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Carbon-nickel nanocomposite thin films were prepared by ion beam cosputtering a graphite target
having a nickel chip attached to its surface. The amount of Ni incorporated in the films was
controlled by the size of the Ni chigfrom 5 to 22 wt%, and measured byn situ x-ray
photoelectron spectroscopfXPS). High-resolution transmission electron microscopy images
indicated that the films have a granular structure with nanosize Ni particles embedded in an
amorphous carbon matrix. The Ni particles have an average radiu® oim, with a rather narrow

size distribution. Magnetization measurements revealed that films are superparamagnetic and
present blocking temperatur€g< 13 K. The combined results of XPS and magnetic measurements
indicate that Ni particles are free from oxide layers. In addition, the estimated value of their
anisotropy constant was found to be higher than the expected value for bulk Ni. The origin of this
discrepancy is associated with both shape and interaction anisotropR30%American Institute

of Physics[DOI: 10.1063/1.1852702

INTRODUCTION and electric insulation. However, these oxides lack the me-
chanical and tribological properties required in magnetic

Nanosize particle¢NPg of ferromagnetic metals such siorage device applications such as hard disks. On the other

as Fe, Co, and Ni have been extensively studied due to theyng carbon-based thin films such as diamond-like carbon

richness of their physical properties and the wide range 0gmd amorphous carbon nitride alloys are widely applied to
potential applications, including catalysts, high density mag-

) i ; ; . _ ) rotect the active magnetic layers in magnetic storage de-
netic recording media, ferrofluids, and medical d|agno§t|cs.p. . g y . g : g .
vices, due to their excellent mechanical and tribological

Metallic NPs can be easily prepared by a number of meth- L . . .
ods, including evaporation, sputtering, high-energy ball mill_charactgnsnc& In this _sense, an _mterestmg approach for
ing, ion exchange, and sol-gef. However, the particle size Magnetic storage device production would be to employ
distribution and average size strongly depend on the prepa{:_arbon—based thin films for metallic NP hosting, thus com-
ration parameters and methods. In addition, these NPs afdning both the active magnetic and protective layers in a
highly reactive due to the large surface area to volume ratigingle one.

and can be easily environmentally degraded. In particular, Although there have been previous reports of thin films
oxide surface layers can be formed resulting in a shell-coreomposed of metallic particles having small dimensions
morphology wherein an antiferromagneti@FM) oxide (<10 nm), embedded in disordered carbon matritesly
layer surrounds the ferromagnetiEM) metallic NP. Such  few studies have investigated the magnetic properties of such
morphology influences the magnetic properties due to thgtryctures:'®In this work, the ion beam cosputtering method
exchange interaction between the FM and AFM phases. As @< sed to produce carbon—Ni nanocomposite thin films

c?nse_quer;ce, t\r/]v?\lr;a.ln f(;hal_lenges rerlna]in for_tTe v_|able %Qhat present superparamagnetic behavior. The samples were
plication of suc s: effective control of particle size an characterized via several techniques including high-

protection from oxidation and chemical degradation. . o .
L . resolution transmission electron microscogiHRTEM),
A favored approach to assemble and maintain metallic

NPs is to form nanocomposites whereby the NPs are embed-"aY photoemission  spectroscopiXps), mggneuzano_n_ )
ded in a nonmagnetic matrix that provides mechanical and!(T:H), and frequency dependent ac magnetic susceptibility

chemical stability. Oxides such as silica and alumina have X(T,f). The results indicate that the C-Ni nanocomposites

been extensively used as a matrix to provide good magnetitms are comprised of small Ni particles, having an average
radius of<3 nm, embedded in an amorphous carbon matrix.

