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Spontaneous organization of columnar nanoparticles in Fe-BN nanocomposite films
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lon-beam sputtering codeposition assisted with either rea¢tiiteogen or inert gas(neon, argon, and
krypton) has been used to fabricate Fe-BN nanocomposite thin films of Fe-rich nanoparticles encapsulated in
nanocrystalline boron nitride. A combination of high-resolution and conventional transmission electron micros-
copy (TEM), grazing incidence small-angle x-ray scatteri@SAXS), electron diffraction, x-ray absorption,
and Mdssbauer spectroscopy has been used to investigate the structural characteristics of these films, both at
nanometric and atomic scales. CrystallizeBie;N nanoparticlegtypically 2.5 nm in sizghave been obtained
in N assisted films, whereas self-organized arrays of amorphaois i@nocolumng~3 nm in diameter and
~10 nm in height, with small size dispersionave been synthesized in inert-gas assisted films. Quantitative
analysis of the GISAXS patterns and of the local autocorrelation functions of the TEM images indicate a better
spatial ordering in the 50 eV Ar assisted films, i.e., when backscattering and sputtering effects are minimized.
Our results shows that low-energy assistance with light ions can be used to control the morphology as well as
the spatial ordering and chemical composition of nanopatrticles in insulating matrix.
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I. INTRODUCTION In the present article we focus on the nanostructure of

Fe-based nanocomposite materials, in which nanoparticlds®-BN nanocomposite films grown by cosputtering under
are embedded in a nonmagnetic matféxg., SiQ, Al,O,, ~ Various assistance conditions. The influence of the nature of
BN, C) have been extensively investigated because of thefhe assistance beam on the structural characteristics of the
fundamental and technological interés® To take advan- films, both at nanometric and atomic scales, is investigated in
tage of their unique magnetic, electronic, optical, and transdetail by complementary techniques. To study the spatial or-
port properties in future nanoparticles-based devices, nanglering of the nanoparticles and their morphologhape,
particles must be spatially ordered but also chemically angize, and size dispersiprwe used transmission electron mi-
mechanically stable. Then it is important to control theircroscopy (TEM) and grazing incidence small-angle x-ray
chemical composition, their shape, their size, and size disscattering(GISAXS) experiments. Chemical ordering of the
persion through elaboration process conditions. In recentanoparticles(atomic composition and local environmgnt
years, nanocomposite films consisting of magnetic nanopavas examined by means of electron diffraction, extended
ticles (e.g., Co, Fe, Ni, CoPt, FePencapsulated in graphi- x-ray absorption fine structuréEXAFS), and Mossbauer
telike carbon have attracted much attention as possible cagpectroscopy analyses.
didates for high-density magnetic recording media, because The present article is organized as follows. Film fabrica-
graphite not only provides corrosion and wear resistance by, details and deposition parameters are described in Sec.
also reduces interparticle exchange interactfotsin this || “Nanometric scale characterizatiofSEM and GISAXS
Yesulty are presented in Sec. lll whereas the analysis of the

nal boron nitride(h-BN, which crystallizes similar to graph- .. 25mic orderelectron diffraction, EXAFS, and Mss-
ite but is a good electrical insulajomay have significant % ' ’

advantages to control the spin-dependent tunneling betwe quer measuremer)t_s; reported n Sec. IV. Finally, in Sec.
nanoparticles. Although disordered assemblies hoBN , a summary that discusses briefly the results and a conclu-
nanocapsules containing iron oxide and cobalt oxide nano='0" are given.

particles have already been obtained by arc melting

methods'®>® most studies dealing with homogeneols Il. SAMPLE FABRICATION

BN nanocomposite filmgwith M=Fe, Co, CoPt, or FepPt

reported metallic nanoparticles embedded in an amorphous Fe-BN nanocomposite films were fabricated at 200 °C
phase of BN-"1718Nevertheless, we have recently demon-by ion-beam sputtering codeposition from a single target
strated that F&N nanoparticles encapsulatedhirBN can be  composed of a pure BN disk on which a high-purity Fe plate-
produced by ion-beam sputtering codeposition assisted witlet (3 mm wide was placed. The base pressure in the depo-
a reactive nitrogen assistance beéam.Ref. 8, the magnetic sition chamber was 8 108 Torr and the sputtering process
properties (saturation magnetization, coercitivity, blocking was carried out at 107 Torr by using a primary Arion
temperaturgof unassisted and N assisted films were exambeam (energy 1.2 keV, current 80 mATo obtain samples
ined in detail. with various nanostructures, a secondary ion béanergy
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TABLE |. The experimental deposition conditions and the results from x-ray reflectometry analysis.

Sputtering beam Assistance beam Deposition time Thickness Critical anglé
(ion, energy (ion, energy (min.) (nm) (®)

Argon, 1200 eV No assistance 25 38.0+0.8 0.29+0.01

Argon, 1200 eV Nitrogen, 50 eV 25 47.7+1.0 0.27+0.01

Argon, 1200 eV Neon, 50 eV 25 36.6+0.8 0.30+0.01

Argon, 1200 eV Argon, 50 eV 25 37.1+0.8 0.30+0.01

Argon, 1200 eV Krypton, 50 eV 25 30.8+0.8 0.29+0.01

awith CuK, radiation.

