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Fabrication of exchange-coupled a-Fe/L1,-FePd nanocomposite
isolated patrticles

Junichi Kawamura, Kazuhisa Sato,? and Yoshihiko Hirotsu
The Institute of Scientific and Industrial Research (ISIR), Osaka University, 8-1 Mihogaoka, Ibaraki,
Osaka 567-0047, Japan

(Received 23 February 2004; accepted 18 June 2004

Oriented nanocomposite particles ofFe and orderedL1ly,-FePd have been fabricated by
electron-beam deposition and successive postdeposition annealing at temperatures higher than
773 K. High-resolution transmission electron microscopy, hanobeam electron diffraction, and
nanobeam elemental analysis indicated that two regions compoge&@fandL1,-FePd coexisted

in each nanoparticle separated by a diffuse boundary. Magnetic hysteresis measurements using a
superconducting quantum interference device magnetometer showed a gradual increase in the
saturation magnetization with increasing volume ratio of &hEe region, whereas the coercivity
decreased with the volume afFe. There were no obvious steps in each magnetization curve. These
results indicated the existence of an exchange coupling betweenRleeandL1,-FePd crystallites
connected coherently with each other within the nanoparticles. The effects ai-Feeregion

size on hard magnetic properties are also discusse@0@ American Institute of Physics

[DOI: 10.1063/1.1782963

I. INTRODUCTION ties as large as 4070 kO&>'* have been reported. How-

Ferromagnetic nanoparticles have attracted a great de&}en the saturation magnetigatiqms) of the LlyFePt
of interest for scientific and industrial uses due to their charPhase(1140 emu/cr#) (Ref. 13 is much smaller than that of

acteristic properties of superparamagnetism, rotation magné€e purea-Fe (1710 emu/ cri). ™

tization of single-domain particles, and application of these ~ To increase théM of hard magnetic materials, we re-
phenomena to magnetic sensors or storage media. Particlégred to the previous studies of permanent magnets that took
smaller than their magnetic-domain wall size becomeadvantage of the exchange coupling between the soft mag-
“single-magnetic-domain particles” with unidirectional ori- netic phase with a highl and the hard magnetic phase with
entation of the magnetic moment, where the magnetizatiog largeK,. Among these magnets, called “exchange-spring
process of the particles is carried by rotation magnetizatioqnagnets,, or “nanocomposite magnets,” a maximum energy
For such small particles, ideally, we can obtain a max'munbroduct as high as 24 MG Oe was obtained for the

coercwlty value_as large as the. ams_otrppy fﬂetﬂne of Fhe_ -Fe/Nd,Fe ,B nanocomposite prepared by melt spinnjrﬁg.
most active topics of research in this field is the fabrication 1718 :
[-"*" reported the formation of the exchange-

of films with ultrahigh-density magnetic nanoparticles forZeng et a ) ) . )
future ultrahigh-density magnetic recordifijHowever, the ~ coupled FgPt/FePt films using a chemical technique called

magnetic moment of a nanoparticle is easily perturbed byself-assembly of magnetic nanoparticles.” In contrast to the
thermal agitation, which finally results in the appearance ofe—Pt alloy, there is a eutectoid reaction at 878 K in the
superparamagnetism. The critical particle size of the transiequilibrium phase diagram of the Fe—Pd alfogt the com-
tion from ferromagnetism to superparamagnetism of theposition of Fe-46 at.%Pd. The coexistence of the two
magnetic nanoparticles due to the thermal agitation can bghases, i.e., soft magnetie-Fe and hard magnetit.1,
discussed using the following relation under the constgnt -FepPd with a large,, value (2.6x 10° J/m?), % can be real-
value,K,V~25 kgT, whereK, is the uniaxial magnetocrys-  jzed on cooling from the eutectoid temperature to room tem-
talline anisotropy constany/ is the critical volume of the  yora1re. A two-phase mixture is obtained in a wide compo-
magnetic particlelg is the Boltzmann constant, affdis the sition range between the pure Fe and the 48.5 at.%Pd. In

-6 . . T
f[emperaturél. This relation |nd|c§1tes that thg larg value addition, the noble-metal content can be reduced effectively
is necessary for the ferromagnetic nanopatrticles to overcome

the thermal agitation under a sm&llvalue. In recent years, y choosing the Fe-rich composmoh of the Fe—Pd alloy. Due
a great deal of attention has been paid to the fabrication df the small magnetocrystalline anisotropy constana-dfe

the L1g-FePt thin film&® or L1,-FePt nanoparticléd®with (4.7 107 J/n¥) (Ref. 21 and its highMs value, it is pre-

hard magnetic properties. This is becausk-FePt has a sumed that the two-phase mixture behaves as an exchange-
large K, value (6.6x10°J/n?) (Ref. 11) compared to spring magnet. Despite these technological advantages of the
CoPtCr-based recording materiafs-or the isolated single- a-Fe/L1y-FePd nanocomposite alloy, there have been no
domainL1y,-FePt nanoparticles, room-temperature coercivi-previous studies especially with regard to nanoparticles.