JAuthor to whom correspondence should be addressed; electronic mai_’::rom the Combm?d reSUItS_ of XPS ahd(T,H) we have )
cfonseca@ipen.br inferred that the Ni nanoparticles are free from a surrounding
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oxide layer. In addition, the ac magnetic data indicate that '
the samples could be classified as superparamagnetic sys- —_
tems. "g Ni2p | 22 wt.%
|
£
L
2L 10 wt. %]
8 &
EXPERIMENT 3
c 5wt.%
- - Ni Auger
Carbon—nickel composite€C—Ni) films were prepared by T
the ion beam cosputtering method. Details of the apparatus 200 700 500 300 1000
are described elsewhete. Briefly, in this method, a Binding Energy (eV)

3 cm diam Kaufman source generates a 1500 eV argon ion o - _

N o . i . . _

(Ar") beam that s directed towards a high-purity graphite). . X2 phoeemisior soecosony euls o e Co s
target. Small Ni chips are attached to the pur€@@€.9999% ;o oxygen & energy region(520—530 eV,

target with a carbon-based cement. The relative Ni concen-

tration in the films is controlled by the relative area of Ni
pellets exposed to the Arbeam. Due to the much larger
sputter yields of Ni as compared to C, this relative area of Ni  The composition of the studied films was determined
exposed to the ion beam is small. The resulting sputtered &om in situ XPS. The full energy range XPS spectra are
and Ni atoms were deposited on polished_ Si wafers heate_d @epicted in Fig. 1. The only peaks observed in the spectra
350 °C. This temperature was chosen in order to provideyise from C % and Ni 2p core electrons and Ni Auger elec-
enough thermal energy for the surface and bulk diffusion ofyons, and contributions from spurious elements were not de-
the Ni atoms during film growth, therefore promoting the tacted. In particular, no contribution arising from oxygen
formation of crystalline Ni particles. Pure carbon films pro- (O 1s electrong can be distinguished from the inelastic back-
duced under similar conditions in our system present a disground within the 520530 eV range, as shown in the inset.
ordered structure wherein the C atoms form maB®y hy-  Sych result indicates that any contamination from oxygen
bridized bonds: Even though such disordered graphitic should be less thar0.5 at. %. The Ni concentration in the
structure is not particularly hard, the mechanical propertiesjms ranged from 5 to 22 wt %. It was determined from the
of the resulting films can be easily optimized, for example,xps spectra of the individual Gsland Ni2p peaks, by

by incorporating nitrogef: The thickness of the studied weighting the peak integrated areas with the respective
films was~500 nm, as measured by profilometry. photoionization cross sections.

The depOSited films were transferréd situ (Wlth no The structure and morpho|ogy of the fiims were ana-
vacuum breakto an ultrahigh vacuum chamber attached tolyzed by HRTEM, as shown in Fig. 2. This figure displays
the deposition system for XPS. The XPS spectra were colpright-field images, with different magnifications, of two
lected by using the AK, line and a cylindrical mirror ana- C—Ni films with 10 wt % [Fig. 2(c)] and 22 wt % of Ni
lyzer, having an overall energy resolution-ofL.2 eV (line-  [Figs. 2a) and 2b)]. The image in Fig. @) indicates that the
width plus analyzer The morphology of the films was films have a granular structure, whereby the Ni nanoparticles
examined by HRTEM, using a JEM 3010 URP with 1.7 A are clearly discerned as darker regions. These dark regions
point resolution. The(C-Ni film)/(Si substratg structures  are surrounded by the disordered carbon maiighter re-
were thinned down by standard polishing and ion milling gions. The figures also reveal that the Ni nanoparticles are
procedures in order to perform the HRTEM imagésp  homogeneously distributed over the carbon matrix and are
view). Magnetization measuremen(T,H) and frequency well separated from each oth@ee Fig. 2 In addition, it is
dependent ac magnetic susceptibilyT, f) were performed observed that the Ni nanoparticles have a nearly spherical
in the as-grown samples by using a superconducting quarshape with average diameter close to 4 nm. Images of selec-
tum interference device magnetometer with applied magnetitive area diffraction(not shown revealed a pattern of well-
fields H between 0 and 7 T and temperatures ranging frontefined rings that can be associated with randomly oriented,
2 to 350 K. For ac magnetic susceptibilifT,f) measure- small size crystalline Ni particles. The crystalline character
ments we have used an excitation field of 2 Oe and drivingf the Ni NPs is also confirmed in Figs( and Zc) by the
frequencies 0.0&2 f<1300 Hz. In these experiments, the presence of the lattice planes in the NPs. HRTEM images of
sample is first cooled down to 5 K under zero applied field films with different Ni concentrations indicate that their mor-
the magnetic field is set and the magnetization data are cophology is essentially unaltered within the range of Ni con-
lected upon warming up to 350 K zero field coll€dFC), centration studied.
then the data is collected upon cooling the sample down to In order to determine the NP size distribution, HRTEM
5K (FO). In the M(H) experiments the sample is ZFC images such as the ones of Fig. 2 were digitally processed by
cooled down to the desired measuring temperature and thesing segmentation algorithms. In this procedure, the contour
magnetic field sweep-7 T<H=<7 T) is performed. These of each NP is identified, thus allowing the distinction of the
steps were repeated for several different measuring temper&HPs from the amorphous C matrix. As a result, the projected
tures. area of each NP can be determiéd@he results of a statis-

