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In-plane and out-of-plane transverse susceptibility in close-packed arrays
of monodisperse Fe nanoparticles
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The transverse susceptibilitf'S) of arrays of self-assembled Fe nanoparticles has been studied using a
sensitive radio-frequency resonant technique. Symmetrically located broad peaks in the TS data are observed
below the blocking temperature as the applied field is swept from positive to negative saturation. These peaks
occur at the effective anisotropy fields Hy) with the peak width determined by the distributionHr in the
nanoparticle array system. These features are observed to be strongly affected by dipolar interactions as well as
thermal relaxation. Systematically tracking the evolution of the TS curves across the superparamagnetic tran-
sition reveals distinct temperature ranges over which thermal activation and dipolar energy overcome the
effective magnetic anisotropy energy. Hysteresis loops measured using a superconducting quantum interference
device magnetometer indicate a smaller coercive field for in-plane field orientation compared to that for
out-of-plane orientation. This is also reflected in the TS measurements. A comparison of the TS over a wide
range in temperature and magnetic fields, applied in plane and out of plane, reveals the distinct influence of
variation in dipolar interaction strengths for the two geometries.
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INTRODUCTION the dip-coating, drop-casting, spin-coating, and Langmuir-
Blodgett techniques are various ways to self-assemble nano-
Ordered arrays of magnetic nanoparticles have promisingarticles. It is known that the blocking temperature of the
technological applications. The study of static and dynamianagnetic nanoparticle systems also strongly depends upon
magnetic properties of these systems is extremely interestintpe interparticle interactions and particle size distribution.
because of their potential use in magnetic random acceskhese self-assembly techniques allow random orientation of
memory, high-density magnetic memory storage devicessurfactant-coated particles. Moreover, due to the coating,
magnetic read-head sensors, magnetic switches!~®tc. these particles have negligible exchange interaction between
Surfactant-coated particles are known to be ideal for develthem and the magnetic behavior is largely determined by
oping self-assembled passivated nanocrystal superlattices dipolar interactions.
nanocrystal arrays of metal, semiconductor, and oxide In this study, we have chosen a very sensitive and precise
clusters! Recently, several methods have been developed td technique to probe the transverse susceptibil(i) in
produce highly crystalline, monodisperse, magnetic nanopaclose-packed multilayer arrays of surfactant-coated iron
ticles using wet chemical approach like sol-gel, reverse minanoparticles. In TS experiments, typically a small perturb-
celle, coprecipitation, sonochemistry, 8. ing ac or rf field is applied to the sample in addition to the
For nearly five decades, there have been various pioneeswept dc magnetic field. Over the years, this technique has
ing studies on superparamagnetic particles in the form obeen popular among researchers working on multidomain
ferrofluids, which has contributed significantly towards theand single-domain particle systems such as magnetic tapes,
understanding of the interparticle interactions and spirinks, etc., due to its capability of directly probing the anisot-
relaxation® ! A recent such study of a three-dimensional ropy field!® The multidomain and single-domain particles
(3D) system of highly uniform, chemically synthesized co- exhibit different field-dependent TS characteristics due to the
balt nanoparticles shows that it is possible to calculate th@resence or absence of the domain wall displacement
distribution of anisotropy energy as well as magnetically acmechanisnt? However, most of these studies were adversely
tive volume by simultaneous modeling of remanent andaffected by unwanted texturing of samples and the presence
field-induced magnetization datalt was also established in of multidomain particles. The role of texture on the TS has
this study that the variations in the shapes of the magnetialso been investigated in det&ilA maximum entropy ap-
cores of the nanoparticles generate the anisotropy whicproach has been used to show that it is possible to calculate
governs the blocking process. the anisotropy field distribution function from the experi-
Due to the potential application in high-density memory mental peak widtH®
storage, there is current interest in studying the role of inter- To our knowledge, there is no systematic TS study on
particle dipolar interactions, switching fields, spin relaxation,close-packed monolayer or multilayers of superparamagnetic
and anisotropy field behavior in close-packed monolayer angarticles. The control achieved recently in synthesizing
multilayer arrays of monodisperse particles. Techniques likdighly monodisperse, single-crystalline nanoparticles not
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only makes it possible to test existing theoretical predictions
but also provides opportunities for conducting experiments
resulting in high quality data for future theoretical work. It
has generally been difficult to resolve the effects of interpar-
ticle interactions, particle size dispersion, and thermal effects
at different temperatures above and below the blocking tem-
perature. The introduction of our rf method based on a
slightly different approach to measure TS resulted in in-
creased precision, thus providing an opportunity to address
these issues. The rf experiments and theoretical analysis of
TS in y-FeO; nanoparticles have been presented
elsewhere’

