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FegoPtyo nanoparticles stabilized by oleic acid/oleylamine or tetramethylammonium hydroxide
and self-assembled in 3D dispersions permit a detailed analysis of the competition of surface, finite-
size effects and magnetic interparticle interactions which controls the collective macroscopic
magnetic behavior. Temperature dependent magnetometry demonstrates that for FePt nanoparticles
with identical size distribution but different surface chemistry, substantial differences of the effective
magnetic anisotropy exist and can be understood by comparison with different theoretical models.
Finally, a model yielding quantitative data for the competing intrinsic magnetic parameters of

complex core—shell nanoparticles is derived.

Introduction

The structural and magnetic properties of monodisperse
Fe,Pt;_. nanoparticles have been the subject of intense
research activity over the past few years because of their
potential for usage in biomedical theranostic and magnetic
data storage as well as magnetic sensor applications.! ¢ The
established methods of wet-chemistry synthesis of FePt
nanoparticles yield highly controllable particle sizes, com-
positions, and morphologies as well as narrow size distribu-
tions. These FePt particles are in the chemically disordered
fee structure, which is characterized by a very small mag-
netic anisotropy energy density (MAE) and soft magnetic
properties.” ! Small modifications of the crystalline struc-
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ture and composition are known to result in large changes in
the MAE and the intrinsic magnetic correlations, rendering
these nanoparticulate systems attractive prototype models
for understanding nanomagnetism.'*'?

Theoretical descriptions of the macroscopic magnetic res-
ponse of nanoparticulate assemblies rely intrinsically upon
the accurate knowledge of the effective magnetic anisotropy
density K., the volume, and the magnetic dipolar interaction
strengths of the particles. Acquisition of such values is,
however, notoriously difficult."* Additionally, surface effects
(generally controlled by the molecular ligands attached)
dominate their magnetic properties because of the increased
surface-to-volume ratio of fine nanoparticles.'>!® The surface
magnetism differs from volume properties due to the lower
coordination of magnetic moments and the breaking of
symmetry at the surface.'”'® This can result in site-specific,
generally uniaxial, surface anisotropy and broken exchange
bonds, which inevitably lead to surface spin disorder and
frustration (most prominently in oxidic ferro-, antiferro-, and
ferrimagnets)." In terms of surface chemistry, FePt nano-
particles offer an excellent chemical stability that allows
surfactant exchange and/or (bio)molecules attachment,
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permitting for example their transfer from nonpolar solvents
to aqueous solution.”’ This method opens the door not only
to biological applications® but also to the water-based
colloidal chemistry of FePt nanostructures.*

Moreover, the collective magnetic behavior of a nanopar-
ticle assembly is generally investigated using a nonmagnetic
matrix or solvent.”>~? Magnetic interactions between par-
ticles can be due to dipolar, direct, or indirect exchange coup-
ling.*® In some circumstances, interactions can dominate the
magnetic behavior, resulting in an ordered or disordered
magnetic state of the nanoparticle ensemble, for example,
“spin-glass-like” ordering of magnetic moments.>'

In this work, we investigated two types of ligand-stabilized
FegoPtyy nanoparticles that promote different three-
dimensional (3D) self-assemblies and distances in between.
A detailed analysis and comparison of the magnetic proper-
ties of these FePt nanoparticles with identical size distribu-
tion but different surface chemistry is reported, proving
experimentally the substantial differences in the effective
magnetic anisotropy. Our extensive analysis of the mag-
netic behavior of the nanoparticulate systems excludes a
leading role of interparticle interactions or the different
random or face-centered cubic (fcc) spatial distribution;
instead, the rather different individual particle character-
istics promoted by the surface conditions dominate.