RESULTS AND DISCUSSION
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FIG. 3. Size distributions of Ni nanoparticles determined from HRTEM
analysis for the C-Ni films with 10 and 22 wt% of Ni. The figure also
displays the fitted log-normal distributions for the obtained size distributions
and theM(H,T) data analysis. The inset shows the elongation distribution of
Ni nanoparticles for the C—Ni film with 22 wt % of Ni.

22 wt% of Ni. Such distribution exhibits a pronounced
maximum at~1.2, further confirming the assumed nearly
spherical morphology of Ni nanoparticlésee Fig. 2
The magnetic properties of the studied nanocomposites

were also investigated. Hereafter, we will focus the discus-
sion on the results obtained in the sample with the highest
concentration of magnetic phase, i.e., the film with 22 wt %
of Ni. At this Ni concentration, the magnetic contribution
arising from the Ni NPs can be easily discerned from the
magnetic contributions of the Si substrate and the amorphous
carbon matrix. The temperature dependence of the magneti-
zation measured under both FC and ZFC processes and un-
der two applied magnetic fields di=50 and 100 Oe is
shown in Fig. 4. The curves exhibit the expected features of
superparamagnetiSPM) systems{1) the ZFC curves have

a rounded maximum &g~ 13 K (see inset of Fig. ¥ indi-

FIG. 2. High resolution transmission electron microscopy images of C-Nicating the occurrence of a blocking process of the Ni NPs
film:. (a) Ni=22 wt % (20 nm scale bar (b) Ni=22 wt% (5 nm scale bar ~ and (2) a paramagnetic-like behavior in the temperature

and(c) Ni=10 wt % (5 nm scale bar rangeT > Tg.
tical analysis of~400 particles for the films with 10 and 128 ZFC' ——— |
22 wt % of Ni are depicted in Fig. 3. The columns represent e e | AT A
the frequency histogram as a function of the estimated NP~ Lo K“ﬂ!;
radius by assuming that the NPs have spherical shape. The & S [ . L ]
size distributions were found to be well described by a log- %08 ’&{g. ave * e ]
o T ) ) o8 2 05 o8 3
normal distribution in agreement with other metallic nano- g [« fm e, .
particle system&***In fact, the particle size distribution for o $ R T i
the film with 22 wt % of Ni is rather narrow and displays a 204 b 1020 %0 40 50
maximum at the radiugtgy=2.3+0.2 nm and widtho H =100 Oe
=0.39+0.07 nm. The corresponding results for the film with H =50 Qe 1
10wt% of Ni were rgy=2.2+0.2 nm and widtho 0.0 . \ ;
=0.56+£0.09 nm. Deviations from the spherical shape were ) 100 200 300
T (K)

also estimated by adjusting an ellipsoid to the projected area

of each NP. In this way, an elongation factor could be deter- o

mined, defined as the ratio between the major and minor axi IG. 4. Temperature depeqdence of the magnetization measure_d under both
. . . . . ield cooled(FC) and zero-field cooledZFC) processes and applied mag-

of the adjusted contour ellipse. The inset of Fig. 3 displayseti fields ofH=50 and 100 Oe for the C—Ni film with 22 wt % of Ni. The

