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Electronic properties of 4-nm FePt particles
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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 spectroscopy~RBS!, transmission electron microscopy~TEM!,
X-ray photo electron spectroscopy~XPS!, magnetometry and Mo¨ssbauer spectroscopy. At low temperatures,
the Mössbauer 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.

DOI: 10.1103/PhysRevB.67.014422 PACS number~s!: 75.50.Tt, 71.20.Be, 73.22.Dj, 75.50.Ss
sla
lli
ic
m

th

lic
th

ar
ly

y
or
pe
ic

of
t

e
lec

th
ri-

n

t
p

nm
si

a
u-
ePt

or-
and
par-
an
was
g-
Of
on

sing

s.
of

and
iew

al

try.
I. INTRODUCTION

The concept of metallic behavior is based on the tran
tional invariance of an infinite crystal. Nevertheless, meta
properties are conserved down to very small geometr
dimensions.1,2 For instance, Au particles as small as 3 n
exhibit metallic reflectivity.3,4 However, collective electronic
excitations change their characteristic parameters like
resonance frequency and lifetime.5 This is the origin of color
variations as a function of Au particle size. In small metal
particles the surface plays a crucial role in determining
electronic properties of the whole particle.6 Due to the en-
hanced reactivity of metallic nanoparticles oxide coatings
readily formed. Even noble metals like Au can be high
reactive as atoms or nanoparticles.7,8 This complicates the
interpretation of physical measurements as it is not eas
distinguish between the signals of the coating and the c
In addition, the coating can substantially change the pro
ties of the core3,9,10 which for instance leads in magnet
systems to exchange biasing effects11,12 or changes in the
magnetic moment.13,14It has been shown that a decoration
the nanoparticle’s surface with organic ligands can help
prevent oxidation. Nevertheless, subtle changes in the ch
istry of the ligands can have dramatic effects on the e
tronic properties of the nanoparticle.15–17In Au55 clusters18,19

a metal-insulator transition is observed when decorating
surface with 6 Cl atoms in addition to a shell of 12 t
phenylphosphine molecules.20 Another way of studying pure
metal clusters is to produce them in ultrahigh vacuum a
characterize themin situ. Though this strongly limits the
number of applicable measuring techniques, features like
magic numbers of atoms, enhanced magnetic moments
atom,21–25 and ferromagnetism in Rh,14,26,27 a nonmagnetic
material in bulk form, are observed.

In this paper we focus on a comprehensive study of 4-
FePt particles as a model alloy system that shows surpri
structural, electronic,28 and magnetic features.29,30The expla-
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nation of the observed properties can only be found in
subtle interplay of alloying, finite size, and surface contrib
tions to the electronic structure of the metallic system. F
nanoparticles have already been produced by Sunet al.31 by
a wet chemical technique~the polyol process32! that results
in particles covered by a shell of organic ligands. This m
phology enables the preparation of self-organized two-
three-dimensional arrays of these monodisperse nano
ticles. A structural transition from a disordered fcc alloy to
ordered fct intermetallic phase upon annealing at 550 °C
reported. Our aim is to clarify the electronic and thus ma
netic properties of this system under different conditions.
special interest is the influence of the surface chemistry
the electronic system.

II. SYNTHESIS

In the same way as in the initial work by Sunet al.31 and
described in more general terms by Mulvaneyet al.,3 FePt
nanoparticles were synthesized by wet chemical proces
under N2 atmosphere. Platinum acetylacetonate@Pt(acac)2#
and iron pentacarbonyl@Fe(CO)5# were used as precursor
During the reaction process the evaporating fraction
Fe(CO)5 was condensed in a water cooled glass tube
recycled to the reaction zone. Figure 1 gives an overv
over the principal synthesis process in which only a therm

FIG. 1. Synthesis route of 4-nm FePt particles by wet chemis
©2003 The American Physical Society22-1
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decomposition of the iron precursor is considered. It is qu
possible that in the presence of Pt atoms and clusters
decomposition of the iron precursor is already catalyzed
lower temperatures.

As will be outlined later, the FePt nanoparticles coa
with a monomolecular layer of oleic acid are stable aga
oxidation in air. This allows for an easy handling of th
material in air in order to prepare the samples for the diff
ent characterization techniques.

III. EXPERIMENTAL RESULTS

The experiments that were carried out sought to ans
the following crucial questions on the FePt nanoparticles

~i! What is the average stochiometry of the particles?
~ii ! What is their shape, size distribution, and crys

structure? Can agglomeration be excluded?
~iii ! How are Fe and Pt distributed within the particle

Do they exhibit a core-shell structure?
~iv! Can oxidation of the particles be excluded?
~v! What are the intrinsic electronic properties of the

supposedly metallic particles?
~vi! How are the electronic properties reflected in t

magnetic behavior? What are the core and shell contribut
to the magnetic anisotropy?

As the Fe-Pt system shows a multitude of intermetallic
well as magnetic phases the precise knowledge of the sto
ometry is essential~Fig. 2!. The average Fe-Pt ratio can b
determined with high precision by Rutherford backscatter
spectroscopy~RBS!. Since the backscattering yield is com

FIG. 2. Bulk phase diagram of the Fe-Pt system~Refs. 33 and
34.
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pletely determined by Coulomb scattering of the projecti
~2-MeV a particles! by the Fe or Pt nuclei, the chemistry an
morphology of the sample do not influence the result. T
analysis of the step height of the Fe and Pt edge in the R
spectrum gives an Fe fraction of 50.2~2!%. According to the
bulk phase diagram the system should be in a ferromagn
state below 750 K. Above 1580 K the orderedg1 phase~fct!
transforms into the disorderedg phase~fcc!.