50 eV, current 40 mAwas employed to bombard the sur- transformed into nanocrystalline BN. This is clearly ob-
face of the growing films with either reacti@itrogen as- served in Fig. {c) that shows lattice fringes in the regions
sistancg or inert (neon, argon, or krypton assistancpe- between the particles with a 0.3—0.4 nm spacing character-
cies. The films were deposited onto(®)1) substrates istics of theh-BN phase. A cross-sectional view of the Ar
(covered with a native SiPlayer for cross-sectional TEM assisted film is presented in FigdL The micrograph shows
observations, x-ray analyses, and Mdssbauer measuremerttsat the Fe-rich nanoparticles are uniformly elongated in the
Carbon-coated copper grids were used for plane-view TEMertical direction. Furthermoré€d02) basal planes of thé
characterizations. -BN phase appear to be aligned along the growth direction,
The thickness and critical angle for total external reflec-thus leading to observe Fe-rich nanocolumns encapsulated in
tion of the unassisted and assisted films were determined tpgoorly crystallized BN nanotubes. From these HRTEM ex-
x-ray reflectometry using the G radiation. Table | sum- periments it can be seen that the use of a low-energy assis-
marizes the experimental conditions of deposition and théance beam is an effective way to act ugonthe size of the
corresponding x-ray reflectometry results. It can be seen thahanoparticles(ii) their shape(iii ) their local spatial order-
for a given deposition time of 25 min, most of the films haveing, and(iv) the crystalline structure of the matrix.
a thickness of about 37 nm and a critical angle of approxi- To describe more quantitatively the local spatial ordering
mately 0.30°, corresponding to a Fe concentration ofof the Fe-rich particles with respect to the assistance condi-
26 at. %. It is, however, worth noting that the thickness oftions, image processing of bright-field TEM micrographs ob-
the Kr assisted film is 20% smaller, suggesting sputtering ofained with a conventional JEOL 200CX microscope was
the nanocomposite film by the Kr assistance beam. Moreperformed. We applied the method proposed by Fan and
over, it is observed that the reactive N assistance leads to @owley!® which is based on the analysis of local autocorre-
thickness 30% higher and a critical angle 10% smaller, afation functions and which has been widely used in the past
already described in Ref. 8. Let us point out that a set of _
thicker films(~200 nm, unassisted, N, Ne, and Ar assisted |#
was also fabricated for EXAFS and Mdssbauer measure;
ments.

I1l. MORPHOLOGY AND ORGANIZATION
A. TEM characterizations

Nanostructural characteristics of a series of Fe-BN films |-
were investigated by high-resolution TERHRTEM) per-
formed with a JEOL 3010 microscogéaBg, C;=1.2 mm
operated at 300 keV. Figuregal—1(c) are some representa-
tive plane view micrographs showing that the morphology of
all the Fe-BN films is granular. The unassisted saniplg.
1(a)] consists of approximately 1.5-nm Fe-rich nanoparticles|:
which are randomly distributed in an amorphous BN matrix
with weak contrast. Furthermore, tilting of the sample in the [#
microscope revealed no evident modification in the HRTEM |
image(not shown, indicating that the shape of the nanopar-
ticles is quasispherical. By using an assistance beam durinfis e
the growth of the filmgFigs. 1Ab) and Xc)], the Fe-rich Som g
nanoparticles appear more contrasted and more regularly ar-
ranged within the matrix. Furthermore, their average size in- FIG. 1. HRTEM plane view micrographs of ti{e) unassisted,
creases up te-2.5 nm with Ne and~3.5 nm with Ar assis- (b) Ne-assisted, andc) Ar-assisted Fe-BN films(d) HRTEM
tance. The structure of the matrix is also progressivelycross-section micrograph of the Ar assisted Fe-BN film.
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to investigate local chemical ordering in amorphous materi-
als (see, for instance, Refs. 21 and)2Zhe main drawback
of this technique is the limit imposed by the thickness of the
sample, which may conceal the 3D ordering by the projec-
tion effect. In our case, the Fe-BN film thickness is not very
large compared to the nanopatrticle size, and the metal vol-
ume fraction is low so that we considered that the projection
effects can be neglected, in particular in samples for which
columnar growth occured. A typical low-magnification TEM
plane view micrograph of our Fe-BN films is presented in
Fig. 2(a). It shows dark dotgthe Fe-rich nanoparticleslis-
tributed over a bright backgrourithe BN matriy. As seen
in Fig. 2(b), the autocorrelation functiofACF) of such an
image, calculated over a large area of the order ofi0v#,
is radially symmetric. This indicates that, at this observation T ; e P
scale, the probability of finding a neighbor particle at the e B0
distancer (R is the radius of the main ring in the ACFom e
a central particle is the same in all directions. Hence, it is
concluded that there is no long-range ordering between the
Fe-rich nanoparticles. In contrast, Fig(cR clearly shows
that the local autocorrelation functioLACF) calculated
over a smaller area of a few hundred fpresents fringes
and even dots, which evidence short-range ordering in spe-
cific directions. Obviously, the fringes or dot patterns exhibit
different orientations from one small area of the image to
another, so that the sum of a large number of LACFs shows
no more information than the ACF of the whole image. The
method proposed by Fan and Cowiggonsists in rotating
all the LACFs to reach the best match between each LACF
and a reference one, arbitrary chosen. Hence, the sum of the
rotated LACFs provides an image of the most representative
pattern present in the whole image if one exigitherwise
the sum remains radially symmetriéVe give in the follow-
ing a brief description of the algorithm that we have used to (b)
analyze the obtained TEM images.

(1) TEM plane view images of the Fe-BN films were first
digitized (256 gray levels and the sampling was tuned so
that the mean distance between particles expressed in pixel
(px) units remains the same for each image of each sample
(we decided to set this value at 10)pXhis ensures that the
number of particles involved in the processing is roughly the
same(~10%), whatever the sample.