The first detailed theory of TS was due to Aharenial.
and was based on the Stoner-Wohlfarth formaf&d?How-
ever, this theory is strictly applicable for the ideal case of
noninteracting single-domain magnetic particles and does
not take into consideration interparticle interactions, particle
size and shape dispersion, and relaxation effects. Aharorﬂi1S
et al. suggested that for a unipolar field scan from positive to

ngganvg _saturatlon, the transversg suscept!bll|ty reveals threa(?most monodisperse with an average size of6L& nm.
singularities, two of them at the anisotropy fieldsk k) and

one at the switching field. However, most of the experimen, For the magnetization measurements, carbon-coated ny-

) . lon TEM grids were dipped into a solution containing iron
tal studies usually report two symmetric peaks located at th anoparticles, which resulted in deposition of nearly 15
anisotropy fields and the third peak is often broadened an Iose-packed,monolayer thick coatings over the grids. TEM
merged with one of these peaks due to a large distribution i@tudies of similar samples revealed short-rar{gearést
particle size. Finite-temperature effects and the influence of

. eighbor to 50 nm length scalerdering of particles, but in
the peak shapes have also been addressed in the context[ﬁ) glong range the mgrphol?)gy wasgmorz disordered. The
the model of Aharonet al’ '

The aim of this study is to explore the physics of rnag_sample handling was done in an inert environment. For mag-

netic interactions in a close-packed multilayeearly 15 lay- netic measurements, a stack of ten such TEM grids was
. pe ) y Y"  bonded to increase the overall signal and the whole stack
ers structure of single-domain Fe particles through radio-

frequency TS experiments. A comparison of the TS with th was encased in silicon grease to protect it from oxidation.
q y XP : omp X his stack of TEM grids was placed in a gelatin capsule and
M-H characteristics measured in a superconducting quantu

W in magnetic m rements with ID well
interference device(SQUID) magnetometer is also pre- as used agnetic measurements with a SQUID as we

s ) as the rf transver tibility experiments.
sented. To our knowledge, this is the first study of TS on s the sverse susceptibility experiments

monodisperse magnetic nanoparticle arrays.

FIG. 1. Transmission electron micrograph of the iron particles.
et shows a closer view of short-range ordering.

STATIC AND DYNAMIC MAGNETIC MEASUREMENTS

Static magnetic characterization was done using a Quan-
tum Design SQUID magnetometer. In Fig. 2, we present the

Monodisperse surfactant-coated Fe nanoparticles werkeld-cooled(FC) and zero-field-coole@ZFC) magnetization
prepared by high-temperature decomposition of iron pentacat 200 Oe for field orientations parallel and perpendicular to
arbonyl. The synthesis details are presented elsewA@tee  the sample surface. The curves display a peak at around 75 K
particles are coated with a thin lay@pproximately 1 njof ~ for a dc magnetic field applied parallel to the plane of the
oleic acid to avoid agglomeration. This results in a surfaceTEM grids and at 65 K for a magnetic field perpendicular to
layer of iron oxide, a few A thick, leading to a reduction in