A. Crystallographic structure

The Rietveld analysis of the x-ray-diffraction data~Fig. 3!
of the as-prepared particles reveal the fcc structure of
sample with a lattice constant of 0.3839~2! nm. This is con-
firmed by the small area electron diffraction pattern~SAED!
in the TEM @Fig. 4~c!#. No superstructure peaks were foun
which is characteristic for the disordered alloy. The hig
resolution TEM image of a single particle in Fig. 4~b! dem-
onstrates the facetted morphology. 20 atomic layers are
solved between the two arrows. The spacing of the lat
fringes corresponds to the~111! direction in the fcc structure
Due to the facetation and random orientation of the partic
on the substrate the size distribution as shown in Fig. 4~d!
mainly indicates the geometrical features of the nonspher
particles. The distribution function for the number of atom
per particle cannot unambiguously be obtained from th
data. Nevertheless, the average spatial dimension is in
order of 4 nm. With respect to a possible core-sh
structure35 in the distribution of Fe and Pt, the TEM image
give no indication of such an inhomogeneity. Due to t
difference in the scattering cross section between Fe and
a core-shell structure should be easily visible within the s
tial resolution of the microscope.7,3,36,35Similarly, no oxide
shell could be found in any of the analyzed particles.

B. Brownian motion

At room temperature, the as prepared particles order
regular two-dimensional pattern on a flat substrate with
average nearest-neighbor distance of 6 nm@see Fig. 4~a!#.
This corresponds to the double chain length of the orga
ligands which is approxmately 2.8 nm. In the same man
the particles can be ordered and separated in th
dimensions.37 The paramagnetic Mo¨ssbauer spectra in Fig.

FIG. 3. X-ray-diffraction pattern of the as-prepared samp
batch I.
2-2
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ELECTRONIC PROPERTIES OF 4-nm FePt PARTICLES PHYSICAL REVIEW B67, 014422 ~2003!
demonstrate the characteristic line broadening~Fig. 6~a!# in
the vicinity of 250 K due to the Brownian motion of th
monodisperse~with respect to their mass! particles, thus
proving their separation. Surprisingly, the line broadening
accompanied by a steep decrease of the resonant coun
@Fig. 6~b!#. Above 250 K the resonant signal is undetectab
Agglomeration is thus excluded, as it would ensure a re
nant signal even at room temperature.

Although the concept of pure Brownian-like diffusion
not likely to be applicable in the case of self-organized p
ticles with a defined average distance of 6 nm, which is
the order of the particle diameter, a mathematical treatm
within this framework may reveal some insight into the ela
tomechanical properties of the ligand-particle system
looking at similarities and systematic deviations with resp
to the experimental evidence. Referring to the work
Singwi and Sjo¨lander38 with respect to thermally activate

FIG. 4. ~a! TEM micrograph demonstrating the self-assembli
of the FePt nanoparticles.~b! HRTEM picture of a single nanopar
ticle. The faceting of the particle is clearly visible. Between the t
arrows 20 lattice planes are observable with a lattice spacing e
to that of thê 111& direction in this system.~c! Small area electron-
diffraction pattern of the as-prepared FePt particles. Finally,~d!
gives the size distribution for the as-prepared particles.
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diffusion Bonchev39 treated the Mo¨ssbauer cross section un
der the influence of Brownian motion. The line broadeni
DG is given by the expression

DG52k2D ~1!

al

FIG. 5. Line broadening due to Brownian motion of the Fe
nanoparticles~batch I!.

FIG. 6. ~a! Linewidth as a function of temperature.s: experi-
ment,j: experiment minus analytical approach.~b! Resonant ab-
sorption as a function of temperature. The low-temperature va
were set to unity.
2-3
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with D the diffusion constant andk theg-wave vector. Using
the Einstein-Stokes diffusion constant~viscosity h, particle
radiusR, Boltzmann constantkB),

D5
kBT

6phR
, ~2!

the line broadening yields

DG~T!5
k2kB

3pR

T

h~T!
. ~3!

The line broadening should be a linear function ofT/h. Us-
ing these expressions and literature values40 for h(T) ~oleic
acid! the least-square fit of the experimental data yields
effective particle diameter of 4 cm which definitely show
the inadequacy of the above approach. This failure is furt
supported by the rapid decrease of the Debye-Waller fa
@Fig. 6~b!# that accompanies the line broadening. This is
expected for pure diffusion.

A modified approach to the experimental data is the c
sideration of a superlattice60 of FePt particles with an elasti
coupling via the organic ligands that are chemically bound
the particle’s surface. In the same way as in a solid lattice
Debye-Waller factor of the particle system can be treated
the vibrational properties of the superlattice. Compared
the situation of a Mo¨ssbauer probe atom in a solid lattic
there are the following significant differences:

~i! At higher temperatures, i.e., in the limit of free pa
ticles, the energy shift due to theg recoil is determined by
the mass of one FePt particle.

~ii ! The mechanical coupling between neighboring F
particles is weak and a strong function of temperature.

~iii ! At higher temperatures, the viscous properties of
organic molecules can lead to a nonlinear response to
displacement of the FePt particles from their average p
tions.

~iv! Local Brownian motion is superimposed on the s
perlattice vibrations.

Point ~i! makes it clear that above 250 K the Deby
Waller factor is practically zero. The recoil energy on
single Fe atom would be 2 meV. The mass ratio betwee
4-nm FePt particle and an Fe atom is about 7000, resultin
a recoil energy of 0.3meV. This is still larger by a factor of
65 than the natural linewidth of 4.6 neV of the57Fe Möss-
bauer transition. Only a mechanical coupling into effect
units of at least 100 FePt particles will lead to a measura
resonant absorption. As the temperature is reduced be
250 K, the increasing stiffness of the organic ligands w
mediate this coupling. It is clear that a temperatu
dependent mechanical correlation lengthj(T) in the super-
lattice of the particles wll be observed.j defines an ensembl
of particles around a central FePt particle that participate
the resonant absorption of a 14.4-keVg quantum. They pro-
vide the necessary effective mass to yield the recoil-f
fraction ~Debye-Waller factor! in the Mössbauer experiment
Thus the determination of the Debye-Waller factorf (T)
gives experimental access toj(T), which is linked to the
stiffness of the organic molecules.
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Sincej provides the effective mass in the Mo¨ssbauer pro-
cess it will also define an ensemble of weakly coupled m
chanical oscillators. This results in a movement of the Mo¨ss-
bauer active central FePt particle around an average pos
as a function of time. The average squared displacement
enter into the calculation of the resonant fractionf (T):

f ~T!;e2k2^xparticles
2 (T)&, ~4!

