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The structural, electronic and magnetic properties of 4 nm metallic FePt particles were studied by X-ray
diffraction (XRD), Rutherford backscattering spectroscd®BS), transmission electron microscogyEM),
X-ray photo electron spectroscop¥PS), magnetometry and Msbauer spectroscopy. At low temperatures,
the Mcssbauer data reveal an unusually high and well defined magnetic hyperfine field compared to FePt
multilayer or bulk samples. The magnetic anisotropy of the as-prepared FePt particles embedded in a layer of
oleic acid molecules arises from surface contributions. The distribution of anisotropy under the constraint of a
constant particle moment and volume is reflected in the hysteresis loop as a function of external field at 4.3 K.
Due to faceting as seen in the high resolution TEM images, the magnetization reversal does not follow the
simple Stoner-Wohlfarth switching. The annealing experiments show that at a size of 4 nm the high-
temperature fcc phase is stable up to at least 560 °C as long as agglomeration and particle growth is prevented.
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[. INTRODUCTION nation of the observed properties can only be found in a
subtle interplay of alloying, finite size, and surface contribu-
The concept of metallic behavior is based on the translations to the electronic structure of the metallic system. FePt
tional invariance of an infinite crystal. Nevertheless, metallichanoparticles have already been produced by S by
properties are conserved down to very small geometrica® Wet chemical techniquéhe polyol proces$) that results
dimensions-? For instance, Au particles as small as 3 nmin particles covered by a shell of organic ligands. This mor-
exhibit metallic reflectivity** However, collective electronic Phology enables the preparation of self-organized two- and
excitations change their characteristic parameters like théree-dimensional arrays of these monodisperse nanopar-
resonance frequency and lifetim&his is the origin of color ticles. A structural transition from a disordered fcc alloy to an
variations as a function of Au particle size. In small metallic ordered fct intermetallic phase upon annealing at 550 °C was
particles the surface plays a crucial role in determining théeported. Our aim is to clarify the electronic and thus mag-
electronic properties of the whole parti€l®ue to the en- netic properties of this system under different conditions. Of
hanced reactivity of metallic nanoparticles oxide coatings arépecial interest is the influence of the surface chemistry on
readily formed. Even noble metals like Au can be highlythe electronic system.
reactive as atoms or nanoparticlésThis complicates the
interpretation of physical measurements as it is not easy to Il SYNTHESIS
distinguish between the signals of the coating and the core.
In addition, the coating can substantially change the proper- In the same way as in the initial work by Senal>* and
ties of the cord®® which for instance leads in magnetic described in more general terms by Mulvaretyal,® FePt
systems to exchange biasing effétt€ or changes in the nanoparticles were synthesized by wet chemical processing
magnetic moment***1t has been shown that a decoration of under N, atmosphere. Platinum acetylacetongi#(acac)]
the nanoparticle’s surface with organic ligands can help tand iron pentacarbonyFe(CO)] were used as precursors.
prevent oxidation. Nevertheless, subtle changes in the chenburing the reaction process the evaporating fraction of
istry of the ligands can have dramatic effects on the elecFe(CO), was condensed in a water cooled glass tube and
tronic properties of the nanoparticie:*”In Augs clusters®?®  recycled to the reaction zone. Figure 1 gives an overview
a metal-insulator transition is observed when decorating thever the principal synthesis process in which only a thermal
surface with 6 Cl atoms in addition to a shell of 12 tri-

|31

phenylphosphine moleculé8Another way of studying pure thermal decomposition
metal clusters is to produce them in ultrahigh vacuum and gyco, rd _
characterize thenin situ. Though this strongly limits the s .. Pl colea S '
number of applicable measuring techniques, features like the ..\':Wﬁ -
magic numbers of atoms, enhanced magnetic moments pe ./,:!: lay
21-25 H H ,26,27 : ®
atom; and ferromagnetism in RH, a nonmagnetic Piacac), ] ® swbilization of the particles with

material in bulk form, are observed.

In this paper we focus on a comprehensive study of 4-nm
FePt particles as a model alloy system that shows surprising
structural, electronié® and magnetic featurég:*°The expla- FIG. 1. Synthesis route of 4-nm FePt particles by wet chemistry.

p? seedformation /- growth oleic acid and oleylamine

reduction via 1,2 Hexadecandiol
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£ batch 1.
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pletely determined by Coulomb scattering of the projectiles
(2-MeV « particleg by the Fe or Pt nuclei, the chemistry and
morphology of the sample do not influence the result. The
analysis of the step height of the Fe and Pt edge in the RBS
spectrum gives an Fe fraction of 5@®P%6. According to the
bulk phase diagram the system should be in a ferromagnetic
state below 750 K. Above 1580 K the ordergdphase(fct)

Fe Pt transforms into the disorderegd phase(fcc).

Pt (ot%)

600

400

A. Crystallographic structure
FIG. 2. Bulk phase diagram of the Fe-Pt systéRefs. 33 and

34 The Rietveld analysis of the x-ray-diffraction ddfg. 3

of the as-prepared particles reveal the fcc structure of the
. . . . . ., sample with a lattice constant of 0.3§39nm. This is con-
decomposition of the iron precursor is considered. It is qu'tqirmed by the small area electron diffraction pattéBAED)
possible that in the presence of Pt atoms and clusters tt]ﬁ the TEM [Fig. 4c)]. No superstructure peaks were found
ldecomtpositiontof the iron precursor is already catalyzed Avhich is charaéterist.ic for the disordered alloy. The high-
ower temperatures. . esolution TEM image of a single particle in Figio} dem-