(2) 1024x 1024 px images were then divided into small
cells (64X 64 px or 128x 128 pX). The scaling of the cells
is one of the ways to check the extent of the ordering. To
avoid the well known “wrap-around” artifact during the fast
Fourier transform process, each cell was first embedded in a
larger image filled with the mean value of the intensity of
this cell.

(3) As the choice of the reference cell is arbitrary, we
chose to use the same reference pattern for all the samplesin  (c)
order to compare samples together. The cells were then ex-
tracted from the experimental images and their ACFs were
compared and rotated.® step with respect to the ACF of
the reference cell to reach the best correlation parameter as g, 2. (Color onling (a) 1024x 1024 p® TEM plane view

determined by the Pearson correlation coeffictént. micrograph of the Ar-assisted Fe-BN filrtb) Central area of the
(4) The rotated LACFs were then summed to get a pictureytocorrelation functiofACF) in Fig. 2a); the radial symmetry of

of the main feature in the images. If local ordering occursthe ACF indicates that all the directions are equivalent at this ob-

specific symmetries should be observed in this averaged susarvation scale(c) ACF of the 64x 64 pX area delimited by the

of the rotated LACF4Fig. 3(@] as well as high radial and black square in Fig. (); the presence of both fringes and dots

circular contrast$Figs. 3b) and 3c)]. evidences short-range ordering for the Fe-rich particles.
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100 TABLE II. The results obtained from the analysis of the local
autocorrelation functionsLACF's) of the bright-field TEM plane
view micrographs using 6464 pX cells (hexagonal referenge

®
S
.

Radial Circular Maximum of FWHM of
Sample contrast contrast the distributiofi the distributiod

60 -
Unassisted 0.40 5.16 0.331 0.135

N assisted 0.26 3.92 0.320 0.107
Ne assisted 0.46 7.96 0.392 0.136
Ar assisted  0.52 7.91 0.404 0.128
Ar assistel  0.42 0.20 0.263 0.195

Kr assisted 0.42 7.78 0.379 0.139

Intensity (arb. units)

40

o
S

20

150 3(0)].
bDetermined from the averaged sum of the rotated LAC§e=® Fig.

100
‘Determined from the histogram of correlation coefficigsge Fig.

0 10 20 30 40 50 60 3(d)].

dDetermined from the histogram of correlation coefficigsete Fig.
3(d)].

€The LACF's were not rotated in this case for comparison.

200 4 p @Determined from the averaged sum of the rotated LAC§e® Fig.

Radial intensity

G5
he
x

@

75 2

the hexagonal reference are better than those obtained for the
65 square pattern, except for the N assisted and unassisted films
v ¥ V Vv - v for which they were of the same quality. Results obtained for
0 100 200 300 the hexagonal reference using%44 pX cells are summa-
Angle (°) rized in Table 1. Whatever the ordering criterion we consider
(symmetry properties and contrast in the averaged sum of the
rotated LACFs, width, and maximum of the correlation co-
efficient distribution, it shows that the greatest extent of
local ordering is obtained for the Ar assisted film. Although
slightly lowered, the ordering extent remains excellent for
the Ne assisted film and it decreases again for the Kr assisted
00 02 04 06 08 1.0 film. In contrast, the ordering in the N assisted and unas-
(d) Correlation coefficient sisted samples is very limite@t vanishes after three con-
secutive neighbojsas shown by the weak contrast in the
averaged sum of the rotated LACFs and the low values of the
correlation coefficients. It is also worth noting that these re-
sults are confirmed by the analysis performed using 128
128 pX cells. Hexagonal symmetry is still observed in
he averaged sum of the rotated LACFs of the Ar assisted
Jilm, indicating that in-plane ordering statistically remains up
to five consecutive neighbof&ig. 4@)], whereas a radially
symmetric pattern is obtained for the unassisted film
[Fig. 4(b)].
(5) The histograms of correlation coefficients were also
plotted and fitted with a log-normal distributidiig. 3(d)].
In the case of local ordering similar to that of the reference
pattern, the histogram should be quite sharp and the correla- GISAXS measurements were performed with the aim of
tion coefficient at the maximum of the distribution should getting accurate morphological characteristics., shape,
reach a high value. lateral and vertical sizes, size dispergiof the Fe-rich par-
The process described above was applied to compare thigles depending on the assistance conditions, but also to
local spatial ordering in Fe-BN nanocomposite films de-check the spatial ordering over a large sample area of the
pending on the nature of the assistance ion beam. Although itrder of 15 mm. GISAXS experiments were carried out
seems obvious from direct observation of the LACFs that thevith the small-angle scattering setup of beamline DW31B at
hexagonal ordering is the most likely, we carried out thethe LURE synchrotron facilitfOrsay, France The lateral
analysis with two kinds of reference pattern: a square patterand vertical beam sizes were 1 and 0.1 mm, respectively, and
and a hexagonal one. As suspected, the results obtained fihre wavelength wa3.=0.177 nm. The angle of incidence

Circular intensity
~
o
1

—
o
-

Number of cells

FIG. 3. (Color online (a) Averaged sum of the rotated local
autocorrelation functions of the Ar-assisted film using<@¥4 pxX
cells (hexagonal referenge(b) Variation of the intensity along the
dotted line in Fig. 8) that enables the radial contrast to be deter-
mined as the amplitude of the first secondary maximum normalize
over the backgroundc) Variation of the intensity along the solid
line in Fig. 3a) that enables the circular contrast to be determine
as the amplitude of the signdl) Histogram of correlation coeffi-
cients fitted to a log-normal distribution.