wherek is the wave vector of theg radiation.
For a treatment of the Mo¨ssbauer line broadening tha

follows the concept of Brownian motion, Eq.~2! has to be
reconsidered.D in this context is the diffusion constant of
~large! object in a viscous medium. The given quantitati
relation should break down when the object size~particle!
approaches the molecule size~oleic acid! of the medium. In
addition, the oleic acid molecules bind as ligands to the p
ticle’s surface. The ligands between neighboring partic
penetrate and interact with each other. Though Eq.~2! will
not hold in a strict sense, the random motion of the partic
will be describable by a diffusion constantD and Eq.~1! is
still valid. In a first approach, the general temperature dep
dence ofD is assumed to still follow Eq.~2!, but the physical
background has to be reinterpreted. In effect, to describe
viscomechanical properties of the particle-ligand system,
keep the temperature dependence

D~T!;
T

expS 2
T

T0
D ~5!

in analogy to the temperature dependence ofh.61

The experimental linewidth can then be described by
expression

G~T!5A
T

T0
expS T

T0
D1G0 ~6!

in analogy to Eq. ~3!. G0 represents the temperatur
independent linewidth due to the hyperfine interaction.T0 is
a characteristic temperature for the elastic and viscous p
erties of the organic coating of the particles andA is a ma-
terials constant. The quantitiesA, T0, andG0 can be deter-
mined by fitting the experimental data. To avoid systema
errors due to the magnetic interaction in the FePt particle
lower temperatures, only experimental values between
and 240 K were taken into account. In Fig. 6~a! the result is
plotted with the determined parametersA54.3
310212 mm/s, T0510(1) K, andG050.66(2) mm/s.

In summary, the line broadening in the Mo¨ssbauer experi-
ment is due to the local motion of the particles. The unphy
cal result of a particle diameter of 4 cm in a standard
proach is related to the altered physics behind the visc
and elastic properties of the particle-ligand system in
dense superlattice compared to a liquid. The rapidly decre
ing Debye-Waller factor has to do with the vibrations of t
superlattice.
2-4



ELECTRONIC PROPERTIES OF 4-nm FePt PARTICLES PHYSICAL REVIEW B67, 014422 ~2003!
TABLE I. Hyperfine values of the as-prepared samples (G: linewidth!. * IS relative toa-Fe at room
temperature~RT!, not corrected for the second-order Doppler shift.

T Batch Component IS* QS ^Bhf& s(Bhf) G

@mm/s# @mm/s# @T# @T# @mm/s#

185 K I 0.43~1! 0.86~2! 0.66~2!

200 K II 0.43~2! 0.80~2! 0.64~2!

10 K I A(13%) 0.45~3! -0.06~3! 33.4~2! 0~2! 0.4~1!

I B 0.52~2! 0.027~14! 46.5~2! 3.0~2! 0.60~1!

10 K II A(28%) 0.50~4! -0.04~4! 33.5~3! 0.8~8! 0.79~8!

II B 0.48~2! -0.02~2! 46.2~2! 2.3~3! 0.69~7!
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C. Magnetic properties

Regarding the questions linked to the electronic proper
of the FePt particles, Mo¨ssbauer spectroscopy gives access
the Fe charge state, the local charge distribution, as we
the magnetic hyperfine field. Table I denotes the hyper
parameters of two batches in the as prepared state. Wit
going into detail, the parameters indicate the high reprod
ibility in the synthesis of the FePt system. The only obvio
deviation in the two batches is the ratio between the m
netic componentsA andB at 10 K.

At 10 K, the Mössbauer spectra of both batches dem
strate the complete magnetic order~see Fig. 12!. The two
subspectraA andB show rather distinct parameters. The h
perfine parameters of componentA are typical for the ferro-
magnetic Fe-Pt system. Naively one would expect this fr
tion to dominate the spectrum, as the core contribution i
4-nm particle amounts to around 65%. Instead, componeB
is dominant and amounts to 87~2!% and 72~2!% in batch I
and II, respectively. The magnetic hyperfine field distributi
of componentB extends to values as large as 50 T which
unusually high. Keeping in mind that we are dealing with
nanostructured material and an alloy system, it should
stressed that the width of the hyperfine field distribution
componentB at 10 K is rather narrow, especially if compare
to literature data of Fe-Pt multilayers.41–48 The simple
Gaussian shape of theBhf distribution would be compatible
with the disordered fcc phase seen in XRD. Details will
discussed later.

To elucidate the origin of the enhanced magnetic hyp
fine field the formation of Fe oxides has to be conside
which would easily explain the observed large values. F21

oxides can be ruled out from the isomer shift values. Unf
tunately, a distinction between possible Fe31 oxides and me-
tallic phases in the Fe-Pt system seems not possible
simple way, as the isomer shifts coincide. Therefore a m
thorough investigation by magnetization measurements w
a superconducting quantum interference device~SQUID!
and a vibrating sample magnetometer~VSM! was under-
taken. Furthermore, x-ray photo electron spectroscopy~XPS!
helped to clarify the Fe and Pt charge states.