Experimental Section

FegoPty nanocrystals were synthesized following the method
published by Sun and co-workers.” Under airless conditions,
platinum acetylacetonate (0.5 mmol) and 1,2-hexadecandiol
(1.5 mmol) were dissolved in 20 mL of dioctyl ether and heated
to 100 °C. Oleic acid (0.5 mmol), oleylamine (0.5 mmol), and
iron pentacarbonyl (0.5 mmol) were added to the mixture, which
was subsequently heated further up to 288 °C. The solution was
maintained at reflux for 1 h and then cooled to room tempera-
ture. All handling thereafter was performed open to the atmo-
sphere. Upon completion of the synthesis, the nanoparticles
were subjected to successive washing cycles to remove excess
surfactant from solution. In each cycle, 40 mL of ethanol
were added to the mixture, causing the nanoparticles to pre-

(20) Salgueirino-Maceira, V.; Liz-Marzan, L. M.; Farle, M. Langmuir
2004, 20, 6946.

(21) Gu,H.;Ho, P.-L.; Tsang, K.W. T.; Wang, L.; Xu, B. J. Am. Chem.
Soc. 2003, 125, 15702.

(22) Salgueirino-Maceira, V.; Correa-Duarte, M. A.; Farle, M. Small
2005, 71, 1073.

(23) Wiedwald, U.; Cerchez, M.; Farle, M.; Fauth, K.; Schiitz, G.;
Zirn, K.; Boyen, H.-G.; Ziemann, P. Phys. Rev B2004, 70,214412.

(24) Djurberg, C.; Svedlindh, P.; Nordblad, P.; Hansen, M. F.; Bodker,
F.; Morup, S. Phys. Rev. Lett. 1997, 79, 5154.

(25) Luo, W.; Nagel, S. R.; Fosenbaum, T. F.; Rosensweig, R. E. Phys.
Rev. Lett. 1991, 67, 2721.

(26) Jonsson, T.; Mattsson, J.; Djurberg, C.; Khan, F. A.; Nordblad, P.;
Svedlindh, P. Phys. Rev. Lett. 1995, 75, 4138.

(27) Salgueirino-Maceira, V.; Correa-Duarte, M. A.; Duman, E.; Farle,
M. J. Magn. Magn. Mater. 2006, 299, 467.

(28) Hoppe, C. E.; Rivadulla, F.; Vidal-Vidal, J.; Lopez-Quintela,
M. A.; Rivas, J. J. Nanosci. Nanotechnol. 2008, 8, 2883.

(29) Hoppe, C. E.; Rivadulla, F.; Lépez-Quintela, M. A.; Bujan, M. C.;
Rivas, J.; Serantes, D.; Baldomir, D. J. Phys. Chem. C 2008, 112,
13099.

(30) Baldomir, D.; Serantes, D.; Pereiro, M.; Botana, J.; Arias, J. E.;
Masunaga, S. H.; Rivas, J. J. Nanosci. Nanotechnol. 2010, 10,2717.

(31) Salgueirino-Maceira, V.; Correa-Duarte, M. A.; Banobre-Ldpez,
M.; Grzelczak, M.; Farle, M.; Liz-Marzan, L. M.; Rivas, J. Adv.
Funct. Mater. 2008, 18, 616.

Serantes et al.

cipitate under centrifugation. The supernatant was discarded,
and the nanoparticles were redispersed in hexane (20 mL) in the
presence of oleic acid (0.05 mL) and oleylamine (0.05 mL). This
sequence was repeated three times.

The precipitation of the synthesized nanoparticles (5 mL of
hexane-based solution, 0.01 g/mL) was accomplished by the addi-
tion of ethanol followed by centrifugation. The supernatant was
then discarded, and the precipitate was redispersed in a mixture of
2 mL of tetramethylammonium hydroxide (TMAOH) (10 wt % in
H,0)* and 100 mL of deionized water. By brief shaking followed
by sonication for 5 min, the nanoparticles were completely redis-
persed in water, and only a small amount of aggregated clusters
settled down after some hours, leaving a dark (but not turbid)
solution of FePt nanoparticles in the water. The FePt nanoparticles
in water were centrifuged several times in order to eliminate the
excess of surfactants, and the precipitate was again redispersed in
40 mL of TMAOH solution (0.01 wt %).

