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Anisotropic superparamagnetism of monodispersive cobalt-platinum nanocrystals
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Based on the high-temperature organometallic route@Sun et al. Science287, 1989 ~2000!#, we have syn-
thesized powders containing CoPt3 single crystals with mean diameters of 3.3~2! and 6.0~2! nm and small
log-normal widthss50.15(1). In theentire temperature range from 5 to 400 K, the zero-field-cooled suscep-
tibility x(T) displays significant deviations from ideal superparamagnetism. Approaching the Curie tempera-
ture of 450~10! K, the deviations arise from the mean-field-type reduction of the ferromagnetic moments, while
below the blocking temperatureTb , x(T) is suppressed by the presence of energy barriers, the distributions of
which scale with the particle volumes obtained from transmission electron microscopy. This indication for
volume anisotropy is supported by scaling analyses of the shape of the magnetic absorptionx9(T,v) which
reveal distribution functions for the barriers also being consistent with the volume distributions observed by
TEM. Above 200 K, the magnetization isothermsM (H,T) display Langevin behavior providing 2.5(1)mB per
CoPt3, in agreement with reports on bulk and thin-film CoPt3. The non-Langevin shape of the magnetization
curves at lower temperatures is interpreted asanisotropic superparamagnetism by taking into account an
anisotropy energy of the nanoparticlesEA(T). Using the magnitude and temperature variation ofEA(T), the
mean energy barriers and ‘unphysical’ small switching times of the particles obtained from the analyses of
x9(T,v) are explained. BelowTb hysteresis loops appear and are quantitatively described by a blocking
model, which also ignores particle interactions, but takes the size distributions from TEM and the conventional
field dependence ofEA into account.

DOI: 10.1103/PhysRevB.67.224416 PACS number~s!: 75.50.Tt, 75.40.Gb, 75.75.1a, 75.60.Ej
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I. INTRODUCTION

The preparation of ferromagnetic particles suitable
high-density storage media constitutes one of the pre
challenges to nanotechnology. Most recently, the central
mands of this application, i.e. a narrow size distribution
nanometer crystals and their arrangement in two- and
three-dimensional~2D, 3D! lattices with controllable inter-
particle spacing, have been met through organometallic s
thetic approaches followed by the self-assem
technique.1–4 The first ferromagnetic nanocrystals prepar
by this organometallic route were FePt~Ref. 1! and Co~Ref.
2! as well, aimed at achieving sufficiently large anisotro
energies at a minimum particle volumeVp . This result
should drive the thermal fluctuation timet5t0exp(EB /kBT)
from the microscopic values,t0510210–10212 s,5 beyond
the values necessary for the storage stability.6 At this point,
physical characterization of the nanoparticles is required
explore and understand the origin and the magnitude of
anisotropy constant,KA'EA /Vp , which determines the en
ergy barrierEB'EA for coherent rotation of the particle mo
ment mp . Rather large values ofKA'63106 J/m3 have
been achieved for iron-rich FexPt12x(x'0.52–0.60) nano-
particles after controlled annealing at high temperatur1

which transformed the fcc to the face-centered-tetrago
L10 structure. Due to the larger spin-orbit coupling of coba
Co-based nanoparticles may be expected to provide a hi
anisotropy, even in the as grown state. In fact, very recen
surprisingly large values of anisotropy up to 23106 J/m3

have been reported for 12 nm fcc-Co particles and attribu
to the enhancement ofKA at the surface.7 In addition,
0163-1829/2003/67~22!/224416~11!/$20.00 67 2244
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CoxPt12x nanoparticles have also been prepared by mag
tron sputtering8 and a microemulsion technique9 with a
maximum anisotropy constantKA'0.63106 J/m3 for x
50.75.7 Somewhat smaller anisotropy values were obtain
for as-grownx50.25 and annealedx50.5 particles.8 The
sources for these anisotropies has not yet be identified,
considering more detailed studies on annealed CoxPt12x

films,10 internal grain boundaries separating different stru
tures are the most likely candidates for enhanced aniso
pies, in addition to surface effects.

In the present work, we present a detailed physical ch
acterization of spherical CoPt3 nanocrystals prepared by o
ganometallic route in high boiling coordinating solven
mixtures.3 The possibility to grow 2D and 3D colloidal su
perstructures using these nanocrystalline spheres, cappe
a suitable organic agent to maintain minimum interparti
distances of 2 nm, has been demonstrated in Refs. 3 an
Our study is directed towards a determination of the sup
paramagnetic behavior and the onset of anisotropy in
grown, single fcc-phase CoPt3 nanoparticles. This work is
intended to provide a deeper insight into the nature of
magnetic blocking of the single-phase, interaction-fr
nanocrystals, i.e., in the transition from the Langevin-ty
superparamagnetism~SPM! to the blocked SPM. In the
seminal work by Bean and Livingstone,11 this dynamical
crossover has been defined to occur at the so-called bloc
temperatureTb>EB/25kB , where remanent magnetization
and coercivity appear. For the first time, to our knowledg
in this work we also examine the effects ofEA on the low-
field equilibrium magnetizationM (H,T), i.e., at tempera-
©2003 The American Physical Society16-1
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tures distinctly aboveTb . To this end, we apply a recen
general framework of Garcia-Palacios12 and take into ac-
count the anisotropy in the statistical evaluation of the m
netization for particle assemblies with randomly distribut
anisotropy axes. It turns out that, starting from the isotro
behavior at zero magnetic fieldH, the magnetization iso
therms M (H,T) fall progressively below the commonly
supposed Langevin functionL(mpH/kBT) due to the pres-
ence of a finite anisotropy field as defined by Bean a
Livingstone,11 HA52EA /mp . We believe, that for large
anisotropies, the evaluation ofEA from the ‘low-field’ iso-
therms is advantageous from that obtained by the freque
used asymptotic law, M (H,T)>M0@L(mpH/kBT)
2 1

