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Formation of nanomagnetic thin films by dispersed fullerenes
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A method of forming magnetic materials using dispersed fullerenes in ferromagnetic materials has
been studied. Fullerenes ¢ have been integrated into the matrix of Co, Fe, CoFe thin films by
thermal vapor codeposition. The size effects and interaction of ggenGlecules to the metallic
atoms promote a self-assembly grain growth mode to produce thin films with unique evoluted
microstructures characterized by nanosize columnar grains with uniformly dispeggesh Ghe

grain boundaries. These nanocrystalline films have displayed a series of promising magnetic
properties, such as high out of plane remanence, high coercivity, fast magnetic switching, and
unusual hysteresis behavior. 000 American Institute of Physids$S0003-695(00)03646-9

Most of the current approaches to make materials basecurrent and followed by a thickness monitor. All films were
on fullerenes attempt to synthesize fullerene-based materiaggown to a nominal thickness of 100 nm on amorphous sili-
by either exohedrally doping or endoherally dopingcon nitride coated Si substrates. The concentration of the
fullerenes: Though exciting properties have been found, theas-deposited thin films were measured by wavelength disper-
instability and the low production efficiency of these materi-sive spectrometry and expressed in a formuldigfCqo. A
als have limited their applications. Herein, we propose a neamass spectrometer was used to identify @nd investigate
term use of fullerenes in developing nanomagnetic materialthe desorption of g as a function of temperature by heating
by adding fullerenes as a minor component to other magnetia small amount of the metalgg film at a ramp rate of
material systems. Because of their advanced propertieg00 °C/min up to 750 °C. A Raman spectrometer was used to
nanomagnetic materials have had great impacts in the higinvestigate the metal+g interactions in the intact films. The
density magnetic storage mediadvanced soft magnetic grain microstructures of these films were observed by trans-
materials} and improved magnetocaloric materil§ince  mission electron microscopy. Magnetic measurements were
such advanced properties stem from the nanosize grain strugarried out in a vibrating sample magnetomeigM).
tures, we attempt to develop materials by manipulating these The mass spectrometry confirmed the stability g
structures on the nanoscale by using fullerenes due to theihe magnetic films. Figure(4) shows the spectrum for a
unique closed-cage molecular morphology, chemical inert€o,¢,Cq film of 27 at. % carbon. The peaks at 720 and 360
ness, and other properties. Besides its relative abundancgsrrespond to g;) and cgg Peaks at other mag&shumbers
Cgo was introduced for the following reasonét) Cg i could come from organic impurities or fragment of,C
stable at pressure up to 20 GPapssessing high impact
strength and temperature stabiffty2) Cq, is spherical like
an atom but with an outer shell diameter of 1 nm, bigger than
any atomic species in the periodic tab(8) Single G, mol-
ecules can be obtained by subliming at temperature as low as
400°C! (4) Despite their relative inertnessgfmolecules
interact strongly with many other atomic speciest We vi-
sualize the g, molecule as a large “pseudoatom.”

We manufactured the gg/metal thin films by thermally S0 TR WY I
subliming high purity o powder while evaporating ferro- 307 324 341 358 377 401 432 475 505 565 721
magnetic metals in an ultrahigh vacuum. The starting Mass/Z (Mass/charge ratio)
vacuum was better thanx110"° Torr and deposition oc-
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curred at 10°—10 8 Torr. The metal sources were pure Co ‘S, —| (b) A
and Fe metal rods. The fullerene had a purity of 99.93%C 5 b= Co . e
The source materials were placed into alumina-coated tung- 3.3 CoisC /,f»" \
sten crucibles and resistance heated. A small thermocouple ‘g £ Ote2be0 ~
. . . . . cg 7N
was buried in the fullerene powder in the crucible to monitor 8- J N
£ Fe147Ce0 / ~

the temperature. Deposition temperature ranged from 500 to e ———

650 °C. Deposition rates were controlled by changing the 100 300 500 700 750
Temperature (°C)

dMicron Technology Inc., 800 S. Federal Way, Boise, ID 833707. FIG. 1. (@ Mass spectrum of a GgCs film. (b) Intensity of
YKomag Inc., 1704 Automation Parkway, San Jose, CA 95131. Cgo(M/Z=720) vs the heating temperature in mass spectrometry.
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FIG. 2. Raman spectra of the metgl;Gilms, the pure G film and the
graphite rod.

However, these peaks are far weaker than thep&ak, im-
plying that the cage structure of the majority of thg, & not |
altered. Figure (b) shows the 720 peak intensity versus tem-§
perature for three films. The starting desorption temperatur
at which the intensity ofCg, starts to stand out in the pure
Ceo film, Co—-Gy, film and Fe—G, film are 450, 570, and i
680 °C. These results are similar to those observed in th_
noble metal/@, system& and indicate that the Cogand
Fe—G bonds are stronger than thgy€ Cgo bond.