The same FegyPty nanoparticles stabilized in hexane using oleic
acid and oleylamine were subsequently transferred and modified
with hydroxide ions thereby reducing errors resulting from possible
batch-dependent variations of shape, size, and composition. In the
hexane-based solution, FePt nanoparticles are stabilized with alkyl
carboxylic acid and amine, which link covalently to Fe or by a coor-
dination bond to Pt, respectively.*? In the water-based solution,
FePt nanoparticles are stabilized with TMAOH, which provides
each particle with an electrostatic double layer, rendering the
nanoparticles fully dispersible in aqueous solution.*

TEM measurements were performed on a Philips CM12 instru-
ment operating at an acceleration voltage of 120 kV. Samples for
TEM were prepared by placing a drop of FePt nanoparticle disper-
sions on a Cu grid and letting the liquid evaporate at room tempera-
ture. To study the magnetic properties using a superconducting quan-
tum interference device (SQUID) magnetometry the FePt nanopar-
ticles were precipitated from the corresponding water- and hexane-
based solutions. The dried, loosely packed powder samples in which
the interparticle distance is given by the ligands at their surface were
measured lodged into straws in a Quantum Design SQUID Mag-
netometer. The samples will be denoted as (H) in the case of hexane-
based, and (W) in the case of water-based FePt nanoparticles.

Results and Discussion

Figure la shows the log-normal size distribution of the
FePt nanoparticles yielding a standard deviation of 13% and
a mean size of 3.6 nm. We find that based on the type of
ligands at their surface, the particles self-assemble at room
temperature in a hexagonal close-packed array in the case of
sample H and randomly organized in the case of sample W
(Figure 1b,c). The TEM images show nonagglomerated self-
assembled or randomly distributed particles even after the
phase transfer. For FePt nanoparticles dispersed in hexane,
the alkyl chain of the ligands (oleic acid/oleylamine) is very
mobile because of the high curvature of the nanoparticles
surface. This ensures the stability of the colloidal solution. If
the particles get closer to each other when the solvent eva-
porates, the motion of the alkyl chain becomes more and
more restricted, energetically favoring an interdigitation pro-
cess due to van der Waals interactions of the alkyl chains
and inducing partial crystallization of the particles. Indeed,
nanoparticles with narrow size distributions can form
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Figure 1. (a) Size distribution analysis and TEM micrographs of the FePt nanoparticles from samples (b) H and (c) W.

close-packed arrays on a variety of substrates.>>** The FePt
nanoparticles stabilized with oleic acid and oleylamine
behave as building blocks for superlattices, driven by van
der Waals and possibly also by magnetic interactions,> as
shown in Figure 1b. The interparticle spacing given by the
C,g chains of the ligands is ~2.5 nm in the dry state. With
shorter surfactants such as hexanoate/hexylamine the
interparticle distance decreases to ~1 nm.*? In sample
W, using the TMAOH as surfactant, the crystallization
process is highly inhibited. TMAOH lacks the character-
istic hydrocarbon chain, so that the interparticle distance
is much smaller than 1 nm, additionally favoring strong
electrostatic interactions between the ions at the surface
of the nanoparticles and therefore preventing the crystal-
line ordering.

The densest possible volume packing fraction ¢ for iden-
tical spheres is ¢ = 7/4/18 ~ 0.74, corresponding to the
close-packed fcc lattice. In sample H, the ligands keep the
nanoparticles even in close-packed fcc structure about 2.5
nm apart, and the packing fraction can only reach ¢ = 0.15.
In the case of sample W, the FePt nanoparticles reorganize
into a disordered structure as the solvent evaporates so that
the processes leading to random packing become impor-
tant.*® Considering colloidal nanoparticles, which are less
affected by the gravitational acceleration, and taking into
account interparticle forces like ideally repulsive hard-sphere
interactions, magnetic interactions, entropic forces, and/or
friction between the particles, which inhibits densification,
the precise proportion of each of these competing effects is
difficult to quantify, as demonstrated by Torquato et al.,
who proposed a maximally random jammed state with the
maximum packing density ¢ ~ 0.64.>” However, taking into
account that the TMAOH molecules keep the nanoparti-
cles <1 nm apart, we find ¢ ~ 0.31.
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Figure 2. ZFC-FC magnetization curves of the FePt nanoparticles from
sample H (solid line) and sample W (dashed line).