B. GISAXS experiments
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FIG. 4. (Color online Averaged sum of the rotated local auto- (e) q, (nm'1)
correlation functions of théa) Ar- and (b) N-assisted films using
128x% 128 pX cells (hexagonal referengespecific symmetries can FIG. 5. (Color online 2D experimental GISAXS patterns of
be seen in Fig. @), indicating a high degree of ordering for the Fe-BN nanocomposite filmga) unassisted(b) N assisted(c) Ne
Fe-rich particles in the Ar-assisted film. assisted(d) Ar assisted, ande) Kr assisted.

with respect to the surfacey;) was kept slightly above the nate always remains negligiblevere calculated 33
critical angle of total external reflectidmy.), so that the pen-

etration depth of the incident x-ray beam was of the order of 27w . .

the film thickness. The transmitted and specularly reflected a= T[(sm(zaf)cos(af) sin(ay) + sin(a)] @)
beams were masked by a vertical beam stop, and the scat-

tered intensity originating from typically 1®particles was with 26; and «; being the exit angles with respect to the
collected with a CCD detector placed at 380 mm from theincidence plane and the surface plane, respectively. A visual
sample. 2D experimental GISAXS patterns of Fe-BN filmsinspection of the 2D experimental GISAXS patterns provides
grown with various assistance conditions are displayed im first qualitative information about the morphology of the
Figs. 5a)-5(e) where the horizontal and vertical componentsFe-rich particles. The 2D GISAXS patterns for the unassisted
of the scattering vector in vacuugr(qy,q,) (theq, coordi- and N assisted filmgFigs. §a) and 8b)] exhibit elliptic
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TABLE lll. The results obtained from the analysis of the 2D experimental GISAXS patterns with the
local monodisperse hard-sphere model. Expressions for the form fa@pfcylinder, spheroid, or capsule
and values for the out-of-plane volume fraction of the hard sphgtg$7,s or 0) are those yielding the best
fits within the approximations given in the text.

Sample F@@) D' (hm) w' (nm) DL (nm) cht Ths s
Unassisted spheroid 1.69 0.76 2.00 1.316 0.396 745
N assisted spheroid 2.51 1.20 3.26 1.354 0.392 7,s
Ne assisted capsule 2.71 0.76 9.11 1.417 0.513 0
Ar assisted capsule 3.46 1.55 9.20 1.244 0.539 0
Kr assisted capsule 2.61 0.56 8.56 1.725 0.424 0

scattering rings characteristic of a 3D arrangement of nandip), whose mathematical expressions for the form factor
particles slightly elongated in the vertical directi®fin con-  F(q) are given in Appendix A. The model also includes the
trast, the 2D GISAXS patterns for the Ne, Ar, and Kr assistedstructure factoiS(q) expressed within the Percus-Yevick ap-
films [Figs. 5c)-5(e)] display a very anisotropic signal, in- proximation for monodisperse hard sphéfesd depicted in
dicating a columnar growth of the Fe-rich nanoparticles conAppendix B. The expression f@&(q) depends on the volume
sistent with the HRTEM results. To provide quantitative in- fraction s of the hard spheres, which is characteristic of
formation on the nanoparticle shape and spatial arrangemerifie local spatial orderingS(q) also depends on the hard-
a detailed analysis of the GISAXS intensity is then necessphere diametelys which is considered to be proportional
sary. In the framework of the distorted-wave Born approxi-to the particle size through a constant fadrassuming the
mation, the scattered intensity originating from a system of-e-rich particles to be surrounded by a depleted zone which
monodisperse particles buried in a thin layer is give#by volume is proportional to the volume of the particksTo
B 5 e e (D deduce the in-plane and out-of-plane particle shape param-
1(q) = KT (a)[*[T(ap) | F(G)|*S(@), ) eters(D"*+ andw!') and the spatial correlation parameters

Y . : (C'+ and 7;5) from the 2D experimental GISAXS patterns
whereq=(qy,q,) is the complex scattering vector in the layer presented in Figs. (8-5(6), two cuts of the intensity map

(CO”?Cte.d for refractlor_1 at the air/layer interface and for ab'Were simultaneously fitted. The first cut was performed par-
sorption in the layer k is an overall scale factof,(«;) and

T(as) are the Fresnel transmission coefficients in incidenc allel to g at g,~0.43 nm™ corresponding to the minimum
o valueq™"=(27/\)[sin(a,) +sin(a;)] as deduced from Eq.
and emergencd;(q) is the form factor of the scattering ob- G d;" =(2m/N[sin(ao) +sina)] q

) : ) ) (1). The second cut was achieved parallebgpeither atq,
jets (Fourier transform of the particle shgpandS(q) is the =" (unassisted and N assisted fils at theg, position

structure factor of the assembly, which represents the inteiss the interference maximum in the first oiMe, Ar, and Kr
particle interference function. It should be noted that reflec-yggisted films The Levenberg-Marquardt aléori’tﬁi"nwas
tions of the incident and scattered beams at the layerisoq to search for the parameter values minimizidgor
substrate interface are neglected as the penetration depthygi, cuts, However, to limit the number of fitting parameters,
low. Assuming that all particles are surrounded by particles,o crude approximations were madé) w'/w/=D*/D!

of identical size, the local monodisperse approximationje gl the particles of the population have the same aspect
(LMA) is commonly used to include the polydlspersny of theratio) and (i) Ct=C! and 7= 7745 (i.e., 3D particle distri-
system in the modéf In our case, this assumption is sup- ption with in-plane and out-of-plane spatial correlation de-
ported by the TEM images of the Fe-BN films where Par-¢cribed by the same paramejecs ﬂﬁszo li.e., 2D particle

ticles of very different sizes close to one another are Noljis¢ripytion without out-of-plane spatial correlation leading

. Th lydi is th i h .
observed. The polydisperse system is thus considered as t c?S(qz):l]. 2D simulated GISAXS patterns were then cal-

f di bsyst ighted by the size di&2
Sum o1 MONOCISPErse SLbsys ems WEIgiee by "he siz€ d lated with the parameters obtained from the fits and re-

tribution. Hence, the scattered intensity can be expresse . . :
22728 vy P ported in Table Il. x> maps were finally plotted, with?