With the surface enhanced Raman spectroscopy, pee“ %
shifts and additional features have been observed in mongh" . S« «
layer Gyo/noble metal (Au, Ag, Cu) systems 1113 These "
changes are contributed to the perturbation of the perfeq;xt‘

symmetry of the g, by the strong interaction at the metal- ¥ R

Cqo interface and the charge transfer from the metal to thf e

Ceo Figure 2 shows the Raman spectra of the metgl-C *‘

films, a pure G film and algraphite rodAy(2), thepentago-

nal pinch modd€1468 cm - in pristine Gg) has been split in , e o

the Co—Gp film and shifted o 1442 CTf (26 M2 10 the  ravzaing grain structures hat have been evaived by imegrado@er

left) in Fe—Gyo and CoFe—g, films. For theAy(2) mode,  ecules into the Fe and Co magnetic filrfe; and (b) are from the Cg;,Ceo

the downshift of 26 cm! in the Co, Fe, CoFe metal films is fim; (c) and(d) are from the FaCe film; () and (f) are from the pure Fe

in line with the shift in Ag of 26—28 cmt and higher than ™

Cu of 23 cm * and Au of 15-18 cm'.’® The increase in the

downshift is indicative of the increasing interaction betweenshow that most of the fullerenes are stable in the films and

metal and Gy and is consistent with the order of the work the TEM diffraction shows no graphite phase, the carbon

function of the metal$Ag of 4.3 eV, Cu of 4.7 eV, and Au interfacial phase is mainly composed of fullerenes.

of 5.1 eV).1° The work functions of Fe and Co are 4.4 and Figures &c) and 3d) are the plane view and cross-

4.3 eV and they seem to give shifts similar to Ag. Though section TEM images of the F4C4, (42 at. % G film. Figures

the peak in 1298 cim' is close to one of the graphite peak, 3(e) and 3f) are images from a pure Fe film made under the

the mass spectrometry confirms that most of the fullerenesame deposition conditions. The diffraction patterns from

do not graphitize and therefore this peak may be just a coinboth films are identified to be bcc Fe with no indication of

cidence with that in graphite. graphite or iron carbide. In the €4, film, grains are also
Figures 3a) and 3b) are the bright field TEM plane well-defined and extremely uniform with a diameter of 5 nm.

view and cross-section view images of the These nanosize grains aligned consistently and perpendicu-

CoyCe0(27 at. % C) film. The diffraction rings from the co- larly to the substrate. Most of these grains have lengths more

balt matrix is consistent with the hcp structure with no indi- than 50 nm. In the pure Fe film, the grains are much coarser

cation of a fcc phase. No graphite ogg@rystal diffraction  (~15 nm in diametérand randomly oriented.

patterns were detected. The grains were highly columnar and From a series of samples, we observed that the grain size

uniform through the film, and had a diameter of 11 nm. Theyof the metallic matrix decreases with increasing €ncen-

are much finer than the grains in the pure Co fi®2 nm. tration and the grains are commonly columnar witly @is-

The grain boundaries were well-defined and outlined by gersed on the grain boundaries. Based on these findings and

bright phase with a diameter of 1-2 nm. This bright phasehe observations of & interactions with metal surfaces via

was not observed in the pure Co sample under the sameeanning tunnel microscopy;*>® the following self-

microscopic operation conditions and, therefore, is conassembly grain growth model is constructed: In the initial

cluded to be carbon containing interface since carbon has stage of the deposition, ¢& migrates to the edges of the

lower atomic number and will appear white in a bright field metallic nuclei, reducing interface energy and defining the

image. As the mass spectrometry and Raman spectroscopyimitive grain boundaries. Because of the large size of the
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300 [—=—Pure (a) the Fq47_CGO, or other Co, Co—g, films. Fr_om the ac and dc
200 :_‘O—Cg.uoCeo ] curves, it was found that a threshold field of about 68 Oe
— g (stage 1 was needed to produce a noticeable change in the
g 100 | 1 remanence. Above the threshakdage 2, both the magnetic
E ‘ moment and remanence increased steadily with the external
g 0 : field. The third stage was characterized by a nearly constant
= -100 . remanence. Using the magneto-optical indicator film
i AN techniqué® we observed dynamically the domain formation
200 [ eoossens Hc=11150e and growth process above the threshold field during the mag-
Mr=215emu/cm . . .
300 E—— s s . . s netization process from the demagnetized state. However,
-2000 -1500 -1000 -500 0 500 1000 1500 2000 after the sample was saturated, we did not observe any do-
H (Oe) mains. This implies that either a stable single domain was
formed or the growth speed of a reversed domain was too
—e— Virgin Curve fast to be caught in our observation. The fast switching prop-
1200 7 7 Virgin Remanence erty suggests this material had the potential to use in mag-
800 || ——Majorioop netic memory, magnetic switches, spin valves, magnetic
s [ FewCan springs, and other magnetic devices. The uniformity of the
E 4001\ es 0e grains and distribution of & shown by the TEM in Fig. &)
E o [Ma=05 may contribute to this fast switching ability.

g r We have manufactured a type of nanomagnetic thin
s 400 films with interesting and promising properties achieved by
800 introducing G molecules into the thin films of Fe, Co, and
. CoFe. The microstructure evolution caused ky i€ unique
200 o 200 0 200 400 600 and dramatic. The higher order fullerenes and their deriva-

H (Oe) tives and nanotubes may also be useful to develop advanced

materials. Further study will enable us to understand better
the process and utilize these molecules as an efficient tool for
the production of nanomaterials.

FIG. 4. (a) Out of plane hysteresis loops of the Co, Cqgfims. (b) The
magnetization curve of the F£, is highly unusual in that the virgin curve
goes out of the major loop.
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