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Intrinsic and hysteresis properties of FePt nanoparticles
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This comprehensive study examines the effect of particle size and atomic ordering on the intrinsic and
hysteresis properties of FePt nanoparticles embedded in a carbon matrix formed by annealing sputtered FePt/C
multilayer precursors. Structural studies show a transformation from the magnetically soft to the tetragonal
FePt phase dependent on the annealing conditions. The magnetic properties scale as a function of particle size.
The coercivity depends, in part, on the vol % of carbon and develops with annealing as a result of increased
atomic ordering. Under the right conditions a high coercivity of 34 kOe has been achieved. Remanence curves
show a variation of interparticles interactions from exchange to magnetostatic with increasing vol % carbon.
Time dependent measurements indicate a decrease of the activation volume converging to the actual particle
size (determined by TEM as the carbon content is increased. The potential for future magnetic recording
media is discussed.
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[. INTRODUCTION nanomaterial. The FePt system is well established as having
exceptional properties in the bulland has been extensively
The recent explosion of work in nanoparticle systems isstudied in thin film form'®*' The system has been studied
due to both the physics of the enhanced properties as a mas single layerS—?* and multilayers with bilayers constitu-
terial is reduced in size and to the technological possibilitie€nts of Ag;'+#19232¢ 10.1L15.298N 19 5j0, ,* and ALO,. ™
associated with the improved properties. These include inThese properties coupled with the fact that the alloys are
creased coercivity and enhanced magnetization to superpardighly oxidation resistant make them ideal candidates for
magnetism for magnetic nanopartici‘e_§_'|'he prime techno- future magnetiC recording media. Along with the tEChHOIOgl'
logical example is magnetic recording media. The magneti€al prospects there are intrinsic properties affected by the
recording industry has enjoyed a doubling of areal densitie§eduction of particle size such as the anisotropy, the satura-
every 12—18 months for the last decade. Such growth haéon magnetization and Curie temperatéitdn Sec. Il we
been facilitated by advances in the understanding of thesdiscuss the experimental procedures including the formation
materials as they approach the nanoscale size regime. In d?f the nanoparticles being studied, the sample characteriza-
der to maintain this phenomenal pace of growth in information techniques and the sample deposition parameters. In
tion storage density there is a fundamental barrier to furthePec. Il the results will be discussed. Finally, in Sec. IV a
reducing the size of written bits. This is due to the superparasummary is given that discusses the fundamental and tech-
magnetic limit. As a magnetic material is reduced in dimen-nological implications of the work presented.
sion the influence of thermal energy begins to domirate.
The thermal stability is reduced and the spins within the
particle randomize in the absence of a field and hence the
data is no longer stored. Superparamagnetism is predicated Fabrication of nanoparticles in a carbon matrix was ac-
on the heightkV of the energy barrier associated with the complished by utilizing multilayer precursors consisting of
reversal of magnetization wheké is the anisotropy energy stacks of FePt/C bilayers, followed by a heat treatment that
density of the material in question and V is the effectivebreaks the layers and leads to the formation of the nanopar-
volume being reversed. In order to maintain a written bit forticles. Samples were deposited by varying the thickness of
an acceptable length of time, the relatist/=50-70 kT the constituent layers of FePt between 3 and 10 A and the
must be satisfiedl Thus the crux of the problem lies in the Carbon layer thickness between 3 and 40 A. An ultrahigh
fact that we must simultaneously reduce the bit size and invacuum compatible sputter deposition chamber with a base
crease the anisotropy to increase the areal density. The magressure of X 10 7 Torr was used to deposit samples in an
netic recording industry has responded with a number ofAr pressure of 5 mTorr. Annealing of the multilayers was
possible solutions. These include perpendicular recortlingcarried out under vacuum using temperatures in the range of
patterned medi8, antiferromagnetically coupled medid, 600-800°C for times between 2 min and 3 h.
and the use of materials with higher anisotrdpy. Magnetic data was acquired using a superconducting
The focus of this paper is on the high anisotropy HeRf  quantum interference devi¢8QUID) magnetometer and an