Figure 7 shows zero-field-cooled–field-cooled~ZFC-FC!
magnetization curves for the as-prepared particles in an
ternal field of 100 G. An absolute calibration of the magne
moment per particle could not be established for this m
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surement as the precise determination of the pure par
mass without ligands is as of yet impossible. Clearly visib
is the irreversibility in the two magnetization curves which
due to the superparamagnetic behavior. The freezing t
perature that is linked to the measuring time of 1 s is de
mined to be 11.0~5! K ~dotted vertical line!. In the
temperature-dependent Mo¨ssbauer data the correspondin
value of 55~5! K is linked to the nuclear Lamor precessio
time of 1.231028 s. Assuming a particle diameter of 4 nm
and a simple exponential dependence of the superparam
netic relaxation time onKV/kBT (K: effective magnetic vol-
ume anisotropy;V: particle volume;kB : Boltzmann con-
stant;T: temperature!, K can be estimated to 0.11(3) MJ/m3.
The determination of the average anisotropy constant fr
the slope of the mean magnetic hyperfine field as a func
of temperature below 50 K yields a value of 0.050(3) MJ/m3

(K•V50.009 eV). The statistical error bars~numbers in pa-
rentheses! are a lower limit as systematic errors cannot
disregarded. One has to keep in mind that the above tr
ment of K is only valid if the surface anisotropy can b
neglected. This is definitely not the case in the present s
tem, as will be shown later. ThereforeK has to be seen as a
effective anisotropy value normalized to the particle volum
In addition, the quantification of the relaxation of the colle
tive moment within a single particle depends on the assu
tion of a rather simple potential of the magnetization in
uniaxial anisotropy field.

FIG. 7. ZFC-FC magnetization curves in an external field of 1
G for the as-prepared sample~batch II!.
2-5
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D. Magnetic Hysteresis

TEM, x-ray, and Mo¨ssbauer data reveal a highly mon
disperse character of the FePt sample with respect to
magnetic hyperfine field, and crystallinity. In contrast to th
uniformity, the hysteresis loop at 4.3 K exhibits a rather co
plex behavior. To get an idea of the peculiarities one c
compare it with a standard Stoner-Wolfahrth system of r
domly oriented independent monodisperse uniaxial partic
In Fig. 8~b! the magnetization behavior of such a system a
function of external field is given by the dashed line. T
characteristics are:~i! The point of steepest slope is at th
coercive field, that is a strong increase ofuM u into the oppo-
site direction as before occurs here.~ii ! Saturation is only
gradually approached.~iii ! Remanence is in the order of ha
the saturation magnetization.~iv! The slope at zero externa
field shows a value intermediate between the steepest pa
the magnetization curve and saturation.

On a rough evaluation, the measured magnetization cu
of the FePt particles shows the following differences: T
steepest descent is around zero external field leading dire
into the gradual approach of the saturation magnetizat
even beforeM reverses sign. The intermediate value of t
slope is seen here at the coercive field instead of zero e
nal field.

This contrasting behavior has to be related to the ani
ropy properties of the particles or cooperative effects, as
particle size is definitely well defined~supported by small-
angle x-ray scattering data49!. The moment per particle
should be as monodisperse as the electronic properties.
indirect magnetic coupling between the particles by dipo

FIG. 8. ~a! Hysteresis loop of the as-prepared particles in
organic matrix at 4.3 K measured with a SQUID magnetome
~batch II!. ~b! Decomposition into a superparamagnetic~i! and
blocked fraction~ii ! of particles of equal moment. For compariso
the dashed line indicates the classical Stoner-Wohlfarth theory.
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interaction is certainly a point to be carefully looked at as
particle-particle distance is of the order of the particle si
This could explain a collective switching at low fields but
remains unclear how this could be reconciled with the obs
vation thatM does not change sign close to the steepest
of the magnetization curve.

Further insight is gained if one takes into account t
following crude decomposition of the magnetic hystere
loop into two possible contributions. In spite of the mon
disperse character of the particles, a superposition of a su
paramagnetic~i! and a magnetically blocked~ii ! fraction as
indicated in Fig. 8~b! could reproduce the measured hyste
esis loop. If one considers a distribution of anisotropy co
stants then this bimodal behavior@~i! and ~ii !# no longer
seems artificial. Fraction~ii ! is made up by those particle
that have an anisotropy constant above a critical range
are thus blocked. Fraction~i! on the other hand is made up o
those particles with a lower anisotropy constant than t
range and are fully superparamagnetic. The fraction of p
ticles within the critical range is small, as the thermal ac
vation depends exponentially on the ratio of anisotropy
thermal energy. The critical range can be shifted either
raising the temperature or by changing the anisotropy dis
bution. The first case is seen in Fig. 9, where at 30 K mos
the particles become superparamagnetic, i.e., belong to
tion ~i!. The second case will be discussed later in the sec
dealing with annealing experiments and can be seen in
13. There it will be demonstrated that surface anisotro
plays a crucial role in the FePt nanosystem. In this light i
clear that the above suggestions can only give an impres
of the complexity of the switching dynamics. The origin
the magnetization behavior lies in the surface anisotro
field of each particle. The route of magnetization rever
along the surface of a particle follows local minima and lac
the simplicity of uniaxial symmetry.

Further remarks on the switching behavior in Fig. 9 a
the following: In the Stoner-Wohlfarth case with a certa
size distribution the~super!paramagnetic fraction is usuall
attributed to small particles that can be aligned only in lar
fields. The related saturation field will increase with increa
ing temperature. In the present case the seemingly param
netic fraction~i! is most easily magnetized along the extern

e
r

FIG. 9. Hysteresis loops of the as prepared particles in the
brating sample magnetometer at 5, 30 and 100 K~batch II!.
2-6
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ELECTRONIC PROPERTIES OF 4-nm FePt PARTICLES PHYSICAL REVIEW B67, 014422 ~2003!
field direction whereas the slope at the coercivity field
fraction ~ii ! is significantly smaller. The same systematics
seen in the temperature dependence of the hysteresis
An increase in temperature from 5 to 30 K helps to overco
the magnetic anisotropy whereas the thermal fluctuation
the collective moments are still moderate. Thus the ma
mum slope of the magnetization curve increases and the
ercivity notably reduces while the magnetization value at
stays nearly the same. Sticking to simple decomposition
fractions~i! and ~ii !, the equal magnetic field energy has
compete against thermal agitation in both cases but in c
~ii ! the magnetic anisotropy has to be overcome additiona
Thus the particles with nonvanishing anisotropy show h
teresis and a stretched out magnetization curve along
external field axis. At higher temperatures the usual decre
of the average moment and an increase of the saturation
due to thermal fluctuations is observed.