_As will be outlined later, the FePt nanoparticles coa'tedr nstrates the facetted morphology. 20 atomic layers are re-
W't.h a mo_nom_olecu_lar layer of oleic acid are sta_ble againsk,ved between the two arrows. The spacing of the lattice
OX|dat_|0n_ in ar. This allows for an easy handiing of _the fringes corresponds to th&11) direction in the fcc structure.
material in arin prder to prepare the samples for the d'ﬁer'Due to the facetation and random orientation of the particles
ent characterization techniques. on the substrate the size distribution as shown in Fid) 4

mainly indicates the geometrical features of the nonspherical
Ill. EXPERIMENTAL RESULTS particles. The distribution function for the number of atoms

, . per particle cannot unambiguously be obtained from these
The experiments that were carried out sought to answefjaa. Nevertheless, the average spatial dimension is in the

the following crucial questions on the FePt nanopa_lrticle;')s: order of 4 nm. With respect to a possible core-shell
(i) What is the average stochiometry of the particles? gty cturé® in the distribution of Fe and Pt, the TEM images
(i) What is their shape, size distribution, and crystalgive no indication of such an inhomogeneity. Due to the

structure? Can agglomeration be excluded? _ difference in the scattering cross section between Fe and Pt,
(i) How are Fe and Pt distributed within the particles? core-shell structure should be easily visible within the spa-
Do they exhibit a core-shell structure? tial resolution of the microscope®3¢*°Similarly, no oxide
(iv) Can oxidation of the particles be excluded? shell could be found in any of the analyzed particles.

(v) What are the intrinsic electronic properties of these
supposedly metallic particles?

(vi) How are the electronic properties reflected in the
magnetic behavior? What are the core and shell contributions At room temperature, the as prepared particles order in a
to the magnetic anisotropy? regular two-dimensional pattern on a flat substrate with an

As the Fe-Pt system shows a multitude of intermetallic asaverage nearest-neighbor distance of 6 [m@e Fig. 4a)].
well as magnetic phases the precise knowledge of the stochhis corresponds to the double chain length of the organic
ometry is essentialFig. 2). The average Fe-Pt ratio can be ligands which is approxmately 2.8 nm. In the same manner
determined with high precision by Rutherford backscatteringhe particles can be ordered and separated in three
spectroscopyRBS). Since the backscattering yield is com- dimensions’ The paramagnetic Misbauer spectra in Fig. 5

B. Brownian motion
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FIG. 4. (a) TEM micrograph demonstrating the self-assembling
of the FePt nanoparticlegh) HRTEM picture of a single nanopar-
ticle. The faceting of the patrticle is clearly visible. Between the two
arrows 20 lattice planes are observable with a lattice spacing equal
to that of the(111) direction in this systen(c) Small area electron-
diffraction pattern of the as-prepared FePt particles. Finady,
gives the size distribution for the as-prepared particles.

demonstrate the characteristic line broader(ifig. 6(a)] in

the vicinity of 250 K due to the Brownian motion of the
monodispersgwith respect to their magsparticles, thus
proving their separation. Surprisingly, the line broadening is
accompanied by a steep decrease of the resonant count rate
[Fig. 6(b)]. Above 250 K the resonant signal is undetectable.
Agglomeration is thus excluded, as it would ensure a reso-
nant signal even at room temperature.

Although the concept of pure Brownian-like diffusion is
not likely to be applicable in the case of self-organized par-
ticles with a defined average distance of 6 nm, which is in
the order of the particle diameter, a mathematical treatment
within this framework may reveal some insight into the elas-
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FIG. 5. Line broadening due to Brownian motion of the FePt
nanoparticlegbatch ).

diffusion Bonche® treated the Mesbauer cross section un-
der the influence of Brownian motion. The line broadening
AT is given by the expression

AT =2k?D 1)
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tomechanical properties of the ligand-particle system by FIG. 6. (a) Linewidth as a function of temperatur®. experi-
looking at similarities and systematic deviations with respecinent, m: experiment minus analytical approa¢h) Resonant ab-

to the experimental evidence. Referring to the work ofsorption as a function of temperature. The low-temperature values

Singwi and Sjtandef® with respect to thermally activated were set to unity.
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with D the diffusion constant ankithe v-wave vector. Using Sinceé provides the effective mass in the B&bauer pro-
the Einstein-Stokes diffusion constamiscosity z, particle  cess it will also define an ensemble of weakly coupled me-
radiusR, Boltzmann constarkg), chanical oscillators. This results in a movement of thess4o
bauer active central FePt particle around an average position
kgT as a function of time. The average squared displacement will
= 6m7R’ ) enter into the calculation of the resonant fractfgi):
the line broadening yields f(T)Ne*k2<X§amc|e4T)>, )
k’kg T . .
AT(T)=— ——. (3)  wherek is the wave vector of the radiation.
3mR 7(T) For a treatment of the Misbauer line broadening that

follows the concept of Brownian motion, E(R) has to be
reconsideredD in this context is the diffusion constant of a
(large object in a viscous medium. The given quantitative

The line broadening should be a linear functionTéf;. Us-
ing these expressions and literature vaffiésr 7(T) (oleic

acid the Ieast-lsqléare fit of tfhe experir:nehntgl fdatal yieLds AMelation should break down when the object siparticle
effective particle diameter of 4 cm which definitely shows h lecule sicmei id of th : |
the inadequacy of the above approach. This failure is furtheapproaches the molecule siageic acig of the medium. In

. hddition, the oleic acid molecules bind as ligands to the par-
supported by the rapid decrease of the Debye-Waller faCtOLricle’s surface. The ligands between neighboring particles

