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Uniform, organically functionalized, 8.5-nm-diameter nanocrystals ofOfewere synthesized and as-
sembled into close-packed monolayer as well as multilayer arrays using the Langmuir-Blodgett technique. The
ac and dc magnetic susceptibility measurements on arrays in comparison with isolated particles indicate strong
dipolar interactions and a spin-glass-like slowing down of relaxation times. Differences in magnetic charac-
teristics between monolayer to multilayer arrays were observed, such as larger remanent magnetization and a
higher blocking temperature in the two-dimensional system.
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Ensembles of magnetic nanoparticles in various formsng events of particles with decreasing temperature according
were at the focus of scientific interest since the days @Ne to particle anisotropy and inhomogeneous dipolar interaction
and Brown? who developed the theory for magnetization distributions!® For a random array of strongly interaction
relaxation for noninteracting single-domain ferromagneticparticles, a collective disordered magnetization freezing was
and ferrimagnetic particles. Magnetization studies of frozerdeduced from experimental ddtasimilar to spin-glass tran-
ferrofluids explored the differences between isolated and insitions studied in various diluted magnetic metal all&ys.
teracting particle behaviors by changing their concentration Although spectacular uniformity in particle size has re-
in the carrier liquid®* Since these single-domain particles cently been obtained for C8,PtFe’® and FgO, (Ref. 14
are characterized by coherent activated rotation or by switchmagnetic nanoparticle preparations, the techniques used to
ing of the individual atomic magnetic moments in a particle, prepare particle arrays, such as drop casting and similar sol-
each particle behaves as a large magnetic dipole with itgent evaporation schem&s?’ lack the ability to control the
orientation fluctuating according to the temperature and anpacking uniformity of the nanoparticles on a macroscopic
isotropy of the particle. The collection of interacting mag- scale. In addition, it was found that for Co particles, for
netic dipoles served, both experiment4fy and example, the apparent size uniformity did not result in an
theoreticallj® as a model system to observe interesting co-equivalent magnetic uniformity due to crystalline defects,
operative physical phenomena. The most intensively studiedhich led to varying anisotropies and saturation magnetiza
was probably the spin-glass-like phase transition that waton values between the nanocrystdis.
expected to occur in a collection of strongly interacting mag- In this paper, we report on magnetization studies of two-
netic dipoles by lowering the thermal energy below the di-dimensional(2D) close-packed arrays of fatty acid coated
polar interaction energl:° Fe;O, nanocrystals, of microscopic uniformity extending to

More recent preparations of magnetic nanocrystals prothe cm scale, which were formed using the Langmuir-
duced by chemical synthesis routes®could potentially ad-  Blodgett (LB) technique. Similar close-packed arrays were
vance the studies of interacting magnetic particles. The betteecently used for magnetotransgdrand magneto-optical
uniformity and control over particle size and interparticle experiment$® By stacking several LB monolayers quasi-
separation may resolve various effects previously obscurethree-dimensionalQ3D) arrays were produced. Isolated par-
by the inhomogeneous broadening that made the analysis title samples were obtained by diluting the particles in dode-
data obtained from ferrofluid measurements difficult. Bycane.
modifying interparticle separation through an exchange of The preparation of the arrays is described in detail
the organic surfactants protecting the nanocrystals, and bgisewheré’ The FgO, nanocrystals were formed by mixing
controlling the packing geometry or the particle sizes proFe&* and FE* (1:2 molar ratio in an aqueous medium and
duced at the synthesis, one would hope to tune interparticleating with ammonia at around 80 °C under inert atmo-
interactions between weak and strong dipolar interactionssphere, followed by coating the resulting nanoparticles with
The strength of dipolar interactions is relative to the indi-oleic acid and neutralizing their surface charge. The coated
vidual particle anisotropy enerdy, arising either from bulk particles, typically in the size range of 3—10 nm, were trans-
crystalline anisotropyKV, whereK is anisotropy constant ferred to heptane and separated by size selective precipitation
and V the particle volumgor particle’s shape and surface into samples of varying average size and size distribution.
anisotropy. LB films were prepared by depositing the heptane solution at