the elongation distribution for the Ni NPs in the film with inset shows an expanded view of the low temperature region.
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Al UL T The observed behavior indicates a thermally activated pro-
3L a cess withH, increasing linearly wittT2 mainly at tempera-
= He. ) tures below~6 K, as inferred from the extrapolated value of
z / TY2 for H,=0 (see Fig. 5. Such temperature dependence of
& 50 H¢ is the expected behavior for systems comprised of ran-
S22} = / Hes domly oriented and noninteracting nanoparticles and is given
x i —o0—2K | by™
8 —o—4K
5 2 = . o= 15K He(T) = Hel 1 = (T/TR) Y2, (2
Tir -400-200 H?O o 200 400 with Hgo=0.64KPK/Mg ™ where KU is the anisotropy
I 5 constant of bulk Ni described abovk|g is the saturation
T=6K magnetization, andy is given by Eq.(1).
ol 1 %h—n-.n B, .0, o, 0 By using Eqg.(1) and the value offg=6 K, we have
0o 2 4 6 8 10 12 14 found that the average rading of the Ni nanoparticles is
T2 (K'?) close tory =1.9 nm. This value agrees well withygy

FIG. 5. Temperature dependence of the coercidigyof the C—Ni film with =2.3£0.2 nm, extracted from HRTEM Images. _Sma” differ-
22 wt% of Ni (squarel The line corresponds to a linear fit based on Eq. ENCES between these estimatedhlues are certainly related
(2). The inset shows the low magnetic field region of t1éH,T) curves  to dipolar interactions between Ni NPs, a behavior expected
measured al=2, 4, and 15 K. in a film with 22 wt% of Ni. The extrapolatedd-(0)
~730£30 Oe, inferred from the data shown in Fig. 5, is also

The blocking temperature of a system of randomly ori-of interest. By assuming the appropriate expressigyt0)
ented, noninteracting particles can be roughly estimated by0.64 K/Mg for randomly oriented and noninteracting par-
using the relationship ticles and the Ni bulk valugg(T=0)=541 emu/cr, one

- finds thatHc(0) for Ni nanoparticles is close to 950 Oe.

Te = K(V)/25s, @ Such a zero-temperature coercivity field is higher, but com-
where K=K}"*=-8.5x 10* J/n? is the anisotropy constant parable, to the one of 730 Oe for the nanocomposite Ni-C
of the bulk Ni, (V) is the average volume, arik} is the film by the extrapolation of thédc versusT? curve. The
Boltzmann constarit Conversely, the above relationship difference of ~25% between the predicted and the lower
can be useful to estimate the radiug if Ni NPs are as-  experimental coercivity extrapolated =0 K can be re-
sumed to be spherical. Thus, by using the experimental valuated to several mechanisms. These include an incoherent
of Tg=13 K obtained from ZFC curves, gg=2.4 nm is  magnetization reversal processes related to weak interactions
estimated. Such a value is in excellent agreement with theuch as fanning and curling, which are expected to decrease
one of the HRTEM analysis shown in Fig. 8&gm Heo- ™ These processes are frequently observed in patterned
=2.3+0.2 nn. materials such as nanometric Ni chains and wiPé&s,