Figure 2 shows zero-field-cooled (ZFC) magnetization
curves recorded after cooling the samples in zero field
from room temperature to 5 K and field-cooled (FC)
curves recorded after cooling the samples in a small field
(100 Oe). These ZFC-FC magnetization curves display
the usual signatures observed in single-domain magnetic
particle systems. For both samples, the curves coincide at
high temperatures and exhibit a paramagnetic-like decay
with increasing temperature, reflecting the superparamag-
netic response of the particles within the time window of the
measurement technique.*® With decreasing temperature, the
curves split; the ZFC reaches a maximum at 7,,, = 18 K that
roughly corresponds to the average blocking temperature 7
of the system and decreases after that, whereas the FC one
keeps increasing. The slope of the curves is less-pronounced
for the more densely packed sample W consistent with the
existence of larger dipolar coupling®®* and larger size and
anisotropy dispersions. The maximum of the ZFC curve is
proportional to the individual particles’ anisotropy energy
barriers Eg (proportional to the particle magnetic anisotropy
K and volume ¥ of the particles) in a first approximation.
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For typical SQUID measurements 7g is given by the
equation Ty ~ Ep/25kg, where kg is the Boltzmann constant
(see eq 3). Therefore, dispersion in the magnetic anisotropy
K and volume V' among the particle population results
in dispersion of the corresponding Ep, and thereby in a
less-pronounced peak of the ZFC curve. The effect of this
distribution in the particles’ energy barriers can also be
induced by interparticle dipole—dipole interactions.

As pointed above, T, depends only on the average
particle size if the magnetic anisotropy energy density K
is size independent. The temperature (Tsqr) = 23 Kin the
case of sample H and Tsnw) ~ 182 K in sample W) at
which the ZFC and FC curves separate corresponds to the
Tg of the largest particles. This could imply that the
average volume or K of the nanoparticles in sample W
has increased when transferred to the aqueous solution,
but an increase in volume was not evident from the TEM
analysis after the phase transfer.

It is very important to remember that a distribution of
blocking temperatures stems not only from a size distri-
bution as has been suggested in several publications but
more precisely from a distribution of energy barriers Eg,
i.e., a distribution of particle sizes and/or magnetic aniso-
tropy energy densities. The shape of the ZFC curve, with
its initial increase until 7'g is reached, is also observed in
fully monodisperse samples. In fact, because the relaxa-
tion time 7 for a single particle is given by eq 1, every
particle has a nonvanishing temperature-dependent
probability f(T) (eq 2) for a reversal of its magnetization
at any temperature.

T = goee/kT (1)

f(T) = 77 N(T) = foe™ B/loT (2)

One has to distinguish the temperature 7T of the energy
barrier Eg = kT, from the temperature at which their
magnetization reverses according to the thermal prob-
ability expressed by eq 2. Obtaining a precise picture of
the distribution of switching rates is quite complicated
because of the random spatial distribution of easy axes.
Most of the single-particle properties are indeed hidden
by the complex distribution function of the MAE, result-
ing from different particle sizes, shapes and even compo-
sitions. In sample W, this distribution stems from the
partial and heterogeneous oxidation of the nanoparticles
when transferred to the aqueous solution. The effect of
oxidation induced changes that have been analyzed for
example by Wiedwald et al.** for cobalt nanoparticles.
Nogues et al. also discussed the drawback of having
antiferromagnetic (AFM) shells that usually grow highly
disordered, making the control of its microstructure
rather difficult.*' How these surface oxides of transition
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metal nanoparticles affect the magnetic properties has
been a subject of intensive research. The oxides are
usually AFM and can introduce extra sources of aniso-
tropy due to uncompensated magnetic moments, grain
size distribution, structural defects, interfacial roughness,
and variations in the chemical composition.**~** As can
be directly understood in terms of Néel’s pair model, the
surface anisotropy is mainly due to local symmetry break-
ing at the surface and structural defects.*> In the two
systems under study (samples H and W), these contribu-
tions clearly differ.