In the case of weak interparticle interactions, the magnetithe air-water interface and compressing two dimensionally to
behavior as a function of temperature was typically approxiform close-packed monolayers.
mated as individual particle magnetization freezing at the The monolayer used for this study was deposited on a
blocking temperatureT,) due to the anisotropy energy bar- carbon-coated copper grid to characterize its uniformity, size
rier with a correction term contributed by dipolar interac- distribution, and interparticle separation using transmission
tions. In a weakly interacting ferrofluid sample the freezingelectron microscopyTEM). The TEM image revealed that
of magnetic moments has been described as isolated blockie monolayer was close packed with particles arranged in a
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“a—2D o3 narrower and drops to zero susceptibility at a much higher
B 34 ——Q3D *§ 01Hz /10Hz temperaturg~50 K).
= |—4—NIP S The inset in Fig. 1 shows that the peak of the imaginary
; 0.1 Hz ..."\,\ £ . 2D component of the susceptibility, for the 2D sample, shifts to
@ 2 /./ _f:"\.\ g higher temperatures Wlth increasing frequency, as typically
= Al /- , \..\ =20 e observed for a collection of supgrparamagnetlc partftfes. '
@ P \.-\ T(K) The peak in the ZFC curves of isolated superparamagnetic
=><1— ] “i(.‘ \,-\ particles is associated with,, which depends on the time
{ Ll ;..\_ scale of the experiment through the expression:
ol f .-u-“' “ , 20 b \ =79 eXpE,/kgT) wherekg is the Boltzmann constant; is
¢ . . the characteristic observation timg, is the “attempt time,”
r o e a0 and E, is the anisotropy energy. The anisotropy may come

T(K) from volume anisotropy as well as surface and shape
anisotropies. The distribution of the anisotropy energies is
FIG. 1. Imaginary component of 0.1-Hz ZFC ac susceptibility reflected in the broader peak of the NIP curve in Fig. 1. The
plotted against temperature. The inset shows the shif,imwith narrowing of the 2D curve together with its large shift to
increasing ac frequency for the 2D sample. higher temperatures is clear evidence of the existence of rela-
short-range ordered hexagonal network. The particles Werteive'y strong .diplollar intera(?tions bgtween thg magnetic mo-
ents of the individual particles. This interaction energy thus

nearly spherical in shape with an average size of 8. 0 be | than the isolated particl isot
+1.4 nm, although slight shape anisotropy could be obaPpPears to be farger than the isolated particie anisotropy en-

served in many of the particles. The average interparticl@rgy but not much higher than room Femperature thermal
separation due to the surfactant coating was 2.4 nm. ThENeray ksT), as no hysteresis appears in the room tempera-

layers in this form were stable at ambient conditions as welfUré magnetization curve of the 2D sample. Therefore it is
as at elevated temperatui@s high as 300 °C For magnetic conf:luded that the magnetic moment free_zﬂb@ckmg) be-
property measurements, monolayers were deposited from tiavior of the 2D and Q3D samples is dominated by interpar-
air-water interface onto fused-silica substrates: a singldicle dipolar interactions unlike the freezing of the NIP mag-
monolayer(2D) and five monolayers stacked one on top ofnetic moments which is dominated by individuar small
another(Q3D) were deposited. The surface topography of2ggregateparticle anisotropy. _ _
the monolayer Samp'es was imaged by tapping_mode atomic The real part Of the Susceptlblllty f|tted the Curie-Weiss
force microscopy, confirming the presence of a monolayelPW x(T)=C/(T—T.) well aboveT,, whereC is a con-
over >90% of the substrate area. The rest of the surface wagtant, andT, is the critical temperature related to inter-
covered by bilayer domains. A dilute solution of nearly iso-Particle interactions. For the NIP sample=8+2K and
lated particlegNIP’s) dispersed in dodecane with excess ofdoes not change with the time-scale of measurement, i.e., the
oleic