In the present study, we fabricated the exchange-coupled
dElectronic mail: sato@sanken.osaka-u.ac.jp a-Fe/L1y-FePd nanoparticles with a mutual fixed orientation
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and good isolation. The results regarding nanostructuregABLE I. Alloy compositions and mean-particle sizes of the as-deposited
morphology, and magnetic properties in relation to the FéDaS depd @nd annealed specime(id,,,c.) with different average Fe thick-

SS.
composition are presented in this article.

Alloy composition  Dgs.gepo  Danneal

Il. EXPERIMENT Specimen Average thickness (at.%Pd (nm) (nm)

Specimen preparation was performed by successive A Fe(2 nm)/Pd1 nm) Fe-43 12 12
deposition of Pd and Fe using an electron-beam evaporation B Fe(3 nm)/Pd1 nm) Fe-33 15 14
apparatus with a base pressure of approximately 3 C Fe(5 nm/Pd1 nm) Fe-25 21 21

X107 Pa. Pure Pd, Fe, and M, crystals were used as
evaporation sources, and N&@31) crystals cleaved in air
were supplied as substrates. A quartz thickness monitor aind a weak halo pattern from a-&l; are seen, whereas no
tached to the evaporation chamber was used to estimate tlsaperlattice reflections from thely,-FePd compound are de-
average thickness of the deposited layer. In this process, wected. Successive deposition of Pd and Fe onto the heated
took advantage of the overgrowth of Fe onto the Pd “seedSubstrate resulted in the formation of isolated particles of
nanoparticles, which were grown epitaxially on the cleaved-e/Pd nanocomplex with a mutual fixed orientation. The ori-
NaCl(001) substrates with a substrate temperature ofentation relationship was as follow$01Dy.c// /{01Dpg

623 K After deposition, an amorphoua-)Al,O; film was  {100y.c/ /{100pg (100cd/ /{100p4 and{01L e/ /{010
further deposited at a substrate temperature of about 573 I the image in Fig. @a), dark- and gray-contrast regions can

to protect the particles from oxidation and also to stabilizebe seen in each nanoparticle. The dark- and gray-contrast
the particles in the separated condition. The average thickegions, due mainly to absorption, were considered to be of
nesses for Pd, Fe, and &); were 1, 2~5, and 10 nm, re- fcc Pd anda-Fe, respectively. Strongly dark-contrast regions
spectively. By changing the average deposition thickness ddre also observed in some particles, which are due to a dif-
Fe, we fabricated three kinds of specimens with differenfraction effect. Postdeposition annealing led to the formation
alloy compositions. The energy dispersive x-ray spectrosef the tetragonal-ordered phase with th&,-type ordered
copy (EDS) indicated that the mean compositions of thesestructure. In the SAED pattern shown in Figby, in addi-
specimens were Fe-43 at.%Ffdr a specimen with an av- tion to the 200 Fe reflection, 001 and 110 superlattice reflec-
erage Fe thickness of 2 npFe-33 at.% PdFe thickness of tions from thelL1,-FePd are visible, implying the coexist-

3 nm), and Fe-25 at.% P(Fe thickness of 5 njnHeat treat-  ence ofa-Fe andL1,-FePd in the specimen. The TEM image
ments of the as-deposited specimens for the formation of thehown in Fig. 1 clearly indicates the isolation of the nano-
ordered FePd were performed in a high-vacuum furnacgarticles. The particle-size distribution followed a log-
(<8x 107 Pg at 873 K for 3.6 ks. The heating and cooling normal-type distribution function. The mean particle size of
rates were 5 and 10 K/min, respectively. The as-depositethe as-deposited specimen was 21 nm with a standard devia-
and the annealed films were removed from the NaCl subtion of In ¢=0.22, where as that for the annealed specimen
strate by immersing the substrate into distilled water and
were mounted onto copper grids for transmission electron
microscopy (TEM) using 200 kV (JEOL, JEM-2019 and
300 kV (JEOL, JEM-3000F electron microscopes. The
TEM images and electron diffraction patterns were recorded
on imaging plateglP, Fuji Film, FDL-UR-V), and the elec- > 4
tron intensities were processed as digital datasitu obser- 4 0. . 5 ' ~200Fe
vations during annealing were also made in the 200 kV elec- & ‘ ;
tron microscope with a specimen-heating stage. Magnetic
properties were measured using a superconducting quantum
interference devicéSQUID) magnetomete(Quantum De-
sign, MPMS-53 over the temperature range between 10 and
300 K.