The increase of T in sample W can be explained by a
combination of increased interparticle interactions and a
broader distribution of effective magnetic anisotropy con-
stants (K.g) compared to sample H. Both contributions are a
direct consequence of the different chemical compounds
surrounding the nanoparticles. Samples H and W have a
differently dense volume fraction, of ~15 and ~31% assum-
ing a face centered cubic superstructure and a maximally
random jammed state, respectively. The ligands also dictate
the chemistry at the surface of the nanoparticles. A partial
oxidation of Fe atoms is expected due to handling sample H
under air atmosphere but a thicker irregular oxide shell in
sample W forming a core—shell FePt-(Fe,O,)Pt nanoparti-
cle is likely, because of the hydroxide ions at the surface and
the oxygen-rich environment using water as solvent. Under
these conditions, particle surface and core effects are not
easily distinguished and contribute to the magnetic behavior
of nanoparticles in a nonseparatable way.*! The difference in
the T of the two samples (Tsq) = 23 K, Tgw) = 182K) is
consequently not because of an increase in size but related to
an increase of the effective MAE distribution. The very thin,
possibly incomplete AFM shell around the FM core varies
from particle to particle* and results in a broader distribu-
tion of MAE, relaxation times and blocking processes. The
latter are strongly influenced by dipolar coupling effects as
the temperature is lowered.

The experimentally determined mean particle volume
Vmand Ty can be used to roughly estimate K.grconsidering
that for typical SQUID measurements In(z,,/7o) =~ 25, by

Ky = —25112TB (3)
where kg is the Boltzmann’s constant. Unfortunately, an
unambiguous determination by measuring the magnetiza-
tion in a different time window of relaxation processes®® was
not possible.* For very fine particles, it is unlikely that their
“magnetic” or “activation” mean volume V, is the same as
their geometric volume. In the case of sample W, as the
surface layers may be quite thin and even incomplete the
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irregular increase of the surface anisotropy and a decrease in
the magnetocrystalline anisotropy energy due to the reduced
core size become important. This model fits indeed, if most of
the particles are modeled by an oxidized surface layer
unable to form a crystalline AFM phase, and the atomic
moments form a magnetically frustrated shell instead.
The existence of an AFM phase for a very small fraction
of particles only justifies the existence of large energy
barriers reflected in the high Ts.

When interpreting the average 77, and the 75 one has to
consider the competing influence of the effective magnetic
anisotropy density K¢, the saturation magnetization Mg,
and the volume V,, of every individual particle, as well as
the variation of interparticle interactions (mainly of
dipolar type proportional to Ms?) and average size dis-
tribution. As the particles in sample W are much closer
packed, we would expect larger interparticle interactions
and a shift of 7, to higher temperatures that is not
observed. This indicates that the dipolar interaction en-
ergy between the particles is rather small in comparison to
the MAE, and its contribution to the blocking phenom-
ena is negligible. Also, Monte Carlo simulations (not
included) have shown that such different spatial arrange-
ment (fcc or random) would not affect noticeably the
shape of the curves in the small dipolar coupling regime.
Accordingly, we may conclude that the different behavior
arises from the different physical and chemical character-
istics of the particles in each sample because of the
different ligands at the surface.

For systems of noninteracting nanoparticles, the sus-
ceptibility follows a simple Curie law above the blocking
temperature, with a deviation from the linear slope at
high temperatures due to the temperature dependence of
the nanoparticles’ magnetic moment.* Figure 3 shows
the inverse of the susceptibility curves for both samples.