15 (HA /H)2# ~see, e.g., Refs. 13 and 14!, because the va
lidity of the latter expression requires rather high fields,H
@HA , which is difficult to reach for materials with stron
anisotropy. Moreover, additional paramagnetic contributio
from unavoidable impurity phases in the nanoparticle ass
blies may distort the analysis using the asymptotic law.14 We
hope that our results will also provide a basis for a furth
modification of CoPt3 nanocrystals in order to optimize th
anisotropy.

The outline of this paper is as follows. In Sec. II, th
structural features of the two nanoparticle assemblies un
investigation and the magnetic measurements are descr
In Sec. III, first the results of the temperature-dependent l
field susceptibilities are analyzed to extract the tempera
variation of the particle spontaneous magnetization,
blocking temperatures, and the effects of the narrow part
size distributions on the blocking behavior of the zero-fie
cooled~ZFC! susceptibilityx. Then we present ac suscep
bilities, from which the thermal activation barriers and th
distribution functions are determined. These distribut
functions are compared with those obtained fromx and the
transmission electron microscopy~TEM! images as well. In
Sec. IV, we report on magnetization isotherms recorded
tween 5 and 350 K. First, from the Langevin behavior o
served at high temperatures the mean magnetic momen
the particlesmp and per CoPt3 are deduced. Then, approac
ing the blocking temperatures from above, the increasing
fect of a temperature dependent anisotropy is observed
evaluated. The extrapolation of the resultingEA(T) to low
temperatures yields energies consistent with the barriers
termined from the AC-susceptibilities and yields an anis
ropy energy density ofKA50.123106 J/m3 independent of
the nanoparticle volume. Finally, the hysteresis loops in
blocked SPM regime,T,Tb , are presented and analyze
based on the particle size distributions and the anisotro
SPM magnetization. Section V closes the work with conc
sions.

II. EXPERIMENT

The organometallic route, by which the present asse
blies of size controlled nanocrystals were prepared, has b
described in detail in Ref. 3. The Co:Pt51:3 composition of
the nanocrystals was obtained from an elemental ana
using inductively coupled plasma-atomic emissi
spectroscopy.3 Transmission electron microscopy images
22441
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both particle assemblies and their analyses are depicte
Fig. 1~a!. The TEM pictures indicate rather narrow distrib
tions of the particle diametersd, which can be nicely fitted to
the frequently observed log-normal function,P(d)
5(A2psdd)21exp(2ln2(d/dm)/2sd

2). One finds rather nar-
row size distribution widths,sd50.16 andsd50.14 and
from the peak position ofP(v), dm , the mean particle di-
ametersdp5exp(sd

2/2)dm53.3 and 6.0 nm, see Table I be
low. Wide angle x-ray diffraction~XRD! scans, recorded on
the pure nanocrystalline powders usingCuKa-radiation
~Philips X-pert! are shown in Fig. 1~b!. They reveal the
chemically disordered crystalline fcc-phase with lattice co
stant a053.86 Å, consistent with the bulk value.15 The
widths of the Bragg-peaks have been shown to agree w
the particles sizes as determined from TEM images.3 No in-
dication of the chemically ordered (L12) phase has been
detected. The disordered fcc phase is supported by an
hanced value of the Curie temperatureTc5450 K, which we

FIG. 1. ~a! Distribution histograms for particle diameters
CoPt3 nanocrystal-powders determined from TEM pictures, clips
which are displayed by the insets; solid curves represent distr
tion functions discussed in the text.~b! XRD wide-angle scans,
which evidence the chemically disordered fcc-structure.
6-2
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TABLE I. Parameters of the two nanoparticle assemblies determined from the analyses described in the text.

Sample d ~nm! sd Vp(nm3) Tb (K) Em (K) t0(s21) Np(g21) mp(0)(mB) mCoPt3
(mB) EA(0)(K) KA (106 J/m3)

CoPt3-3 3.3 0.16 18.8 8.3 178 2•10213 4•1017 785 2.4 125 0.11
CoPt3-6 6.0 0.14 131 37.5 990 1.6•10215 2•1017 5120 2.5 770 0.10
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found from a mean-field based estimate presented in
III A, to be in good agreement with the report by Sanch
et al.16 and in stark contrast toTC5300 K, as determined
independently by Ref. 16 and more recently by Kimet al.15

for the L12 phase.
All magnetic measurements, i.e. the temperature varia

of the low-field magnetizations and also the field sweeps
to 10 kOe at fixed temperatures between 5 and 400 K h
been performed using a superconducting quantum inte
ence devices~SQUID! magnetometer~QUANTUM DE-
SIGN, MPMS 2!. By using an ac option we investigated th
dynamic susceptibility,x82 ix9, between 0.1 Hz and 1 kH
at H50, where the excitation amplitude was kept sm
enough to detect the linear response. As an optimum~root
mean square! sensivity for magnetic moment we reach
1028 emu. This allowed us to investigate the powd
samples of 5-mg weight, and 1.5-mm3 volume to a high
accuracy. The diamagnetic background of the teflon ho
has been determined separately.