II. EXPERIMENT
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800 - TABLE |. Parameters used to estimate the degree of offier,
for FePt.
6004
400 @ Peak  LP Mp T e Me fw
2004 (00D 226 0005 2101 34 0.005 6443 8.0
(002 094 0.019 1693 33 0.018 5512 7.0
0-+— T T T T T T 1 (003 0.54 0.043 1286 3.3 0.041 4581 7.0
800+
600+ annealed at 600 °C at three different annealing times. As the
» ) annealing time increases, the intensity of the superlattice
€ 4004 peaks concurrently increases indicating the increase in the
8 200 degree of ordering in the samples. There is also narrowing of
the XRD peaks, indicative of grain growth. Further confir-
04— . . . . . . mation of chemical ordering can be seen as a result of the
800+ SiI002% (111 Si(004) splitting of the (200 and (311) lines to give the(002) and
(113 lines, respectively.
600+ The disordered fcc to ordered fct transformation involves
400 © a decrease in dimensions along thexis and an increase
alonga andb axes, leading to tetragonality with the aspect
200+ GLD ratio c/a<1. The degree of atomic orderin§,, can be de-
termined directly by comparing the diffracted x-ray inte-
0 20 30 40 50 60 70 80 90 gratt_ad intensit'ies of the fundamental and_ superstructure re-
flections consistent with the formalism given by Warfen
2q CuKa using the parameters in Table I.

The phase transformation to the high anisotropy fct struc-
ture is critical for the development of the magnetic properties
of interest from both the magnetic recording standpoint as
i i . well as the study of the intrinsic size effects. The linear de-
Oxford vibrating sample magnetomet@SM). X-Ray Dif- ~yangence ofs, versus the inverse grain size, as shown in
fraction (XRD) patterns were taken with a Philips CM20 g 5 clearly shows the size effect on the chemical ordering.
diffractometer using C « radiation. Electron microscopy Thg |arger grains have a higher degree of chemical ordering.
micrographs were produced using a Jeol JEM-2000FX TEMp, this sense one can argue that in the early aging stages each
while high-resolution microscopy was carried out on & Phil-injyiqual grain consists of regions of both the ordered and
lips 20CM Field Emission GUitFEG) electron microscope  gisordered structure. As its size increases, the ordered frac-
equipped with energy dispersive x-ray spectroscopy for eljon of the grain increases at the expense of the disordered

emental analysis. Moessbauer spectra were taken at r00ghes These results are consistent with Mossbauer measure-
temperaturéRT) and liquid nitroger(LN) temperatures. The | ants presented in this section.

overall multilayer thickness was regulated to amount to a

FePt thickness of 1500 A for all Samples studied. Stacks of Microstructural measurements
four films with dimensions X 1 cn? were used as absorbers.
Spectra with an absorption 6f0.5% were achieved in this
way. Isomer shift values are given with respect to Fe metal
RT. The Fe target was enriched by20% Fé&’ in order to C concentration

FIG. 1. X-ray pattern of FePt/C with 58.3-vol % C, annealed at
600 °C for(a) 30, (b) 60, and(c) 120 min.

All the samples start out as multilayers with a distinct
a;Periodicity that is destroyed after annealing. Figure 3 shows

improve the signal to noise ratio. o 37.5%
1.0+ o 50.0%
= & 58.3%
Ill. RESULTS AND DISCUSSION % 0.8 - ‘ v 66.7%
Structural measurements %’., 064 - !
. ' o L ld i {
The XRD spectra of all as-deposited FePt films clearly O T = i
show a disordered amorphous-like fcc structure with a lattice &  0.4- Jd
constant ofa=3.81 A. Annealing at different temperatures g _4:1P
and aging times transformed the as deposited material into 0.2- A
the desired ordered face centered tetragonal ptiege The ——
onset of ordering was observed when the samples were an- 60 01 02 03 04 05 06
nealed at 600 °C. This was evident in the x-ray patterns with 1/ Grain Size (nm")

the appearance of the superlattice reflecti@t) and (110
at 20 angles of about 24° and 33°, respectively. Figure 1 FIG. 2. Degree of atomic ordering as a function of 1/grain size
shows the XRD patterns of FePt/C with 58.3 vol % of C for FePt/C samples with different C content.
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FIG. 5. Variation of grain size with annealing time for the vol %
C listed.