In conclusion, the measured magnetization curve in F
8~a! is a superposition of contributions from an ensemble
monodisperse particles with identical magnetic moment b
wide distribution of magnetic anisotropy values and char
teristics. A significant fraction exhibits practically zero a
isotropy. In a simplified picture, a paramagnetic and a h
teretic fraction can account for the observed hystere
measurements. The finite slope of the magnetization curv
high fields ~1–2 T! is an indication of spin canting at th
particle’s surface. This is in agreement with the concept
surface anisotropy. A further insight into the nature of t
anisotropy will be discussed on the basis of the results for
annealed samples.

E. Electronic properties

To further confirm the~mainly! metallic character of the
FePt nanoparticles XPS measurements were undertaken
con covered by a thin natural oxide layer was used a
substrate. After coating the substrate with a droplet of
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dispersion, a self-organized monolayer of FePt partic
readily formed. This was checked by TEM imaging usi
amorphous carbon as substrate. XPS spectra were reco
at the characteristic photoenergies of C 1s, Fe 2p, and Pt 4f
~Fig. 10!.

For Fe as well as Pt two components are found: The n
tral state at binding energies of 708 and 71.2 eV, respectiv
and a nonzero charge state at 711.3 and 72.3 eV. The rel
contributions of both components to the spectra are not id
tical for Fe ~73% and 27%! and Pt ~82% and 18%!. An
overall energy shift of the spectra compared to reference
of bulk standards is due to initial- and final-state effects
the electron emission process in small particles.50 The mainly
metallic nature of the particles is further proven by the no
vanishing density of states~DOS! at the Fermi level probed
with the same XPS method. Details on these results will
given in a forthcoming publication focusing on the electron
structure of the FePt particles.51

F. Annealing experiments

To learn more about the crystallographic, morphologic
and chemical stability of the particle-ligand system the F
particles were heat treated in ultrahigh vacuum (1028 mbar)
at 350 and 560 °C for 30 min. The warming up as well as
cooling down phase took 2 h each. The first annealing ste
was chosen to gently decompose the organic shell of
particles. Close to 350 °C the organic matrix shows a ch
acteristic mass loss. This results in an outgasing of hydro
and oxygen components whereas carbon is mainly left a
residue. The second annealing step at 560 °C was chose
a change in the crystal structure of the FePt particles
expected.

The XPS measurements of the heat treated samples d
show drastic changes in the charge state of the Fe an
atoms. This is demonstrated in Fig. 10 at the Fe-2p and the
Pt-4f edges. Obviously, neither the main metallic compon
-
FIG. 10. C, Fe, Pt photoelec
tron spectra of the as-prepared~i!
and heat treated~ii: 350 °C; iii:
560 °C) samples~batch II!.
2-7
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B. STAHL et al. PHYSICAL REVIEW B 67, 014422 ~2003!
nor the minor component attributed to a nonzero charge s
change significantly in relative intensity.

Nevertheless, the XPS signal at the C-1s edge reveals the
changes in the shell of the FePt particles. The evolution
second component at higher binding energies relative to
main carbon peak can be attributed to the reaction of C w
the particle’s surface. This is clearly seen in t
57Fe-Mössbauer spectra as will be discussed later. The h
resolution TEM measurement in Fig. 11 shows the existe
of a shell of carbonous material around the nanopartic
This shell formation might be enhanced during anneal
due to a possible catalytic action of the FePt surface.52

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

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

Figure 12 shows the Mo¨ssbauer spectra of the~i! as pre-
pared, annealed at~ii ! 350 °C and~iii ! 560 °C samples mea
sured at 10 K. Spectrum~iii ! exhibits differences mainly in
the central part compared to spectrum~i!. This is linked to
the Fe-Pt-C compound formation at elevated temperatu
leaving the core of the particle in its original metallic sta

FIG. 11. High-resolution TEM image of the sample annealed
560 °C. Arrows indicate the carbon shell covering the particles
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Spectrum~ii ! seems to be dramatically different to the oth
two cases. A closer look at the data reveals that the spec
decomposes into a paramagnetic and a magnetic frac
The hyperfine parameters of the magnetic fraction are c
to those of the as-prepared state. The average hyperfine
is reduced by 6%. The obvious difference to the as-prepa
state is given by the central paramagnetic doublet. This in
cates that the superparamagnetic blocking temperature
the majority of particles has decreased from an inital value
55 K to below 10 K after the first gentle annealing step. T
paramagnetic fraction of 71% in the Mo¨ssbauer spectrum
equals the increase of the~super!paramagnetic fraction in the
low-field part of the hysteresis curve at 4.3 K in Fig. 13. A
the particle size has not changed according to the TEM
sults, the reason for the drop of the blocking temperature
in a respective reduction of the magnetic anisotropyK in
these particles.

As XRD and small area electron diffraction~SAED! data
exclude a significant change in the crystal structure, the o
possible origin of the change inK must be attributed to the
surface of the particles. This is consistent with the fact t
for the observed cubic structure of the disordered FePt a
one would expect a low magnetocrystalline~volume! anisot-
ropy. Thus the decomposition of the organic ligands t
starts at 350 °C changes the surface state of the metallic
ticles. It is most likely that the oleic acid molecules bind v
the double bonded O to Fe surface atoms. This is reflecte
the higher fraction of nonmetallic Fe compared to nonme
lic Pt in Fig. 10. As the synthesis was undertaken in a n
aqueous solvent a binding via the OH group as discusse
Ref. 53 is not probable. Thermal decomposition breaks
these O-Fe bonds and the entire organic molecules, lea

t

FIG. 12. Mössbauer spectra at 10 K of the~i! as-prepared state
~batch I!, ~ii ! annealed at 350 °C~batch II!, ~iii ! annealed at 560 °C
~batch II!.
2-8
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ELECTRONIC PROPERTIES OF 4-nm FePt PARTICLES PHYSICAL REVIEW B67, 014422 ~2003!
pure carbon as a matrix for the still separated FePt partic
As a result, the surface anisotropy drops to such an ex
that the blocking temperature in the Mo¨ssbauer experiment i
reduced below 10 K. A similar mechanism for the magne
anisotropy of a single Co nanoparticles in a Nb matrix w
proposed to be induced by the Co-Nb interface in Ref.
An increase of the magnetic anisotropy energy constant w
decreasing particles size was reported in Ref. 55 for pure
particles in vacuum. In our case, using the values for
anisotropy energy and the size of the as-prepared part
the average surface anisotropy can be estimated to a
1024 J/m2. At higher annealing temperatures, i.e., at 560
in the present experiment, the activation energy for the
mation of a shell of Fe-Pt-C compounds is overcome. A
result, the higher magnetic anisotropy is regained. Tho
the XRD results show a further reduction of the lattice co
stants the fcc structure is preserved.