[Fig. 6(b)] that accompanies the line broadening. This is nOtpenetrate and interact with each other. Though @gwill

expected_f_or pure diffusion. . . not hold in a strict sense, the random motion of the particles
A modified approach to the experimental data is the CONYill be describable by a diffusion constabtand Eq.(1) is

sidera}tion .Of a superlqtt@‘éof FePt particles W'.th an elastic still valid. In a first approach, the general temperature depen-
coupling via the organic ligands that are chemically bound tence oD is assumed to still follow Eq2), but the physical

%ackground has to be reinterpreted. In effect, to describe the

Deby_e-WaIIer factor of_the particle system can be treated b)(/iscomechanical properties of the particle-ligand system, we
the vibrational properties of the superlattice. Compared t(?(eep the temperature dependence

the situation of a Mesbauer probe atom in a solid lattice
there are the following significant differences:

(i) At higher temperatures, i.e., in the limit of free par- D(T)~
ticles, the energy shift due to the recoil is determined by T
the mass of one FePt particle. ex% - T_o)

(i) The mechanical coupling between neighboring FePt

particles is weak and a strong function of temperature. in analogy to the temperature dependence; St

(iii) At higher temperatures, the viscous properties of the 5 eynerimental linewidth can then be described by the
organic molecules can lead to a nonlinear response to th@xpression

displacement of the FePt particles from their average posi-

©)

tions.
(iv)'Loca}I Brpwnian motion is superimposed on the su- F(T)=Alexp<l) +T, (6)
perlattice vibrations. To "\ To

Point (i) makes it clear that above 250 K the Debye-
Waller factor is practically zero. The recoil energy on ain analogy to Eq.(3). I'; represents the temperature-
single Fe atom would be 2 meV. The mass ratio between idependent linewidth due to the hyperfine interactibyis
4-nm FePt particle and an Fe atom is about 7000, resulting ia characteristic temperature for the elastic and viscous prop-
a recoil energy of 0.3weV. This is still larger by a factor of erties of the organic coating of the particles ahis a ma-
65 than the natural linewidth of 4.6 neV of ti*éFe Mcss-  terials constant. The quantitiés T,, andI', can be deter-
bauer transition. Only a mechanical coupling into effectivemined by fitting the experimental data. To avoid systematic
units of at least 100 FePt particles will lead to a measurablerrors due to the magnetic interaction in the FePt particles at
resonant absorption. As the temperature is reduced belolswer temperatures, only experimental values between 185
250 K, the increasing stiffness of the organic ligands willand 240 K were taken into account. In Figapthe result is
mediate this coupling. It is clear that a temperature-plotted with the determined parametersA=4.3
dependent mechanical correlation leng{T) in the super- X102 mm/s, T,=10(1) K, andl';=0.66(2) mm/s.
lattice of the particles wll be observegldefines an ensemble In summary, the line broadening in the B&bauer experi-
of particles around a central FePt particle that participates iment is due to the local motion of the particles. The unphysi-
the resonant absorption of a 14.4-ke\Myuantum. They pro- cal result of a particle diameter of 4 cm in a standard ap-
vide the necessary effective mass to yield the recoil-freg@roach is related to the altered physics behind the viscous
fraction (Debye-Waller factorin the Massbauer experiment. and elastic properties of the particle-ligand system in the
Thus the determination of the Debye-Waller factdiT) dense superlattice compared to a liquid. The rapidly decreas-
gives experimental access &§T), which is linked to the ing Debye-Waller factor has to do with the vibrations of the
stiffness of the organic molecules. superlattice.
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TABLE |. Hyperfine values of the as-prepared samplEs [[newidth). *IS relative toa-Fe at room
temperaturgRT), not corrected for the second-order Doppler shift.

T Batch Component s Qs (Bhs) o (Bpy) r
[mm/g| [mm/g| [T] [T] [mm/g|
185 K | 0.431) 0.862) 0.662)
200 K 1] 0.432) 0.8012) 0.642)
10 K [ A(13%) 0.453) -0.06(3) 33.42) 0(2) 0.4(1)
[ B 0.52(2) 0.02714) 46.52) 3.02) 0.60(1)
10K 1] A(28%) 0.504) -0.044) 33.53) 0.8(8) 0.798)
1] B 0.48(2) -0.022) 46.22) 2.33) 0.697)

C. Magnetic properties surement as the precise determination of the pure particle

Regarding the questions linked to the electronic propertie§@ss Without ligands is as of yet impossible. Clearly visible
of the FePt particles, Misbauer spectroscopy gives access tds the irreversibility in the two magnetization curves which is
the Fe charge state, the local charge distribution, as well due to the superparamagnetic behavior. The freezing tem-
the magnetic hyperfine field. Table | denotes the hyperfind€rature that is linked to the measuring time of 1 s is deter-
parameters of two batches in the as prepared state. Withootined to be 11.() K (dotted vertical ling In the
going into detail, the parameters indicate the high reproductemperature-dependent skbauer data the corresponding
ibility in the synthesis of the FePt system. The only obviousvalue of 5%5) K is linked to the nuclear Lamor precession
deviation in the two batches is the ratio between the magtime of 1.2<10 8 s. Assuming a particle diameter of 4 nm
netic componenté andB at 10 K. and a simple exponential dependence of the superparamag-