The inverse susceptibility shows different tendencies:
(a) for sample H, starting from 20 K, the slope of the
%~ '(T) curve increases up to 220 K and becomes constant,
b) for the sample W the slope monotonically decreases
before reaching a constant value near room temperature.
In order to interpret the magnetic behavior above T we
consider the characteristic superpara-/paramagnetic
(SPM-PM) transition. In a first approximation, the initial
susceptibility of a PM system is described by

pAT/"iT
xem(T) = Ten(T - T0) (4)

where pat = number of atomic moments uat per unit
volume. The initial susceptibility yspp of a SPM is given by

2
— Pty

where u,, is the total magnetic moment of the particle and p,,
the number of magnetic particles per unit volume. 7
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Figure 3. Experimental curves of inverse susceptibility vs temperature for
both samples (a) H and (b W) that deviate from the classical Curie law.

stands for the effective dipolar interaction energy.*®
Taking into account that each particle is composed to a
large extent of different atomic magnetic moments (N)
within the PM and the SPM regimes (paramagnetic atomic
moments or exchange coupled moments forming coher-
ently fluctuating supermoments),

Aup = N/“AT (6)
PAT
Pp = N (7)

,in a first approximation, the magnetic susceptibility for the
SPM sample is about N times larger than the PM one,
because yspm = Nypwm. N is on the order of hundreds or
thousands of atoms. Accordingly, the inverse susceptibility
must be larger for the system in the PM state than in the
SPM one, as reflected in the experimental curves of Fig-
ure 3.

The curvature observed in the intermediate tempera-
ture (SPM) range accounts for the thermal dependence of
the magnetic moment of the nanoparticles, which well-
above the blocking temperature satisfactorily follows a
mean-field dependence

12
(T) = (T = 0) 1= ®
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75, 134410.

(46) Allia, P.; Coisson, M.; Tiberto, P.; Vinai, F.; Knobel, M.; Novak,
M. A.; Nunes, W. C. Phys. Rev. B 2002, 64, 144420.



4108 Chem. Mater., Vol. 22, No. 13, 2010

12 4

%' (A.U)
o

v T v T v L)
50 100 150 200
T(K)

50 4

40

x ' (A.U.)

304

20 4

] ] ] ] L)
220 240 260 280 300
T(K)

124

1 (A.U)

Cc

L} T L] T L}
50 100 150 200 250 300
T(K)

Figure 4. Fits of the inverse susceptibility vs temperature (the PM-
temperature range according to eq 4 and the SPM-temperature range
by combining eqs 5 and 8) for sample H in the (a) SPM and (b) PM
regimes and for (c) sample W.

On the basis of these assumptions, we have carried out
fittings of the inverse susceptibility vs temperature for
both samples (see for example ref 45 and references
therein for a detailed description of using such equations
in treating the magnetic properties of a magnetic nano-
particle system). By using eq 4 to fit the PM-temperature
range, we have obtained 7= 172 K, and by combining eqs 5
and 8 to fit the SPM-temperature range, we have obtained
in this case T = 254 K and a negligible 7». Panels a and b
Figure 4show the fits for sample H in the SPM and PM
regimes, respectively. Although these results are satisfactory
and support the proposed SPM-PM transition (the R* =
0.999 value obtained in both cases corroborates the good
agreement between the fits and the experimental data),
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one has to understand the large difference between the T¢
values for the SPM-temperature range (7 =254 K) and the
PM-range (Tc = 172 K). We ascribe this difference to the
nanoparticles size distribution. For cores and particles in
the rough 1—3 nm range, T¢ is strongly reduced, and
consequently, the different T values can be regarded as
the lower and upper limits of the 7 distribution.

The ~ '(T) vs T curve of sample W shows a completely
different tendency. To understand such discrepancy we
propose two different physical pictures that would ex-
plain the decrease of the slope: (a) the overall magnetiza-
tion of the particle shows a steplike shape, (b) there is an
additional magnetic contribution that increases with 7.
Model a would require the existence of two different
magnetic materials at the surface and in the core. Incom-
plete spin compensations of the AFM state in the oxidized
shell would have to be assumed resulting in a very small
magnetization and causing an exchange bias. Neither
exchange bias nor the existence of two big enough distinct
magnetic volumes have been observed in our character-
izations. Because model a cannot be experimentally con-
firmed, we discuss the possible existence of an extra
source of susceptibility that gradually increases with 7.
The origin of this extra contribution can be found in the
frustrated spins at the surface of the magnetic particles of
sample W. At low temperatures, the contribution of these
spins to the particle magnetic moment is negligible, with
no appreciable net moment along the field direction.
However, with increasing 7, these spins will eventually
become unpinned and align in the direction of the ex-
ternal field. Although the contribution of these spins
should be of the PM type and therefore very small, it
can indeed justify the tendency of the magnetization of
the ZFC curve that stands for the anomalous behavior of
the inverse susceptibility curve, reflected in Figure 3b.
Another factor supporting this argument is the tempera-
ture-dependence saturation magnetization for sample W
at high T, as described below. Although we cannot ascribe
this effect to the effective Mg as resulting from two
different magnetic phases, we can emphasize the contri-
bution of these “defrozen” surface spins.