"\?’;ﬁ = " A annealed at 600 °C for increasing lengths of time. The data
&= : g ; ; show that not only does the particle size become larger with
prolonged annealing timérogressing from a fine grained
microstructure to a particulate system with 10-nm partjcles
but the spacing of the particles becomes larger. The role of
carbon with respect to the structure is two-fold. It inhibits
a cross sectional high resolution TEM image of a FER®Pt particle growth as well as separates the particles from one
R)Ic(12 A) multilayer annealed at 700 °C for 10 min. The another. This increase in the interparticle distances has an
micrograph shows no evidence of a multilayer structure evegffect on the magnetic interaction between particles as will
after only 10 min of annealing. The particles are almostpe shown in the next section. The effect of particle growth
spherical in shape with an average particle size of about 1fhhibitor is best seen in a plot of the grain size vs annealing
nm. In addition, the particles have grown across the layersime for several different values of C vol %, as shown in Fig.
as the as-deposited layers were only 12 A thick. Bright fields, As can be seen in the figure the grain sizes are reduced
TEM images of planar samples show increased particle siz@ith increasing carbon content. Thus the amount of carbon
as as seen in Figs(a@—4(d) for a sample with 58.3-vol % C was varied in an effort to keep the particle size within the
range required for magnetic recording media and to increase
the percentage of fct in the material. This, as will be
shown in the next section, has advantageous effects on the
coercivity.

FIG. 3. High resolution TEM bright field image of a FePt/C
multilayer annealed at 700 °C for 10 min.

As-made

Magnetic properties

This section looks at some of the magnetic properties of
interest such as the magnetization, magneto-crystalline an-
isotropy, coercivity and viscosity with reference to particle
size and carbon content. All as-made samples have a particle
size in the range of 5-20 nm with a fcc structure, and show
a soft ferromagnetic behavior. The samples become magneti-
cally hard after annealing when they are converted to the fct
structure. The law of approach to saturation was used to
calculate the saturation magnetization and the magnetocrys-
talline anisotropy of samples with various vol% of C as a
function of annealing timé,Figure 6 depicts these results,
showing a universal trend of decreasikty, with increased
annealing time for each of the carbon contents considered.
Though not definitive, there are two possible suspects that
bring this about. These are related to either slight oxidation
during sample processing or the lower magnetization of the
ordered phase as also shown by the Mossbauer (tater

FIG. 4. TEM bright field images for a FePt/C sample with 58.3- thp)-
vol % C annealed at 600 °C féa) as made(b) 10, (c) 60, and(d) Figure 7 shows that the anisotropy of the samples in-
120 min. creases with annealing asymptotically approaching the value
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FIG. 8. T, vs grain size for FePt/C annealed at 600 °C for 30

FIG. 6. Mg as a function of annealing time for several carbon min. Inset shows th@, variation with carbon content.

contents.

domain fct FePt. The lower values of coercivity are attrib-

of 10’ ergs/cc, for annealing times up to 200 min. This valueuted mainly to the lower values d& related to incomplete
is significantly lower than the bulk value of the fully ordered atomic ordering and to a lesser extent to inter-particle ex-

FePt fct phase, consistent with the lower degree of atomiehange and thermal effects. Considering the effect of thermal
ordering found from the XRD results. The effect of the par-fluctuations, the coercivity as a function of particle s@e
ticle size on the Curie temperatur& is shown in Fig. 8 follows the relation
for samples annealed at 600 °C for 30 min. A small decrease 3
in T. has been observed with decreasing size. The data fol- _ _ &
X : L H.(D)=0.5H,]1

low a power law in close agreement with the prediction of D
the variation ofT, with particle size?® , o .

Figure 9 shows hysteresis loops of FePt/C as a function o‘f"here_DP IS _the superparamagnetic size arid the a_mlsot

. o . ropy field. Figure 10 shows a plot ¢i. vs grain size for
the vol% C in samples annealed at 600 °C for 20 min. As . . .
: - “different values of C vol % and a fit to the theoretical curve

can be seen from the figure the loop squareness deteriorates
with increasing C content. This behavior is expected when o o
the distance between particles increases and the system ap- [FePt (5 A) /C (X A)] x100
proaches the idealized Stoner-Wohlfarth condition for nonin- annealed at 600°C for 20 min
teracting particles. Thus the increased squareness in samples