To further confirm the transition to a blocked state belowwhereby incoherent rotation by curling is believed to reduce
Tz~ 13 K we have measured the magnetic field dependencéne reversing field down te-30% of the value calculated for
M(H,T) of the magnetization at different temperatures be-otation in unison. However, due to the appreciable Ni con-
tween 2 and 300 K. From typical results of thedéH,T) centration of 22 wt %, it seems that the reductiontyf,
measurements, shown in an expanded view in the inset afiould be related to dipolar interactions between Ni nanopar-
Fig. 5, one observes that coercivity remains essentially zerticles. Such interaction induces an evolution of the magneti-
from room temperature down tdg~ 13 K, and develops zation reversal toward more incoherent and heterogeneous
appreciably belowTg. The M XH cycles taken after field mechanisms, thus reducintdc, appreciably. On the other
cooling the samples from room temperature dowiT t0Tg, hand, the deviation from the spherical shape of the Ni NPs
showed the absence of shift towards negative fields that chadeduced from the HRTEM image analysis can also be related
acterizes an exchange-coupled system, as has been obserte@ Hc, value different from the one calculated for spherical
in metallic nanoparticles with shell(NiO)-core (Ni)  particles. Thus, it seems that the deviationthf, from the
morphology*®*’ Moreover, we have also found that the val- expected value would be related to both dipolar interactions
ues of the coercivity fields measured under both increasingetween Ni NPs and shape anisotropy of individual nanopar-
(Hcy) and decreasing fieldéHs_) are the same within the ticles.
uncertainty limits of the procedure employed to determine  We have also measurdd X H curves at several tem-
Hc (~2 Oe. Such a result constitutes additional evidenceperatures ranging from 100 and 300 K, i.e., at temperatures
for the absence of NiO surface layers in the Ni NPs, aswvell aboveTz~ 13 K and below the ferromagnetic transition
inferred from the XPS data discussed above. If oxide surfaceemperature of bulk Ni ofT,~625 K. SelectedM X H
layers were present an appreciable difference in the magneurves are depicted in Fig. 6. In this figure, the data are
tudes ofHc, andH._ would arise due to the exchange bias, collapsed into a universal curve of normalized magnetization
as observed in metallic nanoparticles with si{dliO)-core  M/Mg versusH/T. It is important to emphasize that the
(Ni) morphology?e'17 By computing the coercivity fielddc results in Fig. 6 represent only the magnetic signal arising
(Hes or He) at several different temperatures, we were ablerom the Ni nanoparticles, since other magnetic contribu-
to build aHc versusT*? phase diagram, as shown in Fig. 5. tions, originating from the Si substrate and #C matrix,
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S 1 |n2(,u/,u0))
1.0} =—
T 7 fw =5 exp( oz ) (6)
05 o Exp. data
o (T =100, 150, 200, whereo is the distribution width angk, is the median of the
= 50 250, and 300K) | distribution related to the averagmean magnetic moment
= fm bY = o €Xp(0?/2).
05 FLitS: i The results of the fitting procedures, by assuming both
- ng-Normal L) simple and log-normal weighted Langevin functions, are
shown in Fig. 6 for five different temperaturés-100, 150,
1.0 i 200, 250, and 300 K. The best fit based on the log-normal
800 600 400 200 0 200 400 600 800 weighted Langevin functions was obtained by considering a
H /T (Oe/K) median of the distributiony=1.42x 10"*" emu. This value

corresponds to Ni nanoparticles comprised~&500 atoms,
FIG. 6. Normalized magnetization as a functionHfT at temperatures of With @ median radius,=1.9 nm, and a distribution width
100, 150, 200, 250, and 300 K for the C7-Ni film with 22 wt% of Ni ¢=1,15. These values were used to estimate the mean radius
(symbols}. The results of the f|tt|_ngs of thi/ ><H curves based on the of supposed spherical particle§:2.4 nm. The result is in
simpleL(x) and the log-normal weighted Langevin functions are also shown . .
(lines). excellent agreement with the HRTEM analysis Gz
=2.3+0.2 nm, as can be inferred from the data shown in Fig.

i , 3. In fact, we have used the distribution of magnetic mo-
were subtracted. This was accomplished by an accurate megionis 1o generate a size distribution by assuming spherical

surement of the magnetic contribution of a blank Sampleparticles, as shown in Fig. 3. One can see the good agree-

haVir]l_? similar weight and geometry, c?(nsisfting tha PUr€ment between both distributions, thus lending credence to
a-C film deposited in a Si substrate taken from the same,, analysis. On the other hand, the utilization of a simple

baich as the substrates used in the measured samples. TIP&) function resulted in a poorer fitting of the experimental

scaling shown in Fig. 6 is a well known feature of the SPM data(see Fig. 6and an estimated radiug=2.0 nm, close to
response, and can only be considered a true scaling at relﬁie mediarr, value

tively low magnetic fields and temperatures abd’geHow- We have also investigated the dynamical magnetic prop-
ever, we have performed the scaling by assuming that Conjes of the films by means of ac magnetic susceptibility
tributions arising from SPM Ni NPs abov@s can be (T f)asshown in Fig. 7. This figure displays both the real
described by ¥'(T) and imaginaryy”(T) components of the ac magnetic