III. ZERO-FIELD SUSCEPTIBILITIES

A. dc limit

The temperature dependence of the ZFC susceptibil
of the samples has been determined from the magnetiza
measured during warming in a field of 100 Oe. This field w
sufficiently weak,mpH!kBT, to approximate the zero-field
limit, x(T)5MZFC(T,H)/H. The only exceptions from
mpH!kBT occur at the lowest temperatures for the CoPt3-6
sample, but there corrections for finite field can easily
taken into account, in the analysis ofx(T,H). The insets to
Fig. 2 show that the susceptibilities display clear maxim
which define the blocking temperaturesTb ; see Table I. De-
terminations of the blocking temperatures themselves allo
first estimate of the mean energy barriers against cohe
rotation of the particle magnetic momentsmW p . Use of the
classical estimate of the energy barrierEB5gkBTb , with g
5 ln(t0 /t0)>25 ~Ref. 11! and theTb values listed in Table I
yields values of about 950 and 200 K, which roughly sc
with the mean particle volumeVp . This result indicates tha
contributions by surface anisotropy toEB are small, because
they are proportional toVp

2/3.
A more detailed insight into the blocking process and a

into the magnetism aboveTb is gained by the effective Curie
constantsCe f f(T)[x•T, depicted by the main frames o
Fig. 2 for both powders. This quantity has been evaluate
show~i! the gradual transition from the Langevin SPM to t
blocked SPM whenTb is approached from above and~ii ! a
linear decay ofCe f f(T) towards higher temperatures in th
SPM phase~see dotted lines in Fig. 2!. By using the Lange-
vin result for the Curie constantC0(T)5mp

2(T)/3kBm0Vpr
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(r is the mass density! and assuming that near the Cur
temperature the spontaneous particle moments displa
mean-field~MF! like behavior,mp(T)5mp(0)(12T/Tc)

1/2,
we find as an estimateTc'450(10) K. This value is consis
tent with early work reportingTc5500 K ~Ref. 17! for
CoPt3 as well as withTc5460 K determined more recentl
for disordered fcc CoPt3

16 and also CoPt3 films10. With re-
gard to the evaluation ofTc , it may be interesting to note
two points: ~i! a MF law for mp(T) was realized in recen
Monte Carlo simulations by Altbiret al.18 for nanosized Co

FIG. 2. Temperature dependence of the effective Cu
constantsxT determined from the low-field ZFC magnetization
x5MZFC /H ~insets! for the nanoparticle powders~a! CoPt-6 and
~b! CoPt-3. Note that for largeT, thexT extrapolate~dashed lines!
to the same mean-field Curie-temperature,TMF5450(20) K. The
low temperature regime is dominated by a progressive blocking
particles being described by Eq.~1! using the log-normal distribu-
tions infered from Fig. 1~b!. The solid curves in the insets are ca
culations from Eq.~1! using Bloch’s law,mp(0)(12BT3/2), for the
moments at low temperatures.
6-3
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F. WIEKHORST, E. SHEVCHENKO, H. WELLER, AND J. KO¨ TZLER PHYSICAL REVIEW B 67, 224416 ~2003!
particles, and~ii ! since the data for the 6-nm particles exte
until 400 K, the uncertainity forTc is smaller (<10 K) as
for the 3-nm particles withT<300 K. However, this does
not affect our main conclusion in Sec. II, that the pres
nanocrystals are chemically disordered, as no indication
Tc5300 K of theL12 phase is observed.

As shown by Fig. 2, at lower temperatures the MF law
C0(T) displays a rather wide overlap with the temperatu
variation resulting from Bloch’s law for the particle mome
mp(T)5mp(0)(12BT3/2) being used in previous analyse
of mp(T) for iron nanocrystals.19,20 For both CoPt3 particle
assemblies we obtain for the coefficientB50.6
31024 K23/2 which turned out to be much larger than th
bulk value, 3.031026 K23/2.20 An enhancement of the
Bloch coefficient for nanoparticles was also found on the
nanocrystals19,20 and by Monte Carlo simulations applied
the Heisenberg-model.21

Approaching the blocking temperatureTb , one realizes
from the graph ofx(T)•T that, due to the size distribution o
the particles, larger particles remain blocked up to tempe
tures aboveTb . Following Wohlfarth22 and Hansen and
Mo”rup,23 we describe the blocking effect on the effecti
Curie constant of the ZFC susceptibility by the expressio

x~T!•T5C0~T!F E
0

vT
dvP~v !v1E

vT

`

dvP~v !gvTG
1xbgd•T, ~1!

whereC0(T) represents the Curie constant of the freely flu
tuating, i.e., SPM momentsmp , introduced above.P(v) de-
scribes the distribution functions of the normalized parti
volumes v5V/Vm , where Vm5pdm

3 /6 is defined by the
maximum of P(v). By using a single, thermal activatio
volumevT5VT /Vm , this approach divides the particles in
two groups: the first term of Eq.~1! accounts for the free
rotation of the unblocked smaller moments, while the sec
one describes the rotations of the blocked~larger! moments
within the energy minima produced by their own anisotro
energyEB . Since this is a rather rough approximation w
allow vT to deviate from the traditional valueT/Tb

23 by in-
troducing vT5T/T0 with T0ÞTb . The difference between
our fitted characteristic temperaturesT0 and the blocking
temperaturesTb will be discussed below. Finally, the thir
term in Eq.~1! accounts for the diamagnetic and parama
netic background susceptibilities,xbgd(T)5Cp /(T1u)
1xdia , which are small compared to the SPM susceptib
ties and are not of interest here.