SYNTHESIS AND CHARACTERIZATION

surface moments. The particles contain approximately 2 801 o —a-2FC inplane

wt % carbon impurities, and electron diffraction shows a bcc = i -2 saorne

pattern with broadened rings indicating some structural dis- 5 60y s ARG ouelpie

order, leading to a lower magnetic moment than a compa- 2 i S

rable volume of bulk irorf! In Fig. 1, we have shown the g a0l 1

transmission electron microgragfEM) of as-synthesized ’,’

iron nanoparticles. For this purpose, a drop of volatile sol- 20, }“ \\k

vent containing Fe nanoparticles is allowed to slowly evapo- / “

rate on a carbon-coated TEM grid at room temperature. Usu- ‘ : : :
0 100 200 300

ally the low boiling point of the solvents allows for slow
evaporation. This added thermal energy permits the particles
to diffuse to their lowest-energy sites during the evaporation, FIG. 2. Field-cooled and zero-field-cooled magnetization mea-
producing a well-organized monolayer of particlsThe  sured at 200 Oe using a SQUID magnetometer. For comparison, the
TEM micrograph of the 2D array shows that particles aredata for in-plang(l) and out-of-pland_L) orientations are plotted.

T(K)
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FIG. 3. M-H curves for in-pland]l) and out-of-pland_l) field
orientations measured with a SQUID at 10 K for a stack of TEM
grids with dip-coated nanoparticle arrays. Data for a dilute suspen- DO
sion of particles are also shown for comparison. Inset shows a zoom
view of the hysteresis loops.

the plane. This is the characteristic signature of the transition
from a superparamagnetic state at high temperatures to a
state where the spins are blocked. In Fig. 3, we show the
M-H measurements done at 10 K using a SQUID magneto-
meter for both field orientations. For comparison, the data for
a highly dilute suspension of nearly isolated Fe nanoparticles
are also shown. The results show that the in-plane coercivity
(H!:) is 325 Oe whereas the out-of-plane coercivitys) is
450 Oe. TheM-H results also indicate that the ratio of rem-
anent to saturation magnetizatioM g/Mg) is around 0.38
and remains the same for both orientations. TWg/Mg
ratio is 0.29 for the dilute sample. The saturation magnetiza-
tion calculated from these curves is between 168 and 171 FG, 4. (Top) Schematic of the TDO-based TS measurement
emu/g. In the inset, it can be observed that the curve corrggeometry.(Bottom Schematic representation showing magnetiza-
sponding to the in-plane field orientation rises much morejon, easy axis, rf, and dc field directions for the TS configuration.
steeply than other curves.

To study the effect of the in-plane and out-of-plane field.

orientations directly on the effective magnetic anisotropy, wehsert thatis designed to fit into the sample space of a com-

conducted TS experiments using a resonant rf techniqugercIal physpal property measurement SystemmS from .
based on a tunnel-diode oscillat@D0).2 This method has  2uantum Design. The nylon TEM grids as well as the gelatin

been validated by us over the years to be an excellent pro ceapsule have a diama}g_qetic background blf't its co_ntri.b.ution
of the dynamic magnetic response and, in particular, the aﬁfo transverse susceptibility measurements is not significant.

isotropy. In this technique, a small fixed-amplitude he TS. measyrements were done for two drfferent dc field
(<5 Oe) rf(10 MH2) field is applied parallel or perpendicu- orlentat.|ons with respect to the sample surfagerepresents

lar to the variable external dc field and the parallgb) and the TS in the plane of the samp_le apd out of plane of th_e_ _
transverse ¥1) components of susceptibility can be indepen_sample. Measurelment geHometnes for qln‘ferent susc'ept|.b|l|ty
dently resolved. Since the sample is placed in an inductive [fOMPoNentyp, x7 , andyr are schematically shown in Fig.
coil that is part of a self-resonant circuit, the shift in the 5- The If transverse susceptibility data are plotted as a per-
resonant frequency with varying dc field and/or temperaturéentage change since this is directly extracted from the
gives a direct measure of the change in inductance and thg1ange in resonant frequency measured with an HP fre-
the sample susceptibility. The error in measurement of théluency countet! By using the precise geometrical param-
resonant frequency shift using an HP frequency counter igters and eStimating the fill faCtor, the absolute Valueﬁpf.)f
only 1-10 Hz. Therefore, this experiment provides a veryand xt can be determined. However, for the purpose of the
precise way to Study the field dependence of Susceptibi”typresent Study in which our intent is to follow the TS varia-
The background due to the empty coil is neg||g|b|e and Caﬁion as a function of field and temperature, we have plotted
be subtracted to extract the change in susceptibility due tée parallel and transverse susceptibilities using the follow-
the magnetic specimen. A schematic of the transverse su#ld relation:

ceptibility setup is shown in the top section of Fig. 4. The

capacitive portion of the.C resonant circuit is located at <a

room temperature and the inductive coil with the sample is (A_X) % = [x(H)—x°*]x 100

attached to the end of a homemade semirigid coaxial cable & ’
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FIG. 6. The difference in the parallejf) and transverse sus-
ceptibility (x) at 25 K is shown. The TS data show distinct peaks

Hpc associated with the effective anisotropy fields.
_ 3 fw/Z cog 6y,
Xr FlogHls XT72X0) 5 | hcosfy+cos 20— Oy)
FIG. 5. Schematic representation of the sample in coil and the sin( 6k — 6,) sing.de
different orientations of the dc and rf fields with respect to the h sin 6y KEPKo

sample surface to realize the parallel cagg)(and the two trans-

verse casesy andx!). All the field directions are with respect to whereh is the reduced field H/Hg). These terms can be
the longitudinal axis of the coil. numerically calculated for a system of such single-domain
particles where randomness in the anisotropy axis orienta-
where, 2t is the extrapolated value of the TS at high fieldstions and particle size distribution can be incorporated into
where the slope is close to zero. the expression. In particulag; calculations yield singulari-

It is relevant here to distinguish between the parallel andies at the anisotropy fieldHx) and this is the basis behind
transverse susceptibilities. It is known that only transversd S experiments where these singularities can be detected. It
susceptibility is able to directly resolve the anisotropy peaksshould be pointed out that TS theories for single-domain
This has been discussed back in 1957 in a classic paper anoparticles consider uniaxial anisotropy alone. Strictly
Aharoniet al® In the bottom part of Fig. 4, we have shown speaking, TS experiments probe the effective anisotropy
a schematic 3D polar plot representation showing the effecfields where higher-order magnetocrystalline anisotropy con-
tive magnetization vector subject to Zeeman and magnetdstants, dipolar interactions, surface spin disorder, etc., could
crystalline terms under the conditions of TS experimentacontribute to the observed peak structure. In the present case,
geometry. For the dc magnetic field applied along zhdi-  the Fe nanoparticles have body-centered-cubax) struc-
rection, the parallel susceptibility is given by ture. However, typically in nanoparticles, small variations in

particle shape and size are enough to induce a predominantly
uniaxial behavior.
_dMz To emphasize the distinction betwegn and yp, in Fig.
Xp_d_HZ’ 6 we have plotted both data taken on the Fe nanoarray
sample at 25 K. For clarity, we have shown the data in the
o . main panel for unipolar field sweeggom positive to nega-
whereHy=Hy=0 and the transverse susceptibility term is (e field). For the ease of identification of the peaks, we will
given as also refer to the positive and negative sections in the graphs
as the first and second quadrants, respectively. It can be seen
dM that the TS curve shows two prominent symmetric peaks in
XT:< dHX) , Hy=0. the first and second quadrants- {600 Oe). The parallel
z) Hy=0 susceptibility data for the same sample shown for compari-
son do not show peaks at the effective anisotropy fields but
instead show peaks at much lower field values corresponding

Based on the coordinate system given in Fig. 4, the meatb the switching fields. The nature of the peaks is differ-
value of the parallel and transverse susceptibilities for ant; i.e., starting from positive saturatidiirst quadrant, the
single-domain particle with uniaxial anisotropy can be writ- peak is located in the second quadrant and vice versa. This
ten as “crossover” peak behavior is illustrated in the inset of Fig. 6,