M=ML(X), 3) susceptibility x,dT,f) for the film with 22 wt % of Ni. A

careful inspection of the data indicates that both components

where Mg=Nu is the saturation magnetization due &  exhibit a rounded maximum &~ 13 K, in agreement with
nanoparticles with magnetic momept, and L(x) is the  dc magnetization data shown in Fig. 4. The results also re-
Langevin function with argument=uH/ksT. Equation(3)  veal a feature frequently observed in several systems com-
is valid for systems comprised of noninteracting and mono-prised of magnetic nanoparticles: a pronounced shift of these
disperse nanoparticles. maxima in bothy'(T) and x"(T) components towards lower

Moreover, based on the HRTEM resultsee Figs. 2 and temperatures with decreasing applied frequencies. In order to
3), the magnetization of SPM nanoparticles is expected to beiscriminate the blocking transition from a freezing tempera-
better reproduced by considering a weighted sum of Langeture T; of a spin-glass-like system, the empirical parameter
vin functions that takes into account a distribution of mag-

netic moments due to the particle size distributifi AT
B

% p=—-—8
v= L(ﬂ>f(,u)d,u, @ TeA logig(1)
o T

(7

can be used for a rough estimation of the mechanisms in-
volved through the frequency dependencelpf Here, ATy
is the shift of the blocking temperatufig for a A log;(f)
°° frequency variation. The obtained valde=0.012, extracted
MS:f f(p)dp. (5) from the y”(T) data, provides additional evidence pointing
towards a SPM blocking transitidit>* Moreover, it also in-

In the set of equations described above a temperaturdicates that strong interparticle interactions, which usually
independeniMg is assumed, a condition valid provided that yield collective magnetic dynamids.e., a super spin-glass
Tg<T<T.. Therefore, the analysis is restricted to the tem-phase, are not present in our samples.
perature range from 100 to 300 K. Thus, in order to adjust  To further assess the dynamic response of the magnetic
the M/Mg versusH/T curves shown in Fig. 6, we have as- nanoparticles we have determined the anisotropy energy bar-
sumed a log-normal distributiof{ ) of magnetic moments rier E, by fitting the experimental temperature dependence of
given by’ the applied frequency with the Néel-Arrhenius law

wheref(w) is the distribution function of magnetic moments
related to the saturation magnetization by

0
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interactions of dipolar origin, a feature mirrored in an in-
crease of the energy barrier estimated frega(T,f) data?’

As the present film has a 22 wt % of Ni, interparticle contri-
butions toE, are likely to be responsible for the remaining
difference observed in our estimates of the anisotropy con-
stant.

SUMMARY

In summary, carbon—nickel thin film nanocomposites
with controlled Ni composition were produced by the ion
beam cosputtering method. The Ni nanoparticles were found
to be homogenously distributed within a disordered carbon

ek m_atri?< and have_an average radius-e2 nm. The size dis-
x102 K1) ] tribution of the Ni nanoparticles shows a rather narrow shape
. distribution and an elongation factor ef1.2, confirming the
. nearly spherical geometry of the particles. No evidence of
4 oxygen was found through x-ray photoemission spectros-
copy data, suggesting that the amorphous carbon film is a
suitable matrix to prevent the NPs from surface oxidation.
The films present a superparamagnetic behavior with block-
) . . ; . ing temperaturelg~ 13 K, which corresponds to a system
0 10 20 30 40 50 comprised of spherical nanoparticles with radius of
T (K) ~2.3 nm, in excellent agreement with high-resolution trans-
mission electron microscopy analysis. Magnetic measure-
FIG. 7. Temperature dependence of the rdll) and imaginaryx'(T)  ments also indicated that the Ni nanoparticles are free from
components of the ac magnetic susceptibility at different excitation frequen- . . . .
cies for the film C-Ni with 22 wt % of Ni.(Inse) Arrehnius plot of the an oxide NiO Iayerv In agreement with the XPS data. In
relaxation timer versus blocking temperatuf® obtained from the imagi- addition, we have inferred that the anisotropy constant, ex-
nary c_omponenj(”(T) of the ac magnetic susceptibility. The solid Iine isthe tracted from the magnetic data, seems to be strongly depen-
2?;?”02?”9 Eq(8). The data were taken with an external magnetic fiéld  yont on poth the interparticle interactions and the shape of
the Ni nanoparticles.

8 10
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