On the basis of these results, we have developed a
simple model for the depinning probability of one surface
spin according to

p(T) = foe~ EnlkeT 9)

with kg the Boltzmann constant, £, a normalizing factor, and
E, as the activation energy necessary for the surface spin to
become unpinned. We define this dependence in the same
way as the probability of one particle to overcome the MAE
barrier and switch the magnetization direction. The differ-
ence in this case is that (i) it deals with atomic moments
instead of particles magnetic moments, and (ii) there is only
one energy well of depth EA. These surface spins behave
paramagnetically and their contribution to the total mag-
netic susceptibility is given by

pat(T)ua
XPMSU”( ) = %)TAT (10)
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where pa1(7T) is the fraction of surface spins per particle
that becomes PM with increasing 7. We can assume the
fraction of magnetic surface atoms (Xs) of a spherical
nanoparticle as a function of the total number of atoms in
the particle Ny

4
X =
ST 3/N,

,50 that we may approximate the density of spins that can
become unfrozen at a given 7" by

(11)

pATgurr(T) - XSNppfoe_EA/ICBT (12)

and their contribution to the total susceptibility is given
by

_ XsNpyfoe ™ BT,
XPMSU,f(T) = 3T (13)

The total susceptibility of the system is computed as the
sum of the SPM contribution plus the surface-spins
contribution

Yiotal(T) = xspm(T) + xpmy,, (1)

. B L G (14)
3kB(T+ TD) 3kgT

Using uat = up/N and eq 8, the inverse total suscept-
ibility is given by

3kp

Xt;tlll (T)=

T 1 Xsfoe  EalksT
ppttp(0) |1 ——— o
Tc| (T + Tp) NT

(15)

Considering that the total amount of atoms per particle is
Ny~ 2500, therefore the fraction of magnetic ones (Fe) is
60%, i.e., N = 1500, and X5 ~ 0.034. Using these values
and the above eq 15 we obtain the corrected values Tp =
323K, Tc =806.0 K, Ep/kg = 616.0 K and the norma-
lizing factor f,, = 6806 for sample W and a good fit of the
experimental data (Figure 4c). Tp = 32.3 K indicates a
small interaction energy, as evidenced above; the higher
Tc=2806.0 K is a sign of higher thermal stability, in agree-
ment with the assumption above and Ex/kg = 616.0 K is
interpreted as the average temperature for the surface atomic
moments to become free and is smaller than 7, again as
expected. This supports our arguments for the existence of
frustrated spins at the surface that progressively unpin with
increasing temperature and contribute paramagnetically to
the total magnetic susceptibility, accounting thereby for the
anomalous behavior of sample W.

To further corroborate this discrepancy of the suscepti-
bility behavior to the Curie law, resulting from the dipolar
interactions between the nanoparticles in both samples
H and W, we have also tested Mg and H, tempera-
ture dependences. In the presence of dipolar interactions,
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the magnetic susceptibility in the superparamagnetic
state, for a system of identical particles of volume ¥ is
proportional to

MZ(T)V [3ks(T — 6) (16)

where 6 is an effective temperature arising from the
dipolar interactions.*’ The quantity

ws(r) = /B2 (17)

gives the temperature dependence of Mg, following the
conventional law where Mg(0) is the saturation magneti-
zation as 7T tends to zero and n = 3/2

Ms(T) = Ms(T = 0)[1 —aT"] (18)

Mg(T) for both samples H and W were plotted between
80 and 250 K (not shown) assuming a Bloch-law-like
temperature dependence (a0 and n = 3/2 are the Bloch
constant and Bloch exponent, respectively) to estimate
the magnetization Mg(0) of the nanoparticles at 7= 0 K.