The full curves in Fig. 2 have been obtained from fits
Eq. ~1! by assuming the log-normal volume distributio
P(v)5exp(2ln2v/2sv

2)/A2pv suggested by the TEM im
ages in Fig. 1~b!. The fits are rather sensitive to th
P(v)-shape as well as to the distribution widths, yieldi
sv50.60 and 0.52 for the 6- and 3.3-nm particles, resp
tively. These standard deviations are only slightly larger th
those obtained from the diameter histograms,sv53sd ~see
Table I!. For both particles sizes, the fitted thermal blocki
volumesvT yield T050.63(5)Tb , which implies that Eq.~1!
defines temperaturesT0 significantly below the maximum o
22441
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x at Tb . This shift can be easily explained by calculatingTb
from dx/dT50. Using Eq.~1!, one finds for the ratiovb
5Tb /T0 the equation

vb5E
0

vb
dvP~v !v/vbP~vb!,

which can be solved numerically forvb as a function ofsv .
Inserting the fitted distribution widths we obtain forvb
51.70(3) which yieldT050.59(2)Tb , being very close to
the observed values for both particles.

B. ac susceptibility

In order to examine the dynamics of the blocking proce
in some more detail, we have measured the tempera
variation ofx(v,T) at fixed frequencies between 0.1 Hz an
1 kHz. Having discussed the contributions to the ZFC s
ceptibility in Sec. III A, we focus here on the portion o
susceptibility which relaxes within the measuring perio
2p/v, and is observed directly by the loss compone
x9(v,T). According to Fig. 3 ~inset!, x9 exhibits well-
defined maxima at temperaturesTv that increase with fre-
quency to larger values, as it is typical for a rap
~Arrhenius-like! relaxation time of the particles,t(T)
5t0 exp(Em/kBT).5 The relaxation time atTv follows from
vt(Tv)51, and plotting 1/Tv against log(v/2p) in Fig. 3
we obtain straight lines consistent with Arrhenius’ law. No
that such analysis only provides a constant activation ene
Em , while possible temperature variations ofEm(T) are ab-
sorbed by the amplitudet0. The rather small, apparen
switching times oft052310213 s and 2310215 s are re-
lated toEm(T). We have to postpone the discussion of th
feature to Sec. V.

As for the blocking temperatures, the results forEm
~Table I! also scale quite nicely with the mean particle vo
umesVm and thus indicate the presence of a magnetocrys
line anisotropy. Relating these barriers to the correspond

FIG. 3. Arrhenius plots of the peak temperaturesTv of the zero-
field magnetic absorption curvesx9(T,v), illustrated by the inset.
The straight lines are fits providing the mean energy barriersEm

and the apparent attempt frequenciesf 05(2pt0)21 ~see Table I!.
6-4
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ANISOTROPIC SUPERPARAMAGNETISM OF . . . PHYSICAL REVIEW B 67, 224416 ~2003!
blocking temperatures, one finds for the ratiosEm /kBTb
524.9 and 27.5 for the 3.3- and 6-nm assemblies, which
very close to the classical estimate of 25.11 This widely ob-
served ratio has been estimated by assuming switching t
t05102(1161) s and measuring times of MZFC ,t0
510(161) s, which imply lnt0 /t05EZFC /kBTb'25.

For further insight into the dynamics of the particle a
semblies, we also analyze the shape ofx9(v,T). We start
with a general ansatz, proposed by Shliomis and Stepan24

and applied to experiments by Svedlindhet al.25 For nonin-
teracting particles, the anisotropy axes which enclose
domly oriented angles with the probing ac field, we can wr
the ansatz as25

x~T,v!5
C0~T!

T E
0

`

deP~e!eH R8/R

11 ivt~e!
1

12R8/R

11 ivt'
J

1xbgd~T!. ~2!

Analogous to the expression for the ZFC susceptibi
@Eq. ~1!#, x(T,v) consists of longitudinal and transvers
parts describing the intervalley and intravalley dynamics
the particles, respectively. The relative weights of both c
tributions are determined by the actual anisotropyE5s
•kbT of a particle via the statistical factorsR(s)
5*0

1dzexp(sz2) and R85dR/ds. The distribution of the
barriers against a coherent rotation of the particle mome
mW p , E5eEm , is described byP(e). The small background
termxbgd proved to be real, i.e., frequency independent, a
does not contribute to the imaginary part ofx(T,v). Since
the relaxation time of the~transverse! intravalley motion
t''t0 is much shorter than the~longitudinal! overbarrier
time of the nanoparticles,t(e)5t0exp(eEm/kBT), the second
term can be ignored in the absorption for the present rang
frequencies. Moreover,t(e) varies rapidly as compared t
eP(e), so one can safely substitute under the integral

x9(v,T) in Eq. ~2! vt/(11(vt)2)'
p

2
kBT•d(e2ev),12 to

yield

x9~v,T!5
p

2

kBC~T!

EB

R8~ev!

R~ev!
P~ev!ev . ~3!