which shows the low-fieldyp data for a bipolar field scan

3 (ai2 2 0 sing covering the full loop (positive saturatiorrnegative
-3 J'w Sint 6y sin 6 6, saturatior~positive saturation Note that the peaks iyp
2 Jo |hcosfy+cos2A by~ bk) ' occur at switching fields identified as regions where the
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FIG. 7. In-plane transverse susceptlblllthél for a wide range Xr Xr
of temperature. Data in main panel are for a unipolar field scan . 2 2 0 2 a4 4 2 0 2 4
from +5 to —5 kOe. Inset shows the same curve plotted differently K L4 240K
to highlight the peak behavior. S 107 200 /\ 61
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maximum change in slope occurs in tihé-H hysteresis s -
loops. Thus, these field values are smaller than the coercivi 4 " | N
fields (which are strictly intercepts on theaxis) and overall 2 / xr 1; xr
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The focus in the rest of the paper is on the TS data with Field (KOe)
the dc field applied in plane and out of plane to the sample o |
surface. As mentioned earlier, the field dependence of TS of F!G- 8. Frame-by-frame comparative view gf andyy curves
ingle-domain particles based on Stoner-Wohlfarth model ex3! temMperatures above and below the blocking temperature.
hibits singularities at the effective anisotropy fields. These
peaks are noticeable in the TS data shown in Fig. 6 but the
are considerably broadened because of the distribution i

Eggflgszﬁgﬂgt?g';?:ggy fields of the collection of par- In Fig. 8, we have compared the transverse susceptibility

In Fig. 7, we have mapped the TS curves for in—planefor two dierrent qlc field orientationgin-plane x} and out-
orientation ) (see the schematic in Fig. 5 for the field of-plane y7) at different temperatures. It can be seen_that
orientations. This family of curves traces the evolution of P0th curves are almost identical at 240 K except at higher
the system across the ferromagnetic-superparamagnetic traf!d values. Quantitative comparison of the curves for the
sition as the temperature is increased. In fact, the envelope &0 9eometries is difficult, as the field orientation cannot be

the zero-field Hy,=0) TS has a maximum around 100 K changedn situ. The insert is warmed to room temperature to
Cc ’

which we ascribe to the blocking temperature under TS exmanually change th? Cf)” orie.ntgtion \.Nith respect to the dc
eld. However, qualitatively distinct difference in shape of

perimental conditions. Below and above this temperature th ; ) ; ;
zero-field TS decreases sharply. It is well known that thedne TS curves for the two orientations Is c;onsstently ob-
signature of the blocking temperature depends on the e)(F)e,§_erved at various temperatures. While cooling down, it can
mental conditions like time scale, application of an externaP® séen that the peak is generally much brogdgﬁot‘nap
field, etc. So one should be cautious in comparing the blockfor X' throughout the temperature range. This is consistent
ing temperature measured using TS and SQUID susceptibilith theM-H curves shown in Fig. 3. The approach to satu-
ity experiments. As the temperature is lowered and at arountftion is much slower for the out-of-plane orientation.

55 K, the single peak in the TS at zero field splits into two  Below 75 K, the peaks split into two for both cases but
peaks, which become more prominent with decreasing terihe difference betweegr andy’ tends to increase. At 10 K,
perature and shift to higher field values. These peaks repréhe difference between the two curves is very prominent. The
sent singularities due to the anisotropy fields as discusseg curve has much broader peaks in comparison toythe
before. In the inset, we have shown the development of anfhe overall broadening of the TS curves may be due to the
isotropy peaks by showing the 2D plot of the same curvdact that below the blocking temperature, spins are frozen

ver a smaller field range. The influence of dipolar interac-
ons and thermal relaxation on these peaks is discussed in
etail later in the paper.
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randomly resulting in a spin-glass-like state. In a small re-
verse field, most of the magnetic material switches, but there
could be strongly coupled particles forming clusters that
switch over a broad range &f. The larger the cluster, the
harder it is to switch analogous to the situation in a spin glass
or amorphous ferromagnet. Recent evidence from neutron
scattering experiments confirms a spin-glass-like behavior in
these systems in the blocked st4te.