with less c_arbon is attanted to e_xchange_mteractmns be- Volume % of C
tween particles due to their proximity. For higher C content 10004
samples a decrease in coercivity is observed which is attrib- 500
uted to particles that are much below the single domain par- 04 66.7
ticle size approaching the superparamagnetic limit. _{ggg E___/ H, =894 Oe
The coercivities measured are much lower than those pre- T T T T
dicted by Stoner-Wohlfartf?> where H.=0.5(2K/M) 1000 4 10 5 0 5 __10
=100 kOe for randomly distributed, non-interacting, single 500 /7"
—~ 0
3 -5001 LHf&o kOe =8
12+ 3-1000— r T L L |
. % e 1000 -10 -5 0 5 10
8 $ ----------- A =+ — 500 /
g 8 R A S Y = 0 50.0
S 1 ;500 ~/ In-29k0e
o) E‘ C concentration B ——
T 4] & o 37.5% 10 -5 0 5 10
X - & 500% 0 KT
2] 1: v  58.3% 0] 375
ol . . . . _1-888 E____J,/ H, =3.1kOe
0 50 100 150 200 1|0 T 15 T 1 T é T 110
Annealing Time (min)
H (kOe)

FIG. 7. Anisotropy as a function of annealing time for 37.5,
50.0, and 58.3 vol % C as determined from the law of approach to FIG. 9. Magnetization loops for a single annealing condition as
saturation. a function of vol % C for samples annealed at 600 °C for 20 min.
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FIG. 12. 6M plots for FePt/C samples with different carbon

FIG. 10. Grain size as a function of coercivity for 37.5, 58.3 andcontents.

66.7 vol % C along with the theoretical curve for particle size de-

pendence of coercivity. . . o
whereM, is the isothermal remanent magnetization &g

the data to the theoretical curve. The plot also gives an esti@lues normalized by (). Figure 12 gives théM curves
mation of the superparamagnetic limit for the FePt systemfor each of the vol% C levels considered in this study. As
which is about 2 nm. can be seen there is an obvious progression from exchange
As was discussed in the previous section, the degree dfteractions gM>0) at low carbon content to magnetostatic
ordering increases with annealing time approaching but ndfteractions §M<0) as the amount of carbon in the
quite reaching the fully ordered state within the experimentaf@mples is increased. As expected, the carbon serves to iso-
range of annealing parameters. To separate the degree of dit€ the particles.
dering and particle size contributions to coercivity, long du- As the particle size is reduced, thermal fluctuations and
ration annealing was performed on a sample with 80-vol 9¢he possibility of quantum tunneling of magnetization are
carbon where the particle size did not grow m¢t6-15nm  €xpected to play a more dominant role in magnetization re-
after 3 h at 800 °C) Figure 11 shows the hysteresis loop of versal. This phenomenon of magnetic viscosity can be used
this FePt/C sample. The coercivity is now significantly in- determine the activation volume of a material. Quantum
creased to a value of 34 kOe. Since the small particles aréinneling is ruled out for all carbon contents investigated, as
well separated, the increase in coercivity is mainly attributedhere is no plateatiin the viscosity when plotted as a func-
to the increased degree of atomic ordering. It can be seen ##Pn of temperature. Hence we need only consider thermal
the figure that there is a shoulder present in the hysteresf8ictuations. Shown below in Fig. 13 is a plot of the activa-
loop, indicative of the presence of a soft magnetic phase thdton volume as a function of vol % C determined from time
is not exchange coupled to the hard phase. Despite the efependent measurements taken with a reverse applied field
tended annealing time the material has not been fully transGlose to the coercive field. There is a large disparity between
formed into the fct phase. This point is further elucidated inthe actual particle size and activation volumes for lower car-
the discussion of the Mossbauer data. bon content samples. As mentioned previously, these
Remanence curves provide insight into magnetic interacsamples are exchange coupled as shown bysMeplots. It
tions through the use of the delta M formalism which clas-has been postulated that such a discrepancy in the activation
sifies the nature of interactions present via the relation
8- —A—D
—v—D

A

SM=My(H)—[1—M,(H)],

1.5

4 T T T T T T 1
35 40 45 50 55 60 65 70

Volume % of C

D and D, (nm)
>

A

FIG. 13. Plot of the activation volume and actual particle size as
FIG. 11. FePt/C multilayer annealedrf® h at 800 °C determined by TEM.
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TABLE Il. Mossbauer parameters obtained from fits. XRD data in reality just reflects a change due to the relative
: growth of the fct phase to produce an averaging over the
Is shift Hiyp E*qQ/4 larger sample.