Hereev5T/Tv5kBT(2 ln vt0)/Em designates the maximum
relative barrier, over which a particle can thermally jum
within the given observation time 2p/v. Therefore,ev is the
analogue toeb , with 2 ln t0 /t0525 used before in the dis
cussion of the ZFC susceptibilities. In the present appro
mation, the absorptionx9 just picks up this ‘dynamical’ frac-
tion P(ev)de of the distribution. Except forP(ev), the other
factors in Eq.~1! vary little as compared to the distributio
function. This includes the ratioR8(ev)/R(ev), which for
Em /kBTv'2 ln vt0@1 is always close to one,R8/R51
2kBTv /Em .12 Hence, in a plot ofx9(v,T) vs the scaled
temperature2T ln vt05evEm/kB all data should collapse o
a single curve. According to Eq.~3! this universal plot pro-
vides the distribution functions for the energy barriers.

The validity of this scaling ofx9(T,v) is demonstrated
by Fig. 4 for both nanoparticle assemblies. In the case
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CoPt3-3 they clearly reveal the same log-normal distributi
which already has been obtained from the fit ofTx in Fig.
2~b!. There we found a slightly smaller width of the volum
distribution than,sE'0.6, for the barriers, which implies fo
the average barrierEB5Emexp(sE

2/2)5195 K°, see Table I.
For CoPt3-6 a larger difference occurs between the ‘volum
distribution functions P~v!, as obtained from TEM andx(T),
on the one hand, andP(e) from the scaling ofx9(v,T) in
Fig. 4~b!, on the other hand. The latter unambiguously
veals a Gaussian function for the energy distribution w
EB5Em ~Table I!. Although one cannota priori expect that
the volume and energy distributions agree, the origin for t
difference is not clear. It may be interesting to note, howev
that very recently the same change, i.e. from log-norma
gaussian energy distributions, has been detected in mag
noise spectra, in going from 3- to 5-nm Co particles.26 Let us
also note that the amplitudes of the scaled absorptions in
4 agreequantitativelywith those predicted by Eq.~3! if the
known Curie constantsC0(T) and average barriersEB are
inserted. We consider this a confirmation of the validity
the present model.

FIG. 4. The magnetic absorption of both powders vs sca
temperatures; solid curves represent the ‘best’ distribution funct
for the activations energies with peaks atEm , ~a! log-normal dis-
tribution for CoPt-3 and~b! gaussian distribution for CoPt-6.
6-5
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IV. MAGNETIZATION ISOTHERMS

A. Isotropic superparamagnetism

The field-dependent magnetization curvesM (H,T), re-
corded above the zero-field blocking temperaturesTb of both
samples, are anhysteretic, i.e., reversible. At temperat
aboveTb , our main objective is to determine the mean ma
netic moment of the nanocrystalsmp and to investigate the
effects of the anisotropy energyEA on M (H,T). For EA
<kBT, the influence ofEA on the magnetization is small, s
that the traditional analysis based on the Langevin funct
L(x)51/tanh(x)21/x, represents a good approximation
evaluatemp5x•kBT/H from the magnetization isotherm
using

M ~H,T!5NpE
0

`

dvP~v !mpLS vmpH

kT D . ~4!

FIG. 5. Magnetization isotherms recorded above the block
temperaturesTb of the ~a! CoPt-3 and~b! CoPt-6 samples. The
solid lines are fits to Eq.~7! taking into account a finite anisotrop
energy, EA(T), describing the significant differences from
Langevin-behavior~dotted lines! at low temperatures.
22441
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Our results forM (H,T) are shown in Fig. 5 at selecte
temperatures aboveTb . In fact, for temperatures abov
;200 K the isotherms can be well described by the Lan
vin model, i.e. neglecting any anisotropy, if one uses
temperature variation of the momentsmp(T) explored using
the susceptibility~Fig. 2!. The most interesting quantitie
emerging from these fits are the maximum particle mome
mp(0) and the particle densitiesNp being listed in Table I.
Frommp(0) we determine the moments per CoPt3 unit using
the volume of 57 Å3 per CoPt3 in the fcc structure. We find
2.4mB and 2.5mB in the 3.3- and 6-nm particles being rath
close to each other, so that surface effects seem to pla
role. These moments per CoPt3 unit are rather close to the
bulk values of 2.42mB determined by neutron scattering27

and 2.6mB following from the saturation magnetization me
sured in fields up to 330 kOe.15 All these results turn out to
be smaller than the value of'2.73mB ~Ref. 28! obtained
from band structure calculations for CoPt3, which predict
1.86mB for Co and 0.29mB for each Pt. Such high moment
have been reported for CoPt3 films10 grown at some elevated
temperature,Ts5400 °C, which also produced a strongly e
hanced anisotropy, 0.63106 J/m3 at 300 K. At lower depo-
sition temperatures,Ts<200 K, the moments of the films
decreased to 2.2mB , while the anisotropy vanished abov
300 K. These remarkable effects were related to the form
tion of fine Co platelets in the films.

The mean particle densityNp obtained for both assem
blies and the measured bulk densityr53.5 g/cm23 can be
used to evaluate a mean distance between the particlesDnn
'(Np•r)21/3 and, hence, the effect of their dipole-dipo
interaction. The strongest effect is expected for the 6-
particles, where we find Dnn>12 nm and Edd

5mp
2/4pm0Dnn

3 58.5kBK, while for the 3.3-nm particles
Edd /kB50.5 K, turns out to be negligible at all temperatur
of interest here,T>5 K. These features justify proceedin
the analysis of the magnetization curves toward our low
temperatures of 5 K by using thepure interaction-free
models.