The above results can be explained based on the differ-
ence in contributions of the dipolar interactions between par-
ticles to the TS data for the two different field orientations.
The total effective energy of such an interacting particle sys-

PHYSICAL REVIEW B68, 214409 (2003
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FIG. 9. The field positions of the anisotropy peaks in both quad-
rants (presented as | for the first quadrant and 1l for the second
qguadrank as a function of temperature. The two peaks resolved at
low temperatures merge into a single peak at a temperature
(Terossover that is different for)(”T and y+ geometries.

interacting nanoparticle arrays is different from the case of

continuous thin films of ferromagnetic materials. In the case
The first term here represents the interparticle dipolar interef films, the difference between in-plane and out-of-plane
action energy wherg is the magnetic moment of each par- magnetization behavior is due to competition between the
ticle, R;; is thecenter to center distance betweenitheand surface magnetocrystalline anisotroggenerally out of
jth particles measured in units of nearest-neighbor distangglane and dipolar interactions, which favor in-plane align-
d, and ii; and i1; are the spin directions of theh andjth  ment of spins. Our TS data afford a very sensitive way to
spins. The second term represents the anisotropy energystematically monitor changes in the in-plane and out-of-
whereK is the anisotropy constant andis the volume of plane cases with decreasing temperature, as presented in
each particle®; is the easy axis direction. The third term Fig. 8.

represents the Zeeman energy whidrés the magnetic field ~ The general field and temperature variation of TS shown
direction. In this expression, dispersion in particle size had" Fig. 7 has been observed by us in similar measurements
not been taken into account. In the present case of a clos€n Mmany other nanoparticle systems and is characteristic of
packed multilayer, the overall magnetization behavior is gov-Systems undergoing temperature-driven superparamagnetic
ered by individual particles as well as the collective re-transitions.*?*#°In contrast, similar transverse susceptibility
sponse of the strongly coupled larger cluster of particlesmeasurements done using the same setup on continuous fer-
Because of the close packing, the interparticle dipolar interfomagnetic thin films of Cr@did not show any broadening
action energy Wh|Ch favors in_p'ane a”gnment of Spinsof TS curves in the temperature range from 300 to 10 K due
dominates over the individual particle activation energyto the absence of superparamagnetic behdfior.
which favors a 3D disordered st&feHowever, due to the A striking feature of the TS data is the strong temperature
quasi-2D geometry of the sample, there are more particledependence of the two-peak structure at low temperatures
with strong nearest-neighbor interactions in the plane of théhat we associate with the effective anisotropy field. In a bid
TEM grid than out of plane. The TEM studies show a long-t0 track characteristic features in the TS as a function of
range(more than 50 nmin-plane order. This introduces a témperature, we have plotted the peak position in both the
strong in-plane demagnetization field as the effective activaduadrants for in-plane and out-of-plane field orientations in
tion energy is minimized when spins are oriented in the plan&id- 9. The out-of-plane peak positions are given by solid
of the grid in comparison to the out-of-plane orientaffor®  and open squares for first and second quadrants, respectively.
In several previous studies of 2D and 3D systems, wher&€ak positions for in-plane measurements are given by solid
the effects of introducing the interaction between the super@nd open triangles for first and second quadrants, respec-
paramagnetic particles were studied, the zero-field-cooletively. It can be seen that fopr orientation, the anisotropy
curves showed a much sharper superparamagneti®eaks are situated at much higher values in comparison to
ferromagnetic transition peak for the interacting system thany - At low temperatures, where thermal effects are insignifi-
for the isolated oné’ As for the noninteracting particle sys- cant, the anisotropy field is given by the relatidy
tem, the blocking temperature of every spin is determined=2K/M g whereK is the first-order anisotropy constant and
solely by its respective activation enery/. On the other Mg is the saturation magnetization. The valueM§ is ap-
hand, for interacting systems the collective freezing of spinproximately 170 emu/g and the anisotropy constinis
overcomes the individual particle blocking procesSedle  3.4x 10° erg/cc. (Ref. 20 From the above the relation, the
believe that for the case of strongly interacting particlesvalue of Hy is around 500 Oe. This is in good agreement
(such as the system presented heome is likely to see a with the anisotropy fields directly measured with our TS ex-
noticeable change in the blocking temperature as well. Iperiments at 25 K or lower. However, in this calculation,
should be pointed out that the case of weakly or stronglyhigher-order anisotropy constants are not considered and
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they are known to be significant in some cases. A recenments are shifted to higher valuése., 100 K for in-plane
theoretical study shows the influence of second-order anisotrientation), we identify these new temperature scales
ropy energy on uniaxial ferromagnéfsit should be noted (Tgossovet Of 65 K and 55 K at which the TS double-peak
that peaks are also strongly affected by the dipolar interacstructure merges into a single peak at zero field as yet an-
tions. Ideally, to extract the magnetocrystalline anisotropy obther crossover region within the blocked state but in prox-
the material, the measurements should be done on an isolatadity to the ferromagnetic-superparamagnetic transition. It
particle system, well below the blocking temperature. Ourshould be remembered that blocking temperatures measured
present study is to demonstrate the precision in TS measur&éom SQUID ZFC-FC curves were 65 K and 75 K for out-
ments and the ability to trace the collective response of af-plane and in-plane field orientations, respectively. Quan-
superparamagnetic system in the presence of dipolar artdative analyses of the significance of these crossover tem-
Zeeman energies. Systematic experimental investigationseratures require further experiments on other systems.
have been reported on well-dispersed €gowder samples However, qualitatively one can understand it as follows.
to probe the effect of varying interaction on the transversel ;ossover Which is different for in-plane and out-of-plane
susceptibility peaks and it was demonstrated that a reductioorientations, is the temperature above which the effective
in the packing fraction of the particles results in a linearanisotropy energy of the system is overcome by thermal en-
increase of anisotropy fieftf. ergy. However, weak short-range particle nteractions persist
In Fig. 9, it can be seen that as the temperature is inup to the blocking temperatur&§). It is only aboveTg that
creased, the two peaks in TS close in and merge into a singteue superparamagnetic behavior characterized by random
peak even below the blocking temperature. This strong temthermal fluctuations of single-domain particle moments is
perature dependence cannot be accounted for by the thermalalized. We believe that the presencelgfissoveriS Clearly
variation of the magnetocrystalline anisotropy constanbbserved in TS experiments because of the sensitivity of this
alone. In addition, at any given finite temperature one shouldechnique in directly measuring the influence of effective
also consider the influence of thermal energy that overcomesiagnetic anisotropy.
the anisotropy energy for some patrticles, thus making them