To summarize the Mo¨ssbauer results, Fig. 14 shows t
hyperfine field distributions at 10 K for the different sampl
and preparation steps. The paramagnetic contribution
Bhf50 T are not shown. The slightly reducedBh f scale in
the annealed state~ii ! compared to the as prepared samp
could either be explained by the relaxation of the collect
moment of the particles, as a complete blocking of the m

FIG. 13. Hysteresis loops of the particles in the as prepared
first annealed state (350 °C) at 4.3 K normalized to the magne
tion at a field of 2 T~batch II!.

FIG. 14. Hyperfine field distributions of the two batches in t
as prepared state and of the second batch annealed at 350 °C
560 °C.
01442
s.
nt

c
s
.

th
e

e
es
ut

r-
a
h
-

at

s
e
-

ments is not reached, yet~similar to the as-prepared state
65 K in Fig. 15!. On the other hand, it might reflect a chan
in the electronic structure.

In the annealed state~iii ! the magnetic component with
the well-defined hyperfine field of 33.5 T vanishes. Inste
contributions over a broad range of hyperfine fields from
to 40 T appear in the spectrum~componentD in Table II,
34%!. They have their origin in the formation of Fe-Pt-
compounds at the surface~component C in Table II, 17%!,
resulting in a core-shell structure of the particles. The core
the FePt particles~49%! appears unchanged with respect
the range of the observable hyperfine fields between 40
55 T and the related isomer shift. Nevertheless, the weigh
this part of the hyperfine field distribution is shifted towar
higher values inBhf . This sheds light on the possible mech
nism for these enhanced hyperfine fields as the effective
of the metallic FePt core shrinks due to the formation of
Fe-Pt-C compound shell with its strong chemical bonds.

In summary, what is seen in Fig. 14 is the response of
electronic system in the core of the particles to the chan
in chemical bonding of the outer atomic layer~s! when going
through the states~i!–~iii !. The detailed hyperfine paramete
are given in Table II.

IV. DISCUSSION AND OUTLOOK

The reported experimental findings concerning 4-nm F
particles reveal a set of unpredicted features for a meta
system of that size. With about 3000 atoms, these parti
should closely approach bulk properties. Deviations are
pected to originate from the surface and the chemical bo
ing of the organic ligand molecules to the nanoparticl
However, the above observations in the as-prepared as
as annealed states cannot be explained in this simple pic

nd
a-

and

FIG. 15. Mössbauer spectra of batch II in the as-prepared s
between 10 and 100 K.
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TABLE II. Hyperfine values of the annealed samples~batch II!—~ii !: annealed at 350 °C and~iii !:
annealed at 560 °.* IS relative toa-Fe at RT, not corrected for the second-order Doppler shift.

State Component IS* QS ^Bhf& s(Bhf) G

@mm/s# @mm/s# @T# @T# @mm/s#

At 10 K ~ii ! A@9(2)%# 0.43~9! -0.12~8! 32.3~1.7! 0.2~2! 0.9~4!

~ii ! B@20(2)%# 0.41~12! -0.1~1! 43.5~1.6! 3.4~8! 0.7~4!

~ii ! C@71(2)%# 0.49~1! 0.97~2! 0.75~3!

At 10 K ~iii ! B-1 @26~1!%# 0.49~1! -0.03~1! 50.8~2! 1.1~3! 0.62~6!

~iii ! B-2 @23~1!%# 0.46~2! -0.01~2! 46.5~6! 2.6~1! 0.50~8!

~iii ! C@17(1)%# 0.46~2! 1.00~4! 0.93~6!

~iii ! D @34~1!%# 0.47~5! -0.10~5! 34.1~6! 14.8~2.3! 0.50~5!
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The following features are the essential results of the
periments reported:

~i! The crystal structure of the as-prepared system is
resembling the high-temperature phase of the Fe50Pt50 alloy.
The lattice constant of 0.3839 nm is in perfect agreem
with an Fe-Pt alloy of an Fe content of 50%. This is
agreement with the RBS results. There is no direct exp
mental clue, whether Fe and Pt form a regular structure
whether the disordered high-temperature phase is reali
Nevertheless, the vanishing magnetic anisotropy of the c
and the missing superlattice peaks in XRD and SAED g
strong evidence of the disordered state.

~ii ! Even after the annealing step at 560 °C the envisa
fct room-temperature phase is not formed. Only a chang
the lattice parameters is observed. Agglomeration and
ticle growth can be ruled out.

~iii ! The XPS data of the Fe core levels clearly show t
the majority of the Fe atoms are in a neutral charge st
Considering the valence-band density of states close to
Fermi energy a metallic character of the particles is prov
The as-prepared FePt nanoparticles are inert to oxidatio
air, which is in contrast to observations of pure Fe, Ni, or
particles of the same size. Those are instantly~within milli-
seconds! covered by an oxide shell.3 The presence of Pt cru
cially contributes to the chemical inertness.

~iv! The electric quadrupole splitting~QS! as well as the
magnetic hyperfine fieldBhf exhibit values that are surpris
ingly high for the metallic FePt system. Considering the
sults of the sample characterization with XPS, XRD, SQU
magnetization, and TEM in conjunction with the compl
annealing behavior a trivial explanation by Fe oxides at
particle’s surface must be ruled out.