B. Anisotropic superparamagnetism

Upon decreasing the temperature but still aboveTb , the
magnetization isotherms begin to fall below the Lange
curves, an effect we now attribute to the onset of anisotro
In order to facilitate the computations ofM (H,T), we as-
sume the existence of an uniaxial anisotropy, as it is don
most of the literature discussing the dynamical crossove
Tb . For randomly distributed axes the influence of anis
ropy appears only in finite fields, while in zero field th
anisotropy effects cancel.12

We start with the Hamiltonian of a anisotropic nanopa
ticle momentmW p in a magnetic fieldHW ,

H52EAcos2u2mW p•HW ,

wheremW p encloses the angleu with the easy axis. Following
Garcia-Palacios,12 we use the coordinate system displayed
Fig. 6 to calculate the partition function of the particle wi
the volumeV5vVm :

g
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Z~H,T,a,v !

5E
2p

0

d~cosu! expFv~EAcos2u1mmH cosa cosu!

kBT G
3I 0S vmmH sina sinu

kBT D . ~5!

The last factor,I o(y)5p21*0
pdt exp(ycost), represents the

modified Bessel-function to order zero, resulting from t
integration over the spherical coordinatef. The magnetiza-
tion of Np particles per gram with a random orientationa

with respect toHW of the easy axes~in principle, other distri-
butions may be included, but are unlikely here! is calculated
from standard thermodynamics. After integration overa, we
obtain

M ~H,T,v !5NpkBT
1

2E0

p

d~cosa!•
] ln Z

]H
. ~6!

Finally, we use the log-normal distributions for the partic
volumes, obtained in Sec. III from the blocking behavior
the ZFC susceptibilities, to calculate the magnetization of
present particle assemblies:

M ~H,T!5E
0

`

dvP~v !M ~H,T,v !. ~7!

Although these calculations are somewhat time-consum
depending on the resolution to which the volume-averag
is carried out, their comparison with the data is straightf
ward. This is due to the fact that the temperature variation
the particle moments is known, so that the anisotropy ene
EA is the only parameter to be fitted.

In Fig. 5, the influence ofEA on both assemblies is show
to become significant at the lowest temperatures. This
demonstrated by a reduction of M~H,T! to below the isotro-
pic ~Langevin! limits indicated by dotted curves. Due to th
lower EA values of the 3-nm particles, the effect is smal
there and becomes even weaker at higher temperatures
physical reason for this reduction is traced to the fact th
under the influence of the increasing field, the states w

FIG. 6. Definitions of the angles used in the calculation of
magnetization in the anisotropic superparamagnetic regime.
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transverse magnetization gain a larger statistical weig
Thus, even for a random distribution of the easy ax
M (H,T) becomes smaller in comparison to the isotrop
~Langevin! case. For a special set of parameters, this ef
has been shown by a recent calculation.12

Although with increasing temperature, thermal fluctu
tions tend to drive the magnetization towards Langevin
havior, it is possible to extractEA(T) from our fits of the
equlibrium magnetizations to Eq.~5!. The results forEA(T)
are depicted in Fig. 7, showing that the anisotropy itself
creases with temperature. Like the energy barriersEB , de-
termined from the dynamic behavior in Sec. III, the anis
ropy scales with the mean particle volumeVp , and may
therefore also be associated with the bulk CoPt3 phase. In
order to discuss the temperature variation of the anisotro
we relate it to the particle magnetization by the conventio
power law, EA(T)5EA(0)@mp(T)/mp(0)#n. The corre-
sponding best fits yieldn;6 and are indicated in Fig. 7. W
do not know of any theoretical predictions for the tempe
ture variation ofEA in nanoparticles, to which this result ca
be compared. As a remarkable feature, however, we sh
mention, that the amplitudesEA(0)'145 and 800 K are
close to the energy barriersEB determined in Sec. III at low
temperatures from the blocking and the finite dissipat
;x9. Using the mean particle volumes, we find a mean d
sity for the anisotropy energy of 0.10(2)3106 J/m3.
Whether this value can be enhanced by annealing and a
sible generation of Co-rich platelets as in Ref. 10 remain
challenge for the future preparation.

C. Blocked superparamagnetism

We now enter the temperature regime belowTb which is
characterized by the appearance of hysteresis in the ma
tization isotherms, as illustrated by Fig. 8~a! for the 6-nm
particles. Except for the lowest temperatures of 5 K we c
discuss all results without taking particle-particle interactio

FIG. 7. Temperature variations of the anisotropy energies res
ing from the fits to the reversible magnetization isotherms in Fig
The solid curves describe the temperature variations ofEA(T) in
terms of the sixth power of the~spontaneous! particle moments,
mp(T).
6-7
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F. WIEKHORST, E. SHEVCHENKO, H. WELLER, AND J. KO¨ TZLER PHYSICAL REVIEW B 67, 224416 ~2003!
into account. This blocked SPM behavior is in contrast to
interacting case, where below some collective ordering te
perature spin-glass or—at larger particle densities—lo
range ferromagnetism may appear.

Let us start with the remanent magnetizations measu
after sweeps to a maximum field of 10 kOe and shown
Fig. 8~b! for both samples. Within the blocked SPM mod
of independent particles the most obvious ansatz to desc
the temperature variation is

Mrem~T!5Mrem~0!E
vT*

`

dvP~v !. ~8!