Another set of samples with increased carbon content
(nominal composition of the bilayer 10-A FePt/25-A, @is-
played somewhat different behavior. The RT spectra were
fitted with two magnetic and one paramagnetic component.
S ) o The hyperfine parameters of the magnetic components were
volumg is indicative of incoherent magnetlzatlpn (evef‘gal. similar to the previously described set except that the fct
There is a convergence of the values of the activation volumgpase is somewhat disordered, as indicated by a distribution
and particle size with increasing carbon content. Consisterfis ihe hyperfine field of~10 kOe, and the smaller quadru-
with structural investigations, the isolation of particles with pole interaction {-0.14 mm/s) than the ideal value of 0.18
increased carbon content suggests a coherent rotation remkm/s. The large quadrupole interacti€h50 mm/3 seen in
niscent of an idealized Stoner-Wohlfarth syst'é?m. _ the paramagnetic component reflects the large surface to vol-

Mossbauer spectroscopy was uaed to obtain further inforyme ratio expected for tiny particles observed in the C-rich
mation at the atomic level. In all cases the spectra consist Qfympjes. Annealing for periods between 2 and 90 min results
a six-line pattern with asymmetries in intensities and line-, 3 decrease of the intensity of the paramagnetic component
widths, indicating more than one component. For soM&rom 350 to 13% with a corresponding increase of the fct
samples an additional q_uadrupole split paramagnetic Comp%‘hase. Spectra taken at LN temperature for this set of
nent appears at RT, which turns to a magnetic component &by ples do not display the paramagnetic component while
LN temperature, as expected for small particles below thene rejative intensity of the fct phase has increased by the
superparamagnetic limit. A set of samples with nominal bi-gq,iyalent amount. A typical set of spectra comparing the RT
layer thickness of 10-A FePt/10-A C displayed spectra fitted, LN, measurements are shown in Figs(d4and 14b)
with two components with hyperfine parameters as shown ifegpectively. These results indicate that in the carbon rich
Table II. The parameters of the first component comude Withyaterial small FePt particles are formed which display su-
those of the tetrasgonal phase of FeRtt L1o) studied by  nernaramagnetic behavior at RT for the Mossbauer time
Shinjo and Keuné® In particular the value of the quadrupole scale (10® sec). As shown by the LN measurement these
Interaction Is typl_cal of this phase and corresponds 10 aRariicles are of fct-like nature: therefore, we can speculate
aspect ratio ot/a=0.96. The parameters of the second COM-5¢ the formation of the fct phase originates in small par-
ponent are more consistent the disordered cubic phase, §8|ate form. Furthermore, this observation clearly shows
also indicated by the narrow distribution of the hyperfiney, .+ tiny FePt particles< 4 nm) can undergo the fcc to fct

field of ~10 kOe. However, there is still a small quadrupole .4 nsformation which was recently disputed by Pétgl*
interaction indicating a deviation from the cubic symmetry

which may be the result of the onset of chemical ordering or

t_he presence of interstitial ca_rbon. Increasing the annealing IV CONCLUSIONS

time did not affect the hyperfine parameters but resulted in

the growth of the first component at the cost of the second Using the multilayer precursor technique described above
(the relative amount of the fct phase was 12%, 24%, 39%we have been able to fabricate FePt nanoparticles in a C
and 44% for annealing periods of 2, 12, 30, and 90 minmatrix and study their intrinsic and hysteretic properties as a
respectively. This indicates that the fct phase is initially function of particle size, which was varied as a function of
formed at the early stages of annealing and that continuedarbon content and annealing conditions. The carbon content
annealing results in its growth. Thus the variation of thecontrols the kinetics of particle growth and mediates the
aspect ratio and the atomic ordering determined from thenagnetic interactions through the inter-particle distances.

Component | 0.29 mm/s 280 kOe 0.18 mm/s
Component Il 0.29 mm/s 287 mm/s 0.07 mm/s

101+
100.05

100.00

99.95

100 -

99.90

99.85

Y Axis Title

99

Relative Transmission

99.80

99.75

99.70 +—————T—"——T——T T T T T T 98—

Velocity (mm/s) Velocity (mm/s)

FIG. 14. Mossbauer spectra for FePt/C multilayer annealed at 700 °C for 2 min tak&hrabm temperature an@) liquid nitrogen
temperatures.
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The above discourse hinges on the phase transformatiaecording industry in that high anisotropy materials can be
from the disordered fcc to the ordered fct. From the datgroduced well below current size requirements.

presented here this transformation occurs in very small par-

ticles (<4 nm) followed by the subsequent growth of the fct

phase at the expense of the fcc material which progresses at ACKNOWLEDGMENTS
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