~v! The measured low magnetic anisotropy
'0.1 MJ/m3 of the FePt particle system has its origin
surface contributions. The surface anisotropy depends on
chemistry of the particles with the surrounding matrix.
oxides can be ruled out in this context as they would
stable against the performed heat treatment and should
hibit a dominating volume anisotropy.

~vi! The Brownian motion of the FePt particles charact
izes the temperature-dependent viscous properties of th
ganic ligand system.

The peculiar properties of the as-prepared 4-nm FePt
ticles manifest themselves in a reduction of 1% of the latt
01442
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constant compared to quenched bulk samples, in an
hanced magnetic hyperfine field56 and electric quardupole
splitting and in a zero magnetic anisotropy of the core. T
electric quadrupole splitting is a direct evidence of the lo
anisotropy62 of the charge distribution around the Fe atom
The polarization of the Fe atomic shell is certainly related
a local magnetic anisotropy. For a random distribution of
and Pt on the fcc lattice sites this anisotropy will vary stat
tically in size and direction. The resulting magnetic anis
ropy of the particle’s core averages to zero in the same w
as in soft-magnetic amorphous or nanocrystalline materi
This explains the strong paramagnetic signal in the Mo¨ss-
bauer and magnetization measurements at low tempera
in the absence of surface anisotropy~first annealing state!.

Regarding the homogeneiety of the FePt system the
perfine interaction gives some additional information. At
K, the Mössbauer spectra consist of two distinct magne
components. In batch I the regular componentA amounts to
13%, in batch II to 28%. The average size and the rat
sharp distribution of its magnetic hyperfine field would be
accordance with the expected ordered fct phase.56 This phase
should have the large magnetocrystalline anisotropy whic
the basis for the interest in the FePt system. From the bi
dal hyperfine field distribution one is tempted to suggest
occurrence of two kinds of particles: one in the disorde
fcc phase and the other in the ordered fct phase. Lookin
the temperature dependence of both Mo¨ssbauer signals in
Fig. 15 this assumption is ruled out. If two separate types
particles were present in this measurement they would
hibit two well distinguished blocking temperatures accordi
to the differences in magnetic anisotropy. Especially, com
nentA ~indicated by dashed vertical lines! should show mag-
netic ordering far above the paramagnetic collapse of co
ponentB. This is not the case. The magnetic ordering
componentA collapses in the same way as componentB. A
similar argument holds for the relative intensities of bo
components in the as-prepared and the first annealed
(350 °C). As was discussed earlier, this moderate annea
step mainly decreases the surface anisotropy contribution
the magnetocrystalline anisotropy in the fct system sho
exceed the surface anisotropy significantly, such a heat tr
ment would not affect the magnetic ordering of such p
ticles. Thus only in particles of fcc structure a collapse to
paramagnetic state would be seen. TheA-B ratio would
2-10
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ELECTRONIC PROPERTIES OF 4-nm FePt PARTICLES PHYSICAL REVIEW B67, 014422 ~2003!
change accordingly. On the contrary, the intensity ratio
tween the magnetically ordered componentsA and B of
roughly 1:2 is the same in the as-prepared and anne
sample at 10 K.

In the same way, the simultaneous occurrence of meta
and oxidic particles is ruled out. First of all, the who
sample takes part in the line broadening effect and the re
tion of the Debye-Waller factor in the narrow temperatu
interval from 185 to 250 K. Second, the superparamagn
blocking temperatures coincide for all components presen
the Mössbauer spectra.

Regarding the XRD and TEM results of the as-prepa
state, no indication of the fct phase is seen. Thus large
volume fractions cannot be present in the particles. Mo¨ss-
bauer spectroscopy as a local probe method could still y
the hyperfine interaction of a locally occurring fct-like stru
ture, but this kind of structural variation is unlikely in a
itinerant magnetic system.

As to the origin of the enhanced magnetic hyperfine fi
in the Mössbauer spectra at low temperatures, a simple
ture cannot account for the observed properties. Similar la
hyperfine fields in metallic particles were reported for Fe
~Ref. 57! and AuFe.58 In spite of the peculiarity of the find
ings no discussion of the results is given.

Points ~iii ! and ~iv! of the discussion indicate a charg
transfer from Fe to Pt. This is not in accordance to calcu
tions on small Fe-Pt clusters with up to 309 atoms in Ref.
but in agreement with a general trend at Fe-Pt interface41

The electronegativity of Pt in the nanoparticle system will
accompanied by a reduced reactivity in an atmoshpere
taining molecular oxygen. Only the reactive environment
an oxygen plasma leads to a complete oxidation of
particles.51 Nevertheless, the strongly covalent character
the Fe-Pt bond cannot account for the observed large m
netic hyperfine fields. This was experimentally confirmed
multilayer structures.43,46

In pure 4-nm Fe particles that were handled un
vacuum, Bo”dker et al. observed a monolayer of Fe oxid
with peculiar properties.55 They report an increased hype
fine field of 47.2 T in conjunction with an unusual ferroma
netic behavior. This phase amounts to 10–20%. At fi
glance our observations fit into the same category. Yet,
relative amounts of fractionA andB in the Mössbauer spec
tra according to Table I cannot be explained in this way. F
our 4-nm particles we expect a surface contribution
roughly 30%. The nonmetallic fraction in the XPS data is
agreement with this surface contribution. Nonetheless, c
ponentB in the Mössbauer data that could be related to
surface layer amounts to 85%. The unexpected dominanc
componentB could be explained by a polarization of th
electronic states of the conduction electrons in the meta

*Also at Institut für Nanotechnologie, Forschungszentru
Karlsruhe, D-76021 Karlsruhe, Germany. Electronic addre
branko.stahl@hrzpub.tu-darmstadt.de
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3P. Mulvaney, MRS Bull.26, 1009~2001!.
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core induced by the surface shell. This could be facilitated
the concentric geometry of the system which distinguishe
from multilayer structures. The contribution of the orbit
momentum to the magnetic hyperfine field is not yet clarifi
but the three-dimensional confinement of the electronic s
tem to an effective size that is smaller than the geome
particle diameter due to the chemical shell of surfactants
to be considered. X-ray magnetic circular dichroism expe
ments are presently being carried out.