This form ascribes the remanence to originate from partic
larger than a thermal activation volumevT* . First, we al-
lowed vT* 5T/T0* to be different fromvT5T/T0 introduced
in Eq. ~1! to describe the blocking of the ZFC susceptibilit
However, as a matter of fact, the best value to fit the data
the 3-nm particles in Fig. 8~b! is vT* 50.95vT , i.e., it agrees
well with vT derived from the SPM susceptibility@Eq. ~1!#.
For the 6-nm particles we obtain a larger effectivevT*
51.5vT . This result implies that the thermal blocking vo

FIG. 8. ~a! Hysteresis loops measured below the blocking te
peratureTb of 6-nm CoPt3 nanoparticles.~b! Temperature variation
of the remanent magnetizations, the solid curves are fits to Eq.~8!.
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ume of the remanent magnetization is a factor of 1.5 lar
thanvT obtained from the ZFC susceptibility peak@Eq. ~1!#.
One could conjecture that the onset of dipolar interactio
between the 6-nm particles may be responsible for this
hancement ofvT* . However, the amplitudes resulting from
the fits to Eq.~6!, i.e., Mrem(0)51.9 and 4.7 emu/g are
rather close to 0.5M (0) ~see Table I!, which is fully consis-
tent with the Stoner-Wohlfarth result for interaction-free pa
ticles with randomly distributed uniaxial anisotropy axes.30

As a further extension of this model, we discuss now
field variations of the magnetization belowTb . To this end,
we consider separately the irreversible and reversible co
butions,Mirr 5(M 12M 2)/2 andMrev5(M 11M 2)/2, re-
spectively, whereM 1 and M 2 denote the branches of th
hysteresis loops recorded upon ascending and descen
magnetic field. The field dependences ofMirr are shown in
Figs. 9~a! and 9~b! for both particle assemblies. In the spir
of the analysis of the remanence by Eq.~7!, we relate the
irreversible magnetization to those particles which still
main to be blocked in the presence of a magnetic fieldH:

Mirr ~H,T!5Mrem~0!E
vT* (H)

`

P~v !dv, H,Hirr ~T!.

~9!

HerevT* (H)5vT* /@12H/Hirr (T)#b represents the minimum
relative blocking volume which becomes large upon a
proaching the irreversibility field, whereMirr (Hirr ,T)50.
This implies that the characteristic fieldHirr marks the onset
of irreversibility in the hysteresis loops. As the best ‘simp
exponent to describe the field variation ofvT* (H) we found
b52, which was introduced by Bean and Livingstone11 for
the field dependence of the particle anisotropy energy. T
exponent produces rather nice fits to Eq.~9! @see Figs. 9~a!
and 9~b!# using the amplitude from Eq.~8!, so that the effec-
tive irreversibility field Hirr is the only free parameter. W
should mention that only at the lowest temperature, 5
Mirr of the 6-nm particles could not be fitted by Eq.~8!.
Referring to our estimate of the particle interactions in S
IV A, Tdd58.5 K, we may attribute this feature to the ons
of dipole-dipole interactions.

The results for the irreversibility fields are displayed
Fig. 9~c!. As the most interesting feature we regard the fa
that for the 6 nm nanoparticlesHirr (T) agrees almost per
fectly with the anisotropy field resulting from the low tem
perature anisotropy energy. Using the values of Table I,
obtain HA52EA /mp54.7 kOe. For the 3-nm particles th
data of Table I yield the same anisotropy field, which qua
fies this quantity together withKA , as a bulk property. For
dp53 nm, however, the irreversibility field ofHirr
513(1) kOe turns out to be much larger thanHA . We ten-
tatively attribute this feature to the much larger paramagn
background in this sample,xp(T)5Cp /(T150 K). Associ-
ating the Curie constantCp with paramagnetic moment with
momentsm'mB , we find a fraction of'30% of this phase.
We conjecture that at the low temperatures of interest h
the paramagnetic moments are polarized in the local field
the oriented nanocrystals so that the effective blocking v
ume and, hence, the irreversibility field are enhanced.

-
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ANISOTROPIC SUPERPARAMAGNETISM OF . . . PHYSICAL REVIEW B 67, 224416 ~2003!
Finally we apply the present model to the reversible m
netizations. In Fig. 10 is shown just one magnetization i
therm at a low temperature for each sample, where the blo
ing effects are largest. In order to describe the data, we
assume that only unblocked particles contribute toMrev .
These particles have volumes smaller thanvT* (H) and pro-
vide the anisotropic SPM magnetization which can be ca
lated from Eq.~5!,

FIG. 9. Irreversible contributions to the hysteris loops of~a!
6-nm @see Fig. 8~a!# and ~b! 3.3-nm particles. Solid lines are fit
according to Eq.~9!; ~c! Temperature variation of the irreversibilit
fields following from the fits in~a! and ~b!.
22441
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Mrev~H,T!5E
0

vT* (H)
dvP~v !M ~H,T,v !. ~10!

The results are also indicated in Fig. 10 and show excel
agreement with the data for both nanocrystalline assemb
Since the same is true for all larger temperatures, we h
achieved here a complete description of the hysteretic m
netizations.