(47) Zitoun, D.; Respaud, M.; Fromen, M.-C.; Casanove, M. J.;
Lecante, P.; Amiens, C.; Chaudret, B. Phys. Rev. Lett. 2002, 89,
037203.
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The correctness of assuming Bloch’s law*® is proven by
Figure 5a yielding values of n=1.494 £ 0.016 (R=0.9995)
and 1.609 £+ 0.078 (R = 0.9905) for samples H and W,
respectively. The nonlinear behavior of sample W can be
understood as a result of the modification of the surface
layer. The hydroxide ions attached on the surface of the
FePt nanoparticles of sample W induce partial oxidation,
causing the demagnetization of the surface spins and
consequently the increase in Mg because of this extra
source of anisotropy. Therefore, the Mg decrease is
smaller that the one predicted by the Bloch law. Although
in both samples surface atoms are interacting with the
surfactant (oleic acid/oleylamine (H) and TMAOH (W)),
the surface layer has apparently become more antiferro-
magnetically ordered in the second case, promoting fru-
strated spins in sample W. Thus, the modified tempera-
ture dependence of the magnetization for sample W can
be attributed to canted surface spins and the reduction
rate of the magnetization with increasing temperature is
smaller. The fact that the magnetization at the surface
is much lower than that of the core at these relatively
high temperatures just underlines the presence of disor-
dered surface spins. Additionally, it is important to note
that this model works well below the Curie temperature,
a condition that is satisfied for sample H and for nano-
particles in a magnetically saturated state.*>° Other
parameters (6, n) taking into account stronger dipolar
interactions should be considered in the case of sample W.

Below T, the FePt nanoparticles exhibit ferromagnetic
features including coercivity and remanence. Upon trans-
ferring the FePt nanoparticles, the coercivity of the
nanoparticles was reduced, consistent with a reduction
in the magnetic anisotropy of the nanoparticles. The
additional anisotropy in sample W, which increases Mg,
contributes only at higher temperatures (for 7°> 200K).
At very low temperatures (for 7' < 18 K), the effective
magnetic anisotropy for sample W is reduced and can
tentatively be attributed to a decrease in the magneto-
crystalline anisotropy energy contribution since the FePt
core magnetic volume slightly decreases as the oxide is
formed. Additionally, at these very low temperatures the
extra source of anisotropy with its random axes does not
contribute. On the other hand, one may expect an in-
crease in the coercivity taking into account the partial
oxidation of FePt nanoparticles. A magnetic exchange
coupling induced at the interface between FM and AFM
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systems could provide an extra source of anisotropy,>' ~>*

leading to a stable magnetization and larger Hc. Its lack
just confirms the incomplete oxidation. Figure 5b shows
the temperature dependence of the coercivity. This ther-
mal dependence is expected to follow the equation;

He(T) = He(0)[1— AT (19)

with Hc(0) the coercive field at 7= 0 K, and 4 a para-
meter which depends on the typical measuring time
T, and on the effective magnetic anisotropy constant K.
The exponent kin eq 19 has a value of 0.5 according to the
typical Stoner—Wohlfarth model. Figure 5b shows the
variation of Hc(T) accordingly, confirming a reasonable
fit at low temperatures for both samples.

Conclusion

A complete model for analyzing intrinsic core—shell
magnetic properties of nanoparticles is presented. Fego-
Pty nanoparticles stabilized by different ligands (oleic
acid/oleylamine or tetramethylammonium hydroxide)
and self-assembled in 3D dispersions permit a detailed
analysis of the competition of surface, finite-size effects
and magnetic interparticle interactions from tempera-
ture-dependent magnetometry of the collective magnetic
response. Experimental results demonstrate that for FePt
nanoparticles with identical size distribution but different
surface chemistry, substantial differences of the effective
magnetic anisotropy can be determined.
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