- defined ag(z(qya?z):[lexp(GCJyvr?z)_Isirr’;](quqz)]zlésim(qyaqz)- b
_ As an example, Fig. 6 shows that a good agreement be-
Lma (@) = fo |(@)N(D)dD, ) tween the simulated and experimental data is obtained for the
unassisted film by assuming spheroi@@liasisphericalpar-

wherel(q) is given by Eq.(2) andN(D) represents the dis- ticles andz;js=7},s in the model. Identically, a 3D distribu-
tribution of particle size that was taken as a Gaussian functon of oblate spheroids allows one to reproduce the 2D ex-

tion of full width at half maximum(FWHM) w. In our  perimental pattern of the N-assisted film over the whgle
model, three possible shapes for the Fe-rich particles of inrange. In contrast, as seen in Fig. 7 corresponding to the
plane diameteD' and heightD* were tested, namely, cylin- analysis of the Ar assisted film, the best reproduction of the
der, oblate spheroifotational ellipsoid elongated along the 2D experimental patterns for the films assisted with inert gas
vertical direction, and capsulécylinder of diameteD' and  is obtained by assuming vertically elongated capsules and
heightD+-D' with one hemisphere of diamet®' at each  75=0. In this case however, it should be noted that the
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] ) FIG. 7. (a) 2D experimental GISAXS pattern of the Ar-assisted
FIG. 6. (a) 2D experimental GISAXS pattern of the unassisted o_gN film. (b) Cuts of the experimental pattern paralleldpat

Fe-BN film. (b) Cuts of the experimental pattern paralleldp at 9,=0.43 nm* and parallel tog, at q,=1.36 nmt®: best fits of the

_ ) _ 1. -
,=0.43 nm" and parallel tog, at g,=0.43 cm™; best fits of the gy nerimental cutgsolid lines. (c) 2D simulated GISAXS pattern
experimental cutgsolid lines. (c) 2D simulated GISAXS pattern with the parameters gathered in Table Ild) x2 map with

with the parameters gathered in Table I{d) x? map with 2 - _1 2/ .
X (G, G2) =[explCy A = sim( Gy, A 1/ Vsim(Cly» G-
Xz(quQZ):[Iex;{qy‘QZ)_Isim(quqz)]zllsim(quqz)- Y exp( / sy s
IV. LOCAL ATOMIC ORDER

. . . . . . A. Electron diffraction results
simulated data in the direction parallel dg display oscilla- i | hi-fiel )
tions that are not present in the corresponding experiment%lleiﬁg‘r? ;gggteomen?ry t% dbrt'g t-r(|)e -ﬂeT%?grﬁqxapt%LmaeQéS}
data[Fig. 7(b)]. We attribute this discrepancy to a particle ; lon was us provige 1 : u

. L . . the crystalline nature of the Fe-BN films. As typical ex-
height distribution broader than the in-plane diameter Oneample)s/, selected-area electron diffractiSAED) pat}[/grns of

(w>w), as seen in the cross-section HRTEM image of théipe Ar- and N-assisted films are shown in Fig&)@nd §b).
same samplEFig. 1(d)]. Furthermore, whereas thé map of | hoth cases, all the spectral rings are broad due to crystal-
the unassisted film in Fig.(6) is rather flat, they” map of  |ine domains with small size and/or disordered structure. The
the Ar assisted film in Fig. (d) exhibits a stronger signal at diffraction profiles of the unassistédotted ling and assisted
low gy values forg,~0.8 nnT*, owing to the vertical spatial films (solid line§ were extracted from the corresponding
correlations(even weak that are not taken into account in SAED patterns and are displayed in Figc)8together with
the 2D distribution model. the position of the main lines fow-Fe (circles, e-Fe,_aN

In summary, according to the GISAXS results reported in(down triangleg Fe,B (up triangle$, and h-BN (vertical
Table Ill, the use of a low-energy assistance beam during thkne).3? The first peak corresponding to the innermost halo
ion-beam sputtering deposition of granular Fe-BN filmsring in the SAED patterns arises from the BN matrix and
leads to dramatic changes in morphology and spatial ordeconfirms the presence of nanocrystallim®N in all the as-
ing of the Fe-rich particles, especially when inert gas aresisted films(the peak is weaker and broader for the unas-
used. In comparison with the unassisted film, we observe asisted film because of the amorphous structure of the BN
increase of the average in-plane particle diam&teftfrom  matrix). A correspondingd spacing of approximately
1.69 nm to a maximum value of 3.46 nm for)Am narrow- 0.36 nm is estimated, slightly higher than that of {062
ing of the in-plane size distributiow'/D' (from ~50% to  basal planes in bullh-BN, dy0,=0.33 nm, as already ob-
~30%), and an increase of the aspect rabo /D' (from  served in Fe-BN and Fe-C nanocomposite fifh$.The
~1.2 to ~3). These morphological modifications are ac- main feature in Fig. &) is that the inert-gas assisted films
companied by a decrease of the out-of-plane hard-sphere vdiave the same characteristics as the unassisted film with two
ume fractionys (corresponding to a transition from a 3D broad peaks indexed asFe(B) or FeB (even the presence
particle distribution to a 2D oneand an increase of the in- of FeB or FgB phases cannot be ruled out due to the over-
plane hard-sphere volume fractiof,s. It corroborates the lapping of the spectral lingsOnly the N assisted film exhib-
analysis of the TEM images, which indicates a better indts a different profile, which reveals the presence eof
plane spatial ordering in the Ar and Ne assisted films than ifFe,_N indicating that nitrided Fe particles are formed in this
the other films. case.

035430-7



BABONNEAU et al. PHYSICAL REVIEW B 71, 035430(2005
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o Nitrogen, 50 eV

¢
¢
{
.

(2] o
£ 250+ assistance
3

Neon 50 eV

K3y (k) (arb.units)

©

FIG. 8. SAED patterns of théa) Ar- and (b) N-assisted Fe
-BN films. (c) Electron diffraction averaged profiles obtained from
the SAED pattern of the unassist@btted ling and assiste@solid
lines) Fe-BN films together with the position of the main lines for 20 40 60 80 100 120
a-Fe (circles, e-Fe,_JN (down triangleg Fe,B (up triangle$, and k (nm™ ")
h-BN (vertical line.

FIG. 9. Thek3-weighted EXAFS spectra of Fe-BN nanocom-
B. EXAFS analysis posite films prepared with different assistance conditions.

From SAED characterizations, it was evidenced that th&3-weighted EXAFS are shown in Fig. 9 to better visualize
nanoparticles embedded in BN are not purée particles the structure in the higk range. A difference between the N
whatever the assistance conditions. Unfortunately, it is trickyassisted film and the others is evident from a visual inspec-
to determine the exact crystalline structure of the particles byion of the EXAFS signals as shown in Fig. 9 and their
electron diffraction experiments, in particular because of thé-ourier transforms presented in Fig. 10.
line broadening resulting from small grain sizes and/or crys- Quantitative analysis of the unassisted, Ne-assisted, and
talline disorder. Accordingly, EXAFS measurements wereAr-assisted films evidences the relatively disordered nature
performed in the total electron yield mode at the LURE syn-Of the structure. Local structure around Fe can be simply
chrotron facility on beamline D42 operating with a(Bi1)  Simulated by Fe-B and Fe-Fe contributions. From the re-
channel cut monochromator. The intensity of the monochrosults listed in Table IV, it can be seen that the Fe-B distance
matic beam was monitored by an air filled ionization cham-(0.206 nm is significantly shorter than in FeB.212 nm,
ber, while the absorption coefficient of the Fe-BN films waswhile the Fe-Fe distanc€0.249 nm corresponds well to
recorded in conversion electron yield at liquid nitrogenthat in a-Fe metal(0.248 nm. Small coordination numbers
temperaturé® with the probed depth being in the 100 nm of Fe-B and Fe-Fe distances suggest the formation of small
range3*3°thus of the order of magnitude of the thickness of particles, most likely including a large amount of B in the
the studied filmg~200 nm. The samples, electrically con- form of a FgyyB, amorphous phase.
nected to ground, were introduced in a chamber continuously The N assisted film has a more defined local structure
flushed by He and were positioned at about 20° with respeatith more apparent shells and their few relative multiple
to the incoming beam. He gas passed through a liquid nitroscattering paths have been introduced in the refinement. Re-
gen filled Dewar before entering the measurement chambesults are also depicted in Table IV. The first distance is too
and it was therefore used to cool the sample. For a completghort to be relatedbta B shell and it can be well reproduced
description of this method, Refs. 36 and 37 can be consultecis a Fe-N shell at 0.192 nm as can be founckiRe;N.
EXAFS spectra were obtained from absorption data by théuter shells are quite disordered but three distinct Fe-Fe
AUTOBK 2.941 code® Data analysis has been performeddistances can be observed: X0.260, 2x0.278, 4
with FEFFIT 2.984 (Ref. 39 versus theoretical standards ob- X 0.388 nm. They do not correspond exactly to the local
tained withFEFF 8.1 self-consistent calculatiof$Data fit-  structure in e-FeN: 6x0.267, 6x<0.273, 2<0.378, 4
ting was performed im space ork?>-weighted spectra, but X< 0.384 nm, but their likelihood suggests that the formed
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k2_weighted EXAFS spectra of Fe-BN nanocomposite films pre- (b) oS (mm.s.1)

pared with different assistance conditions.
FIG. 11. (a) °'Fe Méssbauer spectrum at room temperature of a

compound is quite similar, this compound can be the resulNe-assisted Fe-BN film antb) the derived quadrupole splitting

of the direct reaction of Fe with the assistance nitrogerﬁistribution.The solid line irfb) was obtained by fitting the discrete
beam. probabilities to a Gaussian curve.

C. Méssbauer measurements refleption geometry, with &’Co source diffused into a
. ) ~ rhodium matrix (1.85 GBqQ. A He-CH, gas flow propor-
Fe MGssbauer measurements were undertaken to invegonal countet' was used to record the emitted conversion
tigate the Fe atom environments and then obtain further in¢7.3 ke\) and Auger(5.5 keV) electrons subsequent to the
formation on the Fe-rich phases. Conversion electron M6ssesonanty-ray scattering by’’Fe nuclei. The isomer shift
bauer spectroscopfCEMS) experiments were performed at (|S) at the *’Fe nucleus is given relative ta-Fe at room
room temperature by using a constant-acceleration setup t@mperature. As is known, the CEMS technique is well suited
for surface and thin film studies, since it is most sensitive to
TABLE IV. The results obtained from the analysis of EXAFS the top(~2100 nm of the sampldnearly 80% of conversion
spectra: type and number of nearest neighbors, corresponding digtectrons come from this deptheven though there is some
tance and Debye-Waller facter, giving the mean square relative contribution to the signal from a depth up 46250 nm, but

displacement. with decreasing efficiencif
— _ CEM spectra of unassisted and Ar-, Ne-, N-assisted Fe-
Type of Coordination Distance  o? BN films, ~200-nm thick, have been measured and, as a

Sample  Shellneighbor number — (nm)  (10*nn?)  typical example, the spectrum of the Ne assisted film is
shown in Fig. 11a). All spectra exhibit doublets typical of

Unassisted 1 B @) 0.2062) 0.94) : . L .
5 Fo 477) 0.2491)  1.31) superparamagnetic relaxation, whlc_h is as expected since the
) D' and D+ diameters of the Fe-rich particles measured
Ne assisted 1 B 2@ 02082 0602 through GISAXS experiments in Sec. Il B appear to be
2 Fe 395 02491 1.1 markedly lower than 10 nm in all Fe-BN films. As no mag-
Ar assisted 1 B &) 0.2062) 0.84) netic splitting(or broadeningwas evidenced, each spectrum
2 Fe 4.27) 0.2481) 1.32) was fitted to the superposition of sets of two Lorentzian lines
N assisted 1 N 2(2) 0.19241) 0.61) with different quadrupole splittingQS), thus leading to a
2 Fe 4.29) 02602 1.22) Qiscrete distribution of QS. Here, the width of the Lorentzian
3 Fe 2.34) 02783 1227 Ilnes_was assum_ed to be 0.26 mm/g. When the doublet struc-
' ' b ture is asymmetric, we assumed a linear relation between QS
4 Fe 41) 03883 1.22) and IS to get the best fitting. The QS distribution curve ob-

aThe Debye-Waller factor of the third shell was assumed to be equdgined from the spectrum in Fig. (@ is presented in Fig.

to that of the second shell. 11(b), where it is seen that the distribution covers the veloc-
bThe Debye-Waller factor of the fourth shell was assumed to bdty range between O and 1.5 mm/s. The hyperfine param-
equal to that of the second shell. eters, i.e., the mean isomer shif§), the mean quadrupole
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TABLE V. Summary of Mossbauer parameters as derived from 0.3
qguadrupole splitting(QS) distributions.(IS) is the mean isomer
shift, (QS) the mean QS valueigs the standard deviation of the QS = 0.2
distribution, and FWHM the full width at half maximum of the QS g ’
distribution. The experimental error bar fdtS) and (QS is £
+0.02 mm/s. @ 0.1-
(1S N Q9 L gQs N FWH'\Q 0.0-
Sample (mms?) (mms™) (mms™) (mms) (') 1'0 2'0 3'0 4'0 5'0 6IO
Unassisted 0.16 0.69 0.35 0.72 (@) B content (at. %)
N assisted 0.32 0.71 0.45 0.80 0.6 A
Ne assisted 0.14 0.68 0.33 0.71 05- sreN  ere,n 72
Ar assisted 0.14 0.68 0.33 0.71 — ‘ P l itk
‘@ 044 \ e-Fes N i E-FeN
£
splitting (QS), and the standard deviatiosys calculated C‘DE' 0.31 ey
from the QS distributions are listed in Table V. Finally, all = o e-Fey N 2
discrete QS distributions were fitted to Gaussian curves, thus
allowing the FWHM of the distributions to be extractétie 0.1, . . 1 . .
derived FWHM values are also given in Table.V 15 20 25 30 35 40
CEMS results show that the hyperfine parameters for the (b) N content (at. %)

unassisted and inert-gas assisted films are close to each other.FIG_ 12. (a) Variations in room temperature isomer shift as a

On the c_ontrary, the parameters for the N-assisted film m,arkfunction of B content in amorphous Fe-B compounds. Data were
edly deviate, except fo('QS>'_ from the former ones, and this .0y from Refs. 44 and 45b) Variations in room-temperature
finding is in consistence with the above SAED and EXAFSjgomer shift as a function of N content in crystallized Fe-N com-
results which already evidenced the particular role of the,ounds. various symbols at the same abscissa correspond to differ-
nitrogen assistance. An important result is (i) increase  ent Fe sites in the same compound. Data were taken from Ref. 47.
from 0.14-0.16 mm/s for the unassisted and inert-gas asrhe solid curve was obtained by fitting the data to a straight line.
sisted films to 0.32 mm/s for the N-assisted film.

In the present study the most reliable hyperfine parameter

is the isomer shift which is a measure of the electron densitgyggested the formation of crystallizedFe;N. The varia-

at the Fe nucleus relative to that in the standard. For the Fgons in room-temperature isomer shift as a function of N
nucleus, a positive isomer shift represents a decrease in eleggntent are plotted in Fig. 18) for crystallized FeN nitrides

tron density at the nucleus. This electron density is entirelyyith 2.0<x<4.047 It then appears that the experimental
due to the s-electrons, but it may be also modified by the|s) value at 0.32 mm/s corresponds to the 25 at. % N com-
shielding effects of electrons in other orbitals. In Fe-B COM-position, i.e., to thes-Fey N nitride. The determination of
pounds, it has been stated that the change in isomer shift {fis compound is consistent with the EXAFS results. In bulk
due to transfer of electrons from B to Fe atofighe varia-  FgN compounds, the transition from ferromagnetic state to
tions in room-temperature isomer shift as a function of Bparamagnetic state at room temperature occurg tose to
content are plotted in Fig. 1@ for amorphous Fe-B com- 2 247 5o that thes-Fe; N nitride is normally ferromagnetic
pounds according to Refs. 44 and 45. In the case of unagt 293 K. Hence the observation of a Mossbauer doublet
sisted and inert-gas assisted films, the EXAFS data in Segom this compound clearly indicates the existence of super-
IV B evidenced the presence of amorphouggh¢B, hano- paramagnetic particles.

particles embedded in a BN matrix. The experimeris) As a conclusion, the above CEMS study brought quanti-
values at 0.14-0.16 mm/s then indicate that the Fe environgtive results concerning the Fe environments in the Fe-rich
ments in the films under study correspond to those irparticles embedded in Fe-BN nanocomposite films prepared
Fei00Bx amorphous compounds witk=35-37. The Fe- py jon-beam sputtering. In the case of amorphous Fe-B par-
rich phases detected here by analysis of the CEM spectigles, the Fe/B atomic ratio was determined to-b2, while

are in satisfactory agreement with those detected by Pdgor Fe-N crystallized particles the Fe/N ratio-is3.
paefthymiouet al,” namely, Fg,B,, and FgyB,o, in granular

Fe,;-(BN),5 films prepared by rf-magnetron sputtering. Fi-

nally, let us mentic_)n that RgyB, amorphous alloys with V. SUMMARY AND CONCLUSIONS

x~35 are magnetically ordered at room temperatfirsg

that the appearance of a doublet as CEM spectrum from such Fe-BN nanocomposite thin films have been fabricated by

compounds shows proof of superparamagnetic behavior fapn-beam assisted sputtering codeposition with various assis-

the Fe-rich particles, as already demonstrated in Ref. 8 frortance conditions. The results presented in Sec. Il and IV

magnetic measurements of an unassisted film. evidence strong dependence of the structural characteristics
Similar analysis can be performed with the N-assistedf the films (morphology and organization of the nanopar-

film, for which SAED analysis and EXAFS measurementsticles as well as local chemical ordesn the nature of the
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assistance beam. The first interesting feature revealed bihank A. Traverse for his contribution to EXAFS experi-
cross-section HRTEM observations and confirmed quantitaments. E. Fonda has been fully supported during this re-
tively by GISAXS experiments is the synthesis of more orsearch by the E. U. program “Human Potenti&Contract
less columnar nanoparticles when the codeposition is asNo. HPMF-CT-20001-01125

sisted, whether the assistance beam is reactive or not. Such a

columnar growth can be attributed to an enhanced surface
diffusion of the incoming deposited species, which could be
also responsible for an increase of the in-plane dianiéter.
However, as seen in Table Ill, this effect is limited when

APPENDIX A

The GISAXS intensity originating from particles with in-

nitrogen is used because N reacts with Fe to form crystalPlane diameteD and heightH was fitted with the following

lized e-FesN nanoparticles and with B to for-BN nano-
capsules. In contrast, nanoparticles obtained in inert-gas as-
sisted and unassisted films are in the form of aBrFe
amorphous phase. The presence of B atoms dissolved in the
nanoparticles can be simply explained by an excess of B
atoms in the matrixB:N ratio higher than land also by the
formation energy of the Fe-B bonds which is negative and
smaller than that of the Fe-N bonds over the whole concen-
tration range’® The second striking result is that, in correla-
tion with the columnar growth, self-ordering of the nanopar-
ticles and narrowing of the size distribution are clearly
evidenced in inert-gas-assisted films by TEM image process-
ing as well as by GISAXS pattern analysis. Regarding the
nanostructural characteristics of the Fe-BN nanocomposite
films assisted with different inert gas, slight variations are
observed(Table llI). It is, however, worth noting that effi-
ciency of the assistance to induce columnar growth and self-
ordering is actually maximized in the argon assistance case.
This result suggests that when neon and krypton are used,
part of the ions in the assistance beam do not transfer their
energy to the surface atoms of the growing film, most prob-
ably due to backscattering and sputtering effects. Indeed, a
large amount of Ne ions are backscatte(®d.9% compared

to 4.7% for Ar and 0.3% for Kr, as determined frosrim
calculation$®), while sputtering arises when krypton is used,
as described in Sec. Il.

To conclude, we have synthesized self-organized arrays of
Fe-rich nanoparticles encapsulatedni¥BN and character-
ized by a high shape anisotropy and a small size dispersion.
Furthermore, depending on the nature of the assistance gas,
we have obtained nanoparticles with various compositions
and crystalline structures, from amorphous borides to crys-
tallized nitrides. However, the Fe-rich nanoparticles de-
scribed here are superparamagnetic at room temperature
whereas ferromagnetic phases should be stabilized for devel-
oping new materials for high-density magnetic recording me-
dia. In the future, one can expect to control the composition
of the nanoparticles independently of their shape and organi-
zation by using mixed gage.g., Ar+N with variable Ar:N
ratios. Hence, the results obtained here provide motivation
to extend the fabrication method to nanoparticles of ferro-
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APPENDIX B

magnetic alloys with large magnetocrystalline anisotropies The structure factor for monodisperse hard-spheres with

(e.g., FePt and CoPor with large saturation magnetization
(e.g., FggN, for which a giant moment has been repoytetd
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diameterDyg and volume fractionyys, describing the inter-
ference effects, was expressed®as

S(@) =[1 + 2474sG(Dpsd)/(Dusi) 1™, (B1)

cal staff during the GISAXS and EXAFS experiments. Wewhere
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G(A) = a(sinA— A cosA)/A? a=(1+ 294941 - pug)?, (B4)
+ B[2AsinA+ (2 - A%)cosA-2]IA°  (B2)
+ y{- A* cosA + 4[(3A% - 6)coSA B==67us(1 + /2% (1 = 7ag)*, (BS)
+ (A% = 6A)sinA + 6]}/A° (B3)
and V= 7]Hsa/2. (BG)
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