggranular films. Ni

was surface spin disorder, the surface anisotropy no long nanoparticles as small as 3.3 nm still present ferromagnetic
averaged to zero, and resulted in an enhanced coercivit b ) P 9

(1800 Og for the 2.5-nm NiFgO, particle. Moreover, Nunes Ef_ropertflef] HC:h45 Oe) at r?om te_m_peratureH The mgcha—f
et al?’ predicted very nonuniform strains in the surface Iay-nlsm of the enhancement of coercivities or the reduction o

. . . : . _the critical size of superparamagnetic transition is discussed
ers of spinel ferrite nanoparticles, with an average expansio Perp 9

of a few percent compared to bulk, in qualitative agreemenBy cpnsidering the strong. interfacial interaction between Ni
with x-ray-diffraction dat&® They suggested that such an particles and the & matrix. The charge transfer and the

expansion may result in a stress-induced anisotropy field 0|f’:\ttlce expansion may lead to the spin disorder at the surfaces

up to 70 kOe, which could account for some of the anoma-Of Ni nanoparticles. Consequently, the surface spin disorder

lous magnetic behavior of ferrite nanoparticles. Although thelefa(:]s to.the surfagelan|§ot:10py and _enhances the coercivities
objects they considered are ionic materidNiFe,O,, of the Ni nanoparticles in the gy matrix.

a-Fe,05; and CoFg0,), we think their model can be applied
to our system in principle. The lattice expansion at the Ni
particle surface may also have similar effects of the “broken
exchange bond,*® reducing the exchange integraland This work was supported by the NSF of China
leading to surface spin disord&rFurthermore, the spins of (50132030, 50121202, 10174073, 19904048d NKBRSF
the surface nickel atoms may also be perturbed by the sufG1999075308F and ICQS of the Chinese Academy of Sci-
rounding Go molecules and become more difficult to reverseences Foundation.

In summary, we have studied the size-dependent magnetic
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