superparamagnetic. So the picture that emerges is that at very SUMMARY
low temperatures, most of the particles are froZalbeit We h d 4 in-ol d -
randomly and some in clustersAs the temperature is in- e have conducted In-plane and out-of-plane transverse

creased, an increasing fraction of the total number of par'_susceptipility measurements on close-packed arrays .Of. _Fe
ticles becomes superparamagnetic. Above the blocking ter.[p_anopartmles. The evo!utlon of the transverse susceptibility
perature, all the particles are superparamagnetic, yielding t eaks belc.)w' the plocklng temperature can be .mapp?d and
well-known 17T dependence in susceptibility. To our knowl- SNOWS @ distinct difference with respect to the field orienta-

edge, TS experiments appear to be the most sensitive probggn_s' Qverall, our results are consistent with SQ.UID mag-
netization measurements and indicate the role of interactions

of the influence of thermal energy as we have consistently d iblv oth lecti h 1 the blocked stat
seen this general behavior in a number of superparamagnef?@ possIbly other collective pnenomena In the blocked state.

systems. Again, to emphasize the point that this is character-
istic of nanopatrticles, we have confirmed that the anisotropy
peak fields in TS experiments on continuous ferromagnetic H.S. acknowledges support from the NSF through Grant
thin films of CrQ, do not show any strong temperature No. ECS-0140047. S.A.M. acknowledges support from the
dependencé’ In Fig. 9, the anisotropy peaks in the first and NSF through Grant. No. CTS-0227645 and from the Ameri-

second quadrants merge at 55 K and 65 K y¢rand !, can Chemical Society Petroleum Research Fund through
respectively. Since the blocking temperatures for TS experiGrant. No. ACS-PRF-37578-ACb5.
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