V. CONCLUSION

The structural disorder, the strong covalent characte
the Fe-Pt bond, the influence of the organic ligand syst
and the confinement to less than 4 nm lead to electro
properties which are not yet fully understood but justify t
strong efforts in the experimental field. Most striking is th
enhanced magnetic hyperfine field that is observed at 10 K
simple oxidation of the particles as a whole or of a sign
cant part of their surface is ruled out. For the interpretation
the hyperfine interaction one has to keep in mind that
electronic wave function is directly probed at the sites of
Fe nuclei. This is quite different information compared to t
density of states that is probed by the XPS method. Furt
more, due to the complicated interplay of thes, p, and d
states in an itinerant system of finite size, polarization effe
on the Fe core states not seen in bulk samples can obs
the situation. Thus, for instance, a direct conclusion on
magnetic moment of the Fe atoms cannot be drawn from
observation of the enhanced magnetic hyperfine field. No
theless, the measured hyperfine parameters will be a cru
quantitative test for a theoretical treatment of the FePt na
system.

The clear evidence of surface anisotropy in the FePt na
particles poses the question of its chemical origin with
spect to the organic ligands or the carbon matrix. In futu
applications a proper choice of the surface chemistry mi
allow a tuning of the magnetic anisotropy properties of sm
metallic particles. To clarify the character of the magne
ordering in greater detail, Mo¨ssbauer measurements in exte
nal fields and neutron diffraction will be carried out.
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32F. Fiévet, J. P. Lagier, and M. Figlarz, MRS Bull.14, 29 ~1989!.
33K. Watanabe and H. Masumoto, Trans. Jpn. Inst. Met.24, ~1983!.
34H. Okamoto, in Binary Phase Diagrams~ASM International,

Cleveland, OH, 1996!.
35J. I. Park and J. Cheon, J. Am. Chem. Soc.123, 5743~2001!.
36C. J. O’Connor, J. A. Sims, A. Kumbhar, V. L. Kolesnichenko, W

L. Zhou, and J. A. Wiemann, J. Magn. Magn. Mater.226-230,
1915 ~2001!.
01442
,

.

.

s.

.

.

37E. Shevchenko, D. Talapin, A. Kornowski, F. Wiekhorst, J. Ko
zler, M. Haase, A. Rogach, and H. Weller, Adv. Mater.14, 287
~2002!.

38K. S. Singwi and A. Sjo¨lander, Phys. Rev.120, 1093~1960!.
39T. Bonchev, P. Aidemirslei, I. Mandzhukov, N. Nedyalkova,

Skorchev, and A. Strigacher, Zh. Eksp. Teor. Fiz.50, 62 ~1966!
@Sov. Phys. JETP23, 42 ~1966!#.

40G. H. Eduljee and A. P. Boyes, J. Chem. Eng. Data25, 249
~1980!.

41R. Wu, L. Chen, and N. Kioussis, J. Appl. Phys.79, 4783~1996!.
42R. Brand, O. Bohne´, and W. Keune, J. Magn. Magn. Mater.104-

107, 1891~1992!.
43E. Devlin, V. Psycharis, A. Kostikas, A. Simopoulos, D. Niarcho

A. Jankowski, T. Tsakalakos, H. Wan, and G. Hadjipanayis
Magn. Magn. Mater.120, 236 ~1993!.

44A. Simopoulos, E. Devlin, A. Kostikas, A. Jankowski, M. Crof
and T. Tsakalakos, Phys. Rev. B54, 9931~1996!.

45T. Shinjo and W. Keune, J. Magn. Magn. Mater.200, 598~1999!.
46A. Fnidiki, J. S. Douheret, J. Teillet, H. Lassri, and R. Krishan,

Magn. Magn. Mater.156, 41 ~1996!.
47H. Lassri, M. Abid, R. Krishan, A. Fnidiki, and J. Teillet, J. Magn

Magn. Mater.172, 61 ~1997!.
48Y. V. Baldokhin, P. Y. Kolotyrkin, Y. I. Petrov, and E. A. Shafra

novsky, J. Appl. Phys.82, 3042~1997!.
49K. Foster~unpublished!.
50G. K. Wertheim, Z. Phys. D: At., Mol. Clusters12, 319 ~1989!.
51H. G. Boyenet al. ~unpublished!.
52B. Rellinghaus, S. Stappert, M. Acet, and E. F. Wasserma

Mater. Res. Soc. Symp. Proc. No.705 ~MRS, Pittsburgh, 2001!.
53R. Hirschl, F. Delbecq, Ph. Sautet, and J. Hafner, Phys. Rev. B66,

155438~2002!.
54M. Jamet, V. Dupuis, C. Thirion, W. Wernsdorfer, P. Me´linon, and

A. Perez, Scr. Mater.44, 1371~2001!.
55F. Bo”dker, S. Mo”rup, and S. Linderoth, Phys. Rev. Lett.72, 282

~1994!.
56J. G. Na, J. Mater. Sci. Lett.19, 1171~2000!.
57M. Tillbrook, Ph.D. thesis, Dept. of Physics, University of Wes

ern Australia, 2001.
58P. M. Paulus, H. Bo¨nnemann, A. M. van der Kraan, F. Luis, J

Sinzig, and L. J. de Jongh, Eur. Phys. J. D9, 501 ~1999!.
59A. Fortunelli and A. M. Velasco, J. Mol. Struct.: THEOCHEM

528, 1 ~2000!.
60The simple case of a perfect superlattice is not necessarily r

ized in the present experiment but this is not a vital restriction
the present treatment.

61h(T)5h0 exp(2T/T0).
62Deviation from cubic symmetry.
2-12