At 10 K, the Massbauer spectra of both batches demonnetic relaxation time o V/kgT (K: effective magnetic vol-
strate the complete magnetic ordeee Fig. 12 The two  uyme anisotropyV: particle volume;kg: Boltzmann con-
subgpectra\ andB show rather distinct pgrameters. The hy- stant:T: temperaturg K can be estimated to 0.11(3) MJ&m
perfine parameters of componekare typical for the ferro-  The determination of the average anisotropy constant from
magnetic Fe-Pt system. Naively one would expect this fraCie sjope of the mean magnetic hyperfine field as a function

tion to dominate the spectrum, as the core contribution in s temperature below 50 K yields a value of 0.050(3) M3/m
4-nm particle amounts to around 65%. Instead, compoBent (K-V=0.009 eV). The stafistical error ba(nwr'nbers in pa-

is dominant and amounts to @% and 7.22)% n patgh I. renthesesare a lower limit as systematic errors cannot be
and I, respectively. The magnetic hyperfine field d'Str'b_Ut'o_ndisregarded. One has to keep in mind that the above treat-
of componenB extends to values as large as 50 T which IShent of K is only valid if the surface anisotropy can be

unusually high. Keeping in mind that we are dealing with 8,,o46cteq. This is definitely not the case in the present sys-

nanostructured material and an alloy system, it should b?em as will be shown later. Therefokehas to be seen as an
stressed that the width of the hyperfine field distribution Ofeffective anisotropy value normalized to the particle volume.

corr|1_ponenB a;lo K '? r?hle; na”?‘.’;” es&?géa% i co_mp?red In addition, the quantification of the relaxation of the collec-
to Inerature data of Fe-Pt multllayers. € SIMP€  tive moment within a single particle depends on the assump-

G.a#siiar:j.shage 0:; tfmﬂf ?]istribution would be comlpatit_i:eb tion of a rather simple potential of the magnetization in a
with the disordered fcc phase seen in XRD. Details wi € niaxial anisotropy field.

discussed later.

To elucidate the origin of the enhanced magnetic hyper-
fine field the formation of Fe oxides has to be considered
which would easily explain the observed large valueg."Fe
oxides can be ruled out from the isomer shift values. Unfor-
tunately, a distinction between possible’ Fexides and me- 1E-3
tallic phases in the Fe-Pt system seems not possible in a
simple way, as the isomer shifts coincide. Therefore a more
thorough investigation by magnetization measurements with
a superconducting quantum interference devi8&QUID)
and a vibrating sample magnetomet&SM) was under-
taken. Furthermore, x-ray photo electron spectroscBo)
helped to clarify the Fe and Pt charge states. 1 10 100

Figure 7 shows zero-field-cooled—field-cooletFC-FO T K]
magnetization curves for the as-prepared particles in an ex-
ternal field of 100 G. An absolute calibration of the magnetic  FIG. 7. ZFC-FC magnetization curves in an external field of 100
moment per particle could not be established for this mea& for the as-prepared samgleatch I)).

M [emu]

1E-4
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0 FIG. 9. Hysteresis loops of the as prepared particles in the vi-
] brating sample magnetometer at 5, 30 and 10@®é&ich ).
_0.5_- . . . . .
] interaction is certainly a point to be carefully looked at as the
1.0 particle-particle distance is of the order of the particle size.

This could explain a collective switching at low fields but it
remains unclear how this could be reconciled with the obser-
B[T] vation thatM does not change sign close to the steepest part
of the magnetization curve.

FIG. 8. (a) Hysteresis loop of the as-prepared particles in the  Fyrther insight is gained if one takes into account the
organic matrix at 4.3 K measured with a SQUID magnetometety|iowing crude decomposition of the magnetic hysteresis
(batch 1). (b) Decomposition into a superparamagneit and 1445 into two possible contributions. In spite of the mono-
e e et mean:" sperse charactrof he parcles, a superposion of a super-

" paramagnetic¢i) and a magnetically blockedi) fraction as
indicated in Fig. &) could reproduce the measured hyster-
esis loop. If one considers a distribution of anisotropy con-

TEM, x-ray, and Masbauer data reveal a highly mono- stants then this bimodal behavipt) and (ii)] no longer
disperse character of the FePt sample with respect to sizeeems artificial. Fractiofii) is made up by those particles
magnetic hyperfine field, and crystallinity. In contrast to thisthat have an anisotropy constant above a critical range and
uniformity, the hysteresis loop at 4.3 K exhibits a rather com-are thus blocked. Fractidii) on the other hand is made up of
plex behavior. To get an idea of the peculiarities one carthose particles with a lower anisotropy constant than this
compare it with a standard Stoner-Wolfahrth system of ranrange and are fully superparamagnetic. The fraction of par-
domly oriented independent monodisperse uniaxial particlegicles within the critical range is small, as the thermal acti-
In Fig. 8(b) the magnetization behavior of such a system as &ation depends exponentially on the ratio of anisotropy to
function of external field is given by the dashed line. Thethermal energy. The critical range can be shifted either by
characteristics ardi) The point of steepest slope is at the raising the temperature or by changing the anisotropy distri-
coercive field, that is a strong increase| bf| into the oppo-  bution. The first case is seen in Fig. 9, where at 30 K most of
site direction as before occurs hef@) Saturation is only the particles become superparamagnetic, i.e., belong to frac-
gradually approachediii) Remanence is in the order of half tion (i). The second case will be discussed later in the section
the saturation magnetizatiofiv) The slope at zero external dealing with annealing experiments and can be seen in Fig.
field shows a value intermediate between the steepest part @8. There it will be demonstrated that surface anisotropy
the magnetization curve and saturation. plays a crucial role in the FePt nanosystem. In this light it is

On a rough evaluation, the measured magnetization curvelear that the above suggestions can only give an impression
of the FePt particles shows the following differences: Theof the complexity of the switching dynamics. The origin of
steepest descent is around zero external field leading directthe magnetization behavior lies in the surface anisotropy
into the gradual approach of the saturation magnetizatiorfield of each particle. The route of magnetization reversal
even beforeM reverses sign. The intermediate value of thealong the surface of a particle follows local minima and lacks
slope is seen here at the coercive field instead of zero extethe simplicity of uniaxial symmetry.
nal field. Further remarks on the switching behavior in Fig. 9 are

This contrasting behavior has to be related to the anisotthe following: In the Stoner-Wohlfarth case with a certain
ropy properties of the particles or cooperative effects, as theize distribution thegsupejparamagnetic fraction is usually
particle size is definitely well definetsupported by small- attributed to small particles that can be aligned only in larger
angle x-ray scattering ddfh The moment per particle fields. The related saturation field will increase with increas-
should be as monodisperse as the electronic properties. Tleg temperature. In the present case the seemingly paramag-
indirect magnetic coupling between the particles by dipolametic fraction(i) is most easily magnetized along the external

-20-15-10-05 0 05 1.0 15 2.0

D. Magnetic Hysteresis
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field direction whereas the slope at the coercivity field fordispersion, a self-organized monolayer of FePt particles

fraction (ii) is significantly smaller. The same systematics isreadily formed. This was checked by TEM imaging using

seen in the temperature dependence of the hysteresis looggmorphous carbon as substrate. XPS spectra were recorded

An increase in temperature from 5 to 30 K helps to overcomeat the characteristic photoenergies of § Fe 2p, and Pt 4

the magnetic anisotropy whereas the thermal fluctuations dfFig. 10.

the collective moments are still moderate. Thus the maxi- For Fe as well as Pt two components are found: The neu-

mum slope of the magnetization curve increases and the cadral state at binding energies of 708 and 71.2 eV, respectively,

ercivity notably reduces while the magnetization value at 1 Tand a nonzero charge state at 711.3 and 72.3 eV. The relative

stays nearly the same. Sticking to simple decomposition int@ontributions of both components to the spectra are not iden-

fractions(i) and (ii), the equal magnetic field energy has totical for Fe (73% and 27% and Pt(82% and 18% An

compete against thermal agitation in both cases but in casgverall energy shift of the spectra compared to reference data

(i) the magnetic anisotropy has to be overcome additionallyof bulk standards is due to initial- and final-state effects of

Thus the particles with nonvanishing anisotropy show hysthe electron emission process in small particfsshe mainly

teresis and a stretched out magnetization curve along thmetallic nature of the particles is further proven by the non-

external field axis. At higher temperatures the usual decreasanishing density of statd®0S) at the Fermi level probed

of the average moment and an increase of the saturation fieldith the same XPS method. Details on these results will be

due to thermal fluctuations is observed. given in a forthcoming publication focusing on the electronic
In conclusion, the measured magnetization curve in Figstructure of the FePt particl@s.

8(a) is a superposition of contributions from an ensemble of

monodisperse particles with identical magnetic moment but a F. Annealing experiments

wide distribution of magnetic anisotropy values and charac-

teristics. A significant fraction exhibits practically zero an- : - . .
isotropy. In a simplified picture, a paramagnetic and a hysf"”d chemical stability of the particle-ligand system the FePt

teretic fraction can account for the observed hysteresif@rticles were heat treated in ultrahigh vacuum (Aenbar)
measurements. The finite slope of the magnetization curve & 350 and 560 °C for 30 min. The warming up as well as the
high fields (1-2 T) is an indication of spin canting at the cooling down phase tdo2 h each. The first anneallng step
particle’s surface. This is in agreement with the concept ofVaS chosen to gently decompose the organic shell of the
surface anisotropy. A further insight into the nature of theParticles. Close to 350°C the organic matrix shows a char-

anisotropy will be discussed on the basis of the results for th@Cteristic mass loss. This results in an outgasing of hydrogen
annealed samples. and oxygen components whereas carbon is mainly left as a

residue. The second annealing step at 560 °C was chosen as
a change in the crystal structure of the FePt particles was
expected.

To further confirm themainly) metallic character of the The XPS measurements of the heat treated samples do not
FePt nanoparticles XPS measurements were undertaken. Sitihow drastic changes in the charge state of the Fe and Pt
con covered by a thin natural oxide layer was used as atoms. This is demonstrated in Fig. 10 at the fpeadd the
substrate. After coating the substrate with a droplet of thé>t-4f edges. Obviously, neither the main metallic component

To learn more about the crystallographic, morphological,

E. Electronic properties

Ci1s
@06 |

» 06 |
E FIG. 10. C, Fe, Pt photoelec-
tron spectra of the as-preparéd
and heat treatedii: 350 °C; iii:
560 °C) samplegbatch II).

o 06 |
—

740 730 720 710 700 295 290 285 80 75 70

Binding energy [eV]
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Spectrum(ii) seems to be dramatically different to the other
two cases. A closer look at the data reveals that the spectrum
decomposes into a paramagnetic and a magnetic fraction.
The hyperfine parameters of the magnetic fraction are close
to those of the as-prepared state. The average hyperfine field
is reduced by 6%. The obvious difference to the as-prepared
state is given by the central paramagnetic doublet. This indi-
cates that the superparamagnetic blocking temperature for
the majority of particles has decreased from an inital value of
55 K to below 10 K after the first gentle annealing step. The
paramagnetic fraction of 71% in the dsbauer spectrum
equals the increase of tligupejparamagnetic fraction in the
low-field part of the hysteresis curve at 4.3 K in Fig. 13. As
the particle size has not changed according to the TEM re-
sults, the reason for the drop of the blocking temperature lies
in a respective reduction of the magnetic anisotrépyn
these particles.

As XRD and small area electron diffractigBAED) data
exclude a significant change in the crystal structure, the only
FIG. 11. High-resolution TEM image of the sample annealed afpossible origin of the change i must be attributed to the
560 °C. Arrows indicate the carbon shell covering the particles. surface of the particles. This is consistent with the fact that

for the observed cubic structure of the disordered FePt alloy
nor the minor component attributed to a nonzero charge staene would expect a low magnetocrystallifwlume anisot-
change significantly in relative intensity. ropy. Thus the decomposition of the organic ligands that

Nevertheless, the XPS signal at the €eidge reveals the starts at 350 °C changes the surface state of the metallic par-
changes in the shell of the FePt particles. The evolution of dicles. It is most likely that the oleic acid molecules bind via
second Component at h|gher b|nd|ng energies relative to th@e double bonded O to Fe surface atoms. This is reflected in
main carbon peak can be attributed to the reaction of C wittihe higher fraction of nonmetallic Fe compared to nonmetal-
the partic|e’s surface. This is C|ear|y seen in thelIC Pt in Flg 10. As the SynthESiS was undertaken in a non-
5"Fe-Mossbauer spectra as will be discussed later. The highaqueous solvent a binding via the OH group as discussed in
resolution TEM measurement in Fig. 11 shows the existenc&ef. 53 is not probable. Thermal decomposition breaks up
of a shell of carbonous material around the nanoparticleghese O-Fe bonds and the entire organic molecules, leaving
This shell formation might be enhanced during annealing
due to a possible catalytic action of the FePt surf&ce.

In electron diffraction no changes are observed in the line
pattern. This proves the stability of the fcc phase up to tem-
peratures as high as 560 °C with annealing times of 30 min.
However, a diffuse scattering background develops during
this treatment. Most probably, this additional signal origi-
nates from the carbon or Fe-Pt-C compound shell covering
the particles. The stability of the fcc phase is also confirmed
by x-ray diffraction (XRD). It is worth mentioning that no
agglomeration or particle growth is observed compared to
the as-prepared state. The width of the diffraction peaks re-
mains unchanged.

In summary, the heat treatment at temperatures of 350 and
560 °C leads primarily to the decomposition of the surfactant
and in a second step to the formation of an amorphous or
nanocrystalline shell of carbon and Fe-Pt-C compounds.
Though the annealing process was undertaken in ultrahigh
vacuum oxygen may be present in the surface region of the
particles. Mesbauer measurements further clarify the sur-
face chemistry. - e

Figure 12 shows the Msbauer spectra of tHe as pre- -10 -5 0 5 10
pared, annealed &ii) 350__"_C and_(ii_i) 5§0°C samples_ mea- Velocity [mm/s]
sured at 10 K. Spectrurtiii) exhibits differences mainly in
the central part compared to spectrdim This is linked to FIG. 12. Masshauer spectra at 10 K of tki¢ as-prepared state
the Fe-Pt-C compound formation at elevated temperatureshatch ), (ii) annealed at 350 °(hatch 1)), (i) annealed at 560 °C
leaving the core of the particle in its original metallic state.(batch I).

Counts [x10%]
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FIG. 13. Hysteresis loops of the particles in the as prepared and

first annealed state (350 °C) at 4.3 K normalized to the magnetiza-
tion at a field of 2 T(batch I)).

Signal

pure carbon as a matrix for the still separated FePt particles.
As a result, the surface anisotropy drops to such an extent
that the blocking temperature in the B&bauer experiment is FIG. 15. Massbauer spectra of batch Il in the as-prepared state
reduced below 10 K. A similar mechanism for the magnetichetween 10 and 100 K.

anisotropy of a single Co nanoparticles in a Nb matrix was

proposed to be induced by the Co-Nb interface in Ref. 54ments is not reached, y&imilar to the as-prepared state at

An increase of the magnetic anisotropy energy constant Wit%5 K in Fig. 15. On the other hand, it might reflect a change
decreasing particles size was reported in Ref. 55 for pure Fﬁ] the electronic structure '

pa_rticles in vacuum. In our case, using the values for _the In the annealed statéii) the magnetic component with
anisotropy energy and the size of the as-prepared partlcl% e well-defined hyperfine field of 33.5 T vanishes. Instead,

the average surface anisotropy can be estimated to abo&l ntributions over a broad range of hyperfine fields from 10

_4 . . . )
10™4 J/n?. At higher annealing temperatures, i.e., at 560 C,[0 40 T appear in the spectrufcomponentD in Table I,

in the present experiment, the activation energy for the for-34%)_ They have their origin in the formation of Fe-Pt-C
mation of a shell of Fe-Pt-C compounds is overcome. As ompounds at the surfa¢eomponent C in Table 11, 17%
result, the higher magnetic anisotropy is regained. Thougli) .

. . esulting in a core-shell structure of the particles. The core of
the XRD results show a further reduction of the lattice CON-the FePt particleg49%) appears unchanged with respect to
stants the fcc structure is preserved.

; " . the range of the observable hyperfine fields between 40 and
h To f.S“fT}FT‘fJ'ée ttht? tl\_/h;sbat:irorzs}ultsth F|é:_;_.ﬁ14 SthOWS tlhe 55 T and the related isomer shift. Nevertheless, the weight of
ypertine Tield distributions a or the difierent Samplesy,;q part of the hyperfine field distribution is shifted towards
and preparation steps. The paramagnetic contributions

i ) "ﬁﬁgher values iBys. This sheds light on the possible mecha-
tEr’]hf:O T alred n?t shown. Thedsltlghttrlly reduc, sgale In | nism for these enhanced hyperfine fields as the effective size
€ lznn.?r?e bS at(eu% (;orrcljpgreth 0 Ie ats_ preg?rr]e Sﬁme.esof the metallic FePt core shrinks due to the formation of the
could eithér be explained by the refaxation of the CONECiVe o by o compound shell with its strong chemical bonds.

moment of the particles, as a complete blocking of the mo- In summary, what is seen in Fig. 14 is the response of the
electronic system in the core of the particles to the changes

Velocity [mm/s]

035 PtFe- batch Il in chemical bondipg (_)_f the outer a_tomic Ia@_rvvhen going
03 r —  PptFe-batch| through the state@)—(iii). The detailed hyperfine parameters
025 | —  30°350°C are given in Table II.
c ——  30°560°C
S 02}
8§ 015}
- 01 b IV. DISCUSSION AND OUTLOOK
0.05 | The reported experimental findings concerning 4-nm FePt
0 particles reveal a set of unpredicted features for a metallic
0 10 20 30 60 system of that size. With about 3000 atoms, these particles
BTl should closely approach bulk properties. Deviations are ex-

pected to originate from the surface and the chemical bond-

FIG. 14. Hyperfine field distributions of the two batches in the ing of the organic ligand molecules to the nanoparticles.
as prepared state and of the second batch annealed at 350 °C drl@wever, the above observations in the as-prepared as well
560 °C. as annealed states cannot be explained in this simple picture.
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TABLE II. Hyperfine values of the annealed sampl@atch I)—(ii): annealed at 350 °C andii):
annealed at 560 °*IS relative toa-Fe at RT, not corrected for the second-order Doppler shift.

State Component IS QS (Bhs) o (Bpy) r
[mm/g| [mm/g| [T] [T] [mm/g|
At 10 K (i) A[9(2)%] 0.439) -0.128) 32.31.7) 0.2(2) 0.94)
(i) B[20(2)%)] 0.41(12 -0.1(1) 43.51.6) 3.4(8) 0.7(4)
(i) C[71(2)%] 0.491) 0.972) 0.753)
At 10 K (iii ) B-1 [26(1)%] 0.491) -0.031) 50.82) 1.1(3) 0.626)
(iii ) B-2 [23(1)%] 0.4612) -0.012) 46.56) 2.601) 0.508)
(iii ) C[17(1)%] 0.462) 1.004) 0.936)

(iii) D [34(1)%] 0.475) -0.105) 34.1(6) 14.82.3 0.505)

The following features are the essential results of the exeonstant compared to quenched bulk samples, in an en-
periments reported: hanced magnetic hyperfine fiefdand electric quardupole
(i) The crystal structure of the as-prepared system is fccsplitting and in a zero magnetic anisotropy of the core. The
resembling the high-temperature phase of thgf®g, alloy.  electric quadrupole splitting is a direct evidence of the local
The lattice constant of 0.3839 nm is in perfect agreemenanisotropy? of the charge distribution around the Fe atoms.
with an Fe-Pt alloy of an Fe content of 50%. This is in The polarization of the Fe atomic shell is certainly related to
agreement with the RBS results. There is no direct experia local magnetic anisotropy. For a random distribution of Fe
mental clue, whether Fe and Pt form a regular structure oand Pt on the fcc lattice sites this anisotropy will vary statis-
whether the disordered high-temperature phase is realizetically in size and direction. The resulting magnetic anisot-
Nevertheless, the vanishing magnetic anisotropy of the coreopy of the particle’s core averages to zero in the same way
and the missing superlattice peaks in XRD and SAED giveas in soft-magnetic amorphous or nanocrystalline materials.
strong evidence of the disordered state. This explains the strong paramagnetic signal in thés$4o
(ii) Even after the annealing step at 560 °C the envisageauer and magnetization measurements at low temperatures
fct room-temperature phase is not formed. Only a change dfi the absence of surface anisotradffiyst annealing staje
the lattice parameters is observed. Agglomeration and par- Regarding the homogeneiety of the FePt system the hy-
ticle growth can be ruled out. perfine interaction gives some additional information. At 10
(iii) The XPS data of the Fe core levels clearly show that, the Mossbauer spectra consist of two distinct magnetic
the majority of the Fe atoms are in a neutral charge statecomponents. In batch | the regular compon&r@mounts to
Considering the valence-band density of states close to thE3%, in batch Il to 28%. The average size and the rather
Fermi energy a metallic character of the particles is provensharp distribution of its magnetic hyperfine field would be in
The as-prepared FePt nanoparticles are inert to oxidation iaccordance with the expected ordered fct pit3eis phase
air, which is in contrast to observations of pure Fe, Ni, or Coshould have the large magnetocrystalline anisotropy which is

particles of the same size. Those are instaflighin milli- the basis for the interest in the FePt system. From the bimo-
secondscovered by an oxide shellThe presence of Pt cru- dal hyperfine field distribution one is tempted to suggest the
cially contributes to the chemical inertness. occurrence of two kinds of particles: one in the disordered

(iv) The electric quadrupole splittingQS as well as the fcc phase and the other in the ordered fct phase. Looking at
magnetic hyperfine field®,; exhibit values that are surpris- the temperature dependence of both selmauer signals in
ingly high for the metallic FePt system. Considering the re-Fig. 15 this assumption is ruled out. If two separate types of
sults of the sample characterization with XPS, XRD, SQUIDparticles were present in this measurement they would ex-
magnetization, and TEM in conjunction with the complex hibit two well distinguished blocking temperatures according
annealing behavior a trivial explanation by Fe oxides at thgo the differences in magnetic anisotropy. Especially, compo-
particle’s surface must be ruled out. nentA (indicated by dashed vertical lineshould show mag-

(v) The measured low magnetic anisotropy of netic ordering far above the paramagnetic collapse of com-
~0.1 MJ/n? of the FePt particle system has its origin in ponentB. This is not the case. The magnetic ordering of
surface contributions. The surface anisotropy depends on ttmponentA collapses in the same way as componBn
chemistry of the particles with the surrounding matrix. Fesimilar argument holds for the relative intensities of both
oxides can be ruled out in this context as they would becomponents in the as-prepared and the first annealed state
stable against the performed heat treatment and should e4350 °C). As was discussed earlier, this moderate annealing
hibit a dominating volume anisotropy. step mainly decreases the surface anisotropy contribution. As

(vi) The Brownian motion of the FePt particles character-the magnetocrystalline anisotropy in the fct system should
izes the temperature-dependent viscous properties of the ogxceed the surface anisotropy significantly, such a heat treat-
ganic ligand system. ment would not affect the magnetic ordering of such par-

The peculiar properties of the as-prepared 4-nm FePt paticles. Thus only in particles of fcc structure a collapse to the
ticles manifest themselves in a reduction of 1% of the latticeparamagnetic state would be seen. Th& ratio would
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change accordingly. On the contrary, the intensity ratio becore induced by the surface shell. This could be facilitated by
tween the magnetically ordered componehtsand B of  the concentric geometry of the system which distinguishes it
roughly 1:2 is the same in the as-prepared and annealddom multilayer structures. The contribution of the orbital

sample at 10 K. momentum to the magnetic hyperfine field is not yet clarified

In the same way, the simultaneous occurrence of metallibut the three-dimensional confinement of the electronic sys-
and oxidic particles is ruled out. First of all, the whole tem to an effective size that is smaller than the geometric
sample takes part in the line broadening effect and the redugarticle diameter due to the chemical shell of surfactants has
tion of the Debye-Waller factor in the narrow temperatureto be considered. X-ray magnetic circular dichroism experi-
interval from 185 to 250 K. Second, the superparamagnetiments are presently being carried out.
blocking temperatures coincide for all components present in
the Mossbauer spectra.

Regarding the XRD and TEM results of the as-prepared
state, no indication of the fct phase is seen. Thus large fct The structural disorder, the strong covalent character of
volume fractions cannot be present in the particleSs$4o the Fe-Pt bond, the influence of the organic ligand system,
bauer spectroscopy as a local probe method could still yieldnd the confinement to less than 4 nm lead to electronic
the hyperfine interaction of a locally occurring fct-like struc- properties which are not yet fully understood but justify the
ture, but this kind of structural variation is unlikely in an strong efforts in the experimental field. Most striking is the
itinerant magnetic system. enhanced magnetic hyperfine field that is observed at 10 K. A

As to the origin of the enhanced magnetic hyperfine fieldsimple oxidation of the particles as a whole or of a signifi-
in the Massbauer spectra at low temperatures, a simple piceant part of their surface is ruled out. For the interpretation of
ture cannot account for the observed properties. Similar largthe hyperfine interaction one has to keep in mind that the
hyperfine fields in metallic particles were reported for FePtelectronic wave function is directly probed at the sites of the
(Ref. 57 and AuFe>® In spite of the peculiarity of the find- Fe nuclei. This is quite different information compared to the
ings no discussion of the results is given. density of states that is probed by the XPS method. Further-

Points (iii) and (iv) of the discussion indicate a charge more, due to the complicated interplay of teep, andd
transfer from Fe to Pt. This is not in accordance to calculastates in an itinerant system of finite size, polarization effects
tions on small Fe-Pt clusters with up to 309 atoms in Ref. 5n the Fe core states not seen in bulk samples can obscure
but in agreement with a general trend at Fe-Pt interfites. the situation. Thus, for instance, a direct conclusion on the
The electronegativity of Pt in the nanoparticle system will bemagnetic moment of the Fe atoms cannot be drawn from the
accompanied by a reduced reactivity in an atmoshpere combservation of the enhanced magnetic hyperfine field. None-
taining molecular oxygen. Only the reactive environment oftheless, the measured hyperfine parameters will be a crucial
an oxygen plasma leads to a complete oxidation of theuantitative test for a theoretical treatment of the FePt nano-
particles’® Nevertheless, the strongly covalent character ofsystem.
the Fe-Pt bond cannot account for the observed large mag- The clear evidence of surface anisotropy in the FePt nano-
netic hyperfine fields. This was experimentally confirmed inparticles poses the question of its chemical origin with re-
multilayer structure§34® spect to the organic ligands or the carbon matrix. In future

In pure 4-nm Fe particles that were handled undempplications a proper choice of the surface chemistry might
vacuum, Baker et al. observed a monolayer of Fe oxide allow a tuning of the magnetic anisotropy properties of small
with peculiar propertie2® They report an increased hyper- metallic particles. To clarify the character of the magnetic
fine field of 47.2 T in conjunction with an unusual ferromag- ordering in greater detail, Msbauer measurements in exter-
netic behavior. This phase amounts to 10-20%. At firsnal fields and neutron diffraction will be carried out.
glance our observations fit into the same category. Yet, the
relative amounts of fractioA andB in the Mcssbauer spec-
tra according to Table | cannot be explained in this way. For
our 4-nm particles we expect a surface contribution of We thank the Center for Functional Nanostructures
roughly 30%. The nonmetallic fraction in the XPS data is inKarlsruhe(CFN) and the Deutsche Forschungsgemeinschaft
agreement with this surface contribution. Nonetheless, comDFG) for financial support. We thank the Institute for Nano-
ponentB in the Massbauer data that could be related to atechnology KarlsruhéINT) and the Materials Science De-
surface layer amounts to 85%. The unexpected dominance pfartement at the University of Technology Darmstadt for the
componentB could be explained by a polarization of the challenging scientific atmosphere and the spirit of coopera-
electronic states of the conduction electrons in the metalli¢ion.
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