V. CONCLUSIONS

Our investigations of the zero-field dc and ac susceptib
ties and field dependent magnetizations of tw
CoPt3-nanoparticle assemblies with mean diameters of
and 6 nm provide the first clear evidence for anisotro
superparamagnetism~ASPM!. The signature of the ASPM is
a reduced equilibriummagnetization. On the temperatu
axis, ASPM appears between the conventional Lange
type SPM present at largeT>EA(T)/kB , where thermal
fluctuations override the anisotropy, and the so-cal
blocked SPM occurring below the temperature,Tb
5EA(T)/25kB ,11 which represents a nonequilibrium pha
depending on the observation timet0. The reduction of
M (T,H) in the ASPM regime of nanoparticles with ran
domly oriented anisotropy axes, appears only in finite m
netic fieldsH. This effect has recently been predicted12 to
arise from a slightly preferred statistical weight for particl
with perpendicular orientation of their preferred axis relati
to HW .

We have analyzed ourM (H,T) curves using the full sta-
tistical model and deduced a rather strong temperature
size variation of the~uniaxial! anisotropyEA(T). The linear
variation ofEA with the particle volumes reveals the dom
nance of a bulk anisotropy density ofKA(0)50.12
3106 J/m3. Its temperature dependence could be descri

FIG. 10. Reversible part of the hysteresis loops for two lo
temperatures of both nanoparticle assemblies. Solid lines repre
ab initio calculations from Eq.~10!, using the same maximum un
blocked volumevT* (H) as determined from the fits of the irrever
ible magnetizations in Fig. 9. For comparison, the isotropic Lan
vin functions for both samples are indicated.
6-9
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in terms of the spontaneous particle moments,EA(T)
;mp

6(T), but the origin of this exponent is not yet know
This result implies that anisotropy effects in the pres
CoPt3 nanoparticles become important at low temperatu
The temperature variation ofEA(T) should receive also at
tention for alloys with enhanced anisotropies, as prepa
recently for possible high density storage fabrication.1,2,6,8In
such materials, of course, the transition to the blocked s
may be shifted to beyond room temperatures, but the ther
stability of the blocked state depends onEA(T);mp

n(T), that
is on the exponentn and on the Curie temperature. In th
blocking regime,T,Tb , we could explain the hystereti
magnetization curves quantitatively within the ASPM mod
considering blocking and the independently determined v
ume distribution functions.

Finally, we point out an interesting consequence emerg
from the temperature variation of the anisotropyEA(T). This
refers to the activation energyEm and the time scalet0 of the
Arrhenius’ law which is traditionally used to determine
temperature independent anisotropy constantKA from block-
ing phenomena, like the magnetic absorptionx9(v,T) or
peaks ofx(T). Our analyses ofx9 in Sec. IIIB produced
values ~i! for Em , which were larger than the anisotrop
energies, determined in the ASPM regime~see Fig. 7!, and
~ii ! for t0, which appeared unphysically small and strong
size-dependent~see Table I!. Both features can be understoo
by starting from the fact that high barriers imply a rath
narrow temperature range ofTv which is available for the
Arrhenius’ analysis, see inset to Fig. 3. Therefore, to low
order one may account for the temperature variation ofEA
by a linear expansion around some mean temperatureTv̄

from the experimental range

EA~T!5EA~Tv̄!1EA8 ~Tv̄!~T2Tv̄!1•••,

where EA8 (Tv̄)5(dEA /dT)T5Tv̄
. Inserting this as a ‘‘true’’

barrier into Arrhenius’ lawt05tAexp@EA(T)/kBT#, one finds
the same formt5t0exp(Em/kBT), but with renormalized pa-
rameters Em5EA(Tv̄)2EA8 (Tv̄)Tv̄ and t0
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5tAexp@EA8(Tv̄)/kB#. Since the anisotropy energy genera
decreases with temperature, the conventional analysis o
estimates the barrier and produces switching times that
too small. For the present nanoparticles we foundEA(T)
5EA(0)@mp(T)/mp(0)#6 ~see Fig. 6!, where the particle mo-
ments obeyed Bloch’s law,mp(T)/mp(0)512BT3/2. Use of
this temperature variation oymp(T) yields for the ‘‘true’’
barrier against particle switching EA(Tv̄)5Em@1
29(Tv̄ /T0)3/2# and for the real switching timetA
5t0exp†(9EA(Tv̄)/kBTv̄)(Tv̄ /T0)3/2

‡, where T05B22/3

5640 K was found in Sec. III A for the present CoPt3 par-
ticles. The strongest effect ofEA(T) on the Arrhenius param
eters is expected for the 6-nm particles withTv̄'40 K,
where we obtainEA(Tv̄)/kB5850 K, close to the results
from the magnetization isotherms in the ASPM regim
while for the 3.3-nm particles (Tv̄'9 K) the corrections be-
come negligible. For the real switching time we obtaintA
51.0310213 s, which is close totA5t052310213 s for
the 3-nm particles.

The latter results suggest a comparison to the predic
by the Néel-Brown theory,5,12,29 tN5(pkBT/EA)1/2(h
1h21)/2gHA . Since the anisotropy fieldHA54.8 kOe and
also pkBTv̄ /EA'0.1 turned out to be independent of th
particle size we find for both assembliestN5(h1h21)
31.8310212 s. Obviously, no value of the Landau
Lifschitz-Gilbert parameterh can explain the experimenta
results fortA . As another, rather rough estimate we m
assume thermal agitationtT5\/kBTÃ , which leads to more
consistent values of 2•10213 and 8•10213 s for the 6- and 3
nm particles, respectively. In order to shed more light in
these microscopic dynamics, we presently investigate the
romagnetic resonance on the CoPt3 nanocrystals.31
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