Sz

N
200Pd

Ill. RESULTS AND DISCUSSION

Average film thicknesses, alloy compositions, and mean
particle sizes of the specimens are listed in Table I. The
specimens with the initial average Fe thickness of 2, 3, and
5 nm were designated as specimens A, B, and C, respec-
tively. Here, we present the results of the structural charac-
terization mainly for specimen C. The TEM images and the
corresponding selected area electron diffract®AED) pat-

terns for the as-deposned specm(ehand also for the Specl- FIG. 1. TEM images and corresponding SAED patterns of the as-deposited

men annealed at 873 K for 3.6 Kg) are shown in Fig. 1. In (5 and annealed) specimen C. The TEM images indicated the formation
the SAED pattern in Fig. (&), reflections froma-Fe, fcc Pd,  of the isolated nanoparticles.
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FIG. 2. HRTEM images and NBD patterns of annealed specimen C. The NBD patterns were obtained by applying a nanoprobe of approximately 3 nm. The
a-Fe region and thé&1y,-FePd region with the axis oriented perpendiculéa) and parallelb) to the film plane can be seen. The NBD patterns correspond
to the local regions in the nanoparticles withFe (c) and L1,-FePd of thec axis perpendicula¢d) and paralleke) to the film plane.

was 21 nm with a standard deviation of d=0.23, indicat- ~43 at.%Pd. Therefore, the gray-contrast region was judged
ing that no obvious coalescence of nanoparticles occurreth be of a-Fe. This was further confirmed by the results of
during the annealing. This also indicates that both the alloythe NBD and the compositional analysis using a nanoprobe.
ing and the atomic ordering reactions proceeded within eachn Fig. 2a), a region ofL1y,-FePd with thec axis oriented
Fe/Pd nanocomplex particle during the postdeposition anperpendicular to the film plane can be seen, which was co-
nealing. herently connected to a gray-contrast regiomefe, both of

Local structural analyses of the nanoparticles were perwhich were in epitaxial orientation relation with the
formed using the high-resolution TEWNHRTEM) and the NaCl(100 substrate. Lattice fringes with spacings of 0.20
nanobeam electron diffractiaiNBD). Figures 2a) and 2b)  and 0.27 nm are clearly seen, corresponding to ()
show examples of the HRTEM images of the FePd nanopaiplane spacings ofi-Fe andL1y,-FePd, respectively. In addi-
ticles in specimen C annealed at 873 K. In both of the im-tion, a particle consisting of abhl,-FePd region with the
ages, gray- and dark-contrast regions can be seen in eaekis oriented parallel to the film plane and arFe region
nanoparticle. From the lattice-fringe spacing, the darkawere also seefFig. 2b)]. During the TEM observation, we
contrast region was found to be bii-FePd. On the other found that a larger number of particles had theaxes ori-
hand, for the gray contrast region, it was not easy to differented normal to the film plane as compared with those ori-
entiate between the lattice fringe of theFe(110 with the  ented parallel to the film plane. The preferentiadxis ori-
[001] beam incidence from that of the disordered F@®0)  entations of thd_1,-FePd regions perpendicular to the film
with the [001] beam incidence because of the epitaxial ori-plane were also confirmed by the SAED pattéfig. 1(b)],
entation relation betweea-Fe and Pdor FePd. However, as the intensity of the 110 superlattice reflection was much
according to the Fe—Pd equilibrium phase diag?athe dis- stronger than that of the 001. These results were consistent
ordered Fe—Pd phase with the fcc structure cannot exist atith our previous study on single-crystallinel,-FePd
873 K in the specimens used here with compositions of 25|s1anoparticle§.3
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FIG. 3. EDS spectra obtained from the wide regi@r25 um in diametey -1500 . . --O--Iperpeqdlcular
(a), a-Fe region(b), andL1,-FePd region(c) of the annealed specimen C. -15000-10000 -5000 O 5000 10000 15000
The size of the electron nanoprobe was approximately 3 nm. The Fe counts M tic field (O
for (@), (b), and(c) were 1300, 100, and 100, respectively. agnetic field (Oe)

FIG. 4. Magnetization curves of the annealed specimé&n)Aspecimen B

. . (b), and specimen (). Magnetization curves were measured at 300 K with
The NBD patterns also explalned the coexistencer of the external field both paralle{solid circleg and perpendiculaopen

-Fe andL1,-FePd in each nanoparticle. In the NBD experi- circles to the film plane.
ments, an electron beam was focused on the local regions of

various particles. The size of the nanoprobe used was esti-

mated to be approximately 3 nm, which was measured front €K Peak can be seen clearly, whereas the Pd-L peak is
the full width at half maximum of the nanoprobe intensity V'Y Weak. In contrast, an aimost equiatomic alloy composi-
profile recorded on IP. The NBD patterns shown in Figs.ion was obtained from a dark-contrast region, as seen in Fig.
2(c)-2(e) are from the local regions of-Fe [Fig. 2a)], (0 These represent further ev_|dence of_ the coexistence of
L1,-FePd[Fig. Aa): beam L ¢ axis], and L1-FePd[Fig. ~ the Fe and FePd regions in a single particle. _
2(b): beam //c axis], respectively. This two-phase composite ~ Figure 4 shows the magnetization curves of the speci-
structure in nanoparticles was also seen after annealing€ns with different alloy compositions after annealing at
specimens A and B. In addition, the size of thé=e region 873 K. Magnetization curves were measured at 300 K with
increased in the order of specimens A, B, and C on anneafhe external field both parallesolid circleg and perpendicu-
ing. The observed two-phase nanocomposite was considerdd (open circlesto the film plane. Coercivity values around
to consist of a partly alloyetl1l,-FePd phase and a residual 1 kOe were obtained from the annealed specimens. These
a-Fe after alloying and atomic ordering reactions. It has beefiesults corresponded to the formation of the-FePd or-
reported for the bulk Fe-Pd alloy that the phase separation ¢fered phase with a larg€, value. The coercivityH.) mea-
a-Fe andL1,-FePd from the disordered Fe-Pd alloy obtainedsured with the external field perpendicular to the film plane
after water quenching from 1273 K requires a long annealingvas slightly larger than that with the in-plane field. This was
time of more than 360 ks at 873 ¥>>These results suggest explained by the preferentiataxis orientation ofL1,-FePd
that it is not easy to obtain the-Fe/L1,-FePd nanocompos- Perpendicular to the film plane observed by the TEM. The
ite structure using a eutectoid reaction. shapes of the magnetization curves indicate that the changes
Figure 3 shows the intensity profiles of the EDS spectradf the magnetization were smooth with the magnetic field,
analyzed from a wide argd.25 umd: Fig. 3a)] and local and no obvious steps were observed in the magnetization
areas[3 nm ¢: Figs. 3b) and 3c)] for the annealed speci- processes for all the specimens, although the specimens con-
men as shown in Figs. 1 and 2. The EDS spectra in K@). 3 sisted of a nanocomposite with magnetically hadg-FePd
resulted in an alloy composition of Fe-25 at.% Pd, whichand softa-Fe. These characteristic magnetization processes,
corresponded to the mean composition of specimen C. Frotike that of a single-phase hard magnet, indicated the exis-
a gray-contrast region, as seen in Figa)2or 2(b), we ob- tence of an effective exchange-magnetic coupling between
tained the EDS spectrum shown in FigbB where the sharp the hard and the soft phases in the present specimens. Theo-
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2000 plex particles at temperatures higher than 773 K. A mutual
fixed orientation and coherent interface was found between
1500 a-Fe andL1,-FePd due to epitaxial growth the HRTEM,
- NBD, and nano-EDS analysis indicated the coexistence of
e these two-phase regions in every nanoparticle. A gradual in-
=" 1000 crease in the saturation magnetization with increasing Fe
content was observed by magnetic measurements, whereas
500 L] —®—inplane @300 K L coercivity was dec_:reased with Fe_ co_mposition. No obvious
1500 -_2-_ pirpend-cular @300K steps were foun_d in each magnetization curve. These results
F(b) | Ta " plan:.@1|0 %10 « indicated the existence of the exchange coupling between
__ 14001 perpendove y -Fe andL1y,-FePd crystalline regions connected with each
e L / other within the nanopatrticles. The size®f-e in the speci-
£ 1300 . .
2 - T ... A men fqbrlcated in the present study was thought to be the
L 1200 [ ideal size for the effective exchange coupling between the
) 1100 A= a-Fe and thelL1y-FePd phase. Determination of the long-
A bulk L1 -FePd range order parameter of thd,-FePd phase is the next step
1000 ottt L L L L to clarify in more detail the relation between the nanostruc-

56 58 60 62 64 66 68 70 72 74 76 ture and the hard magnetic properties of the present speci-
Fe composition (at.%) men.

FIG. 5. The changes in the values of coerciviy;) (a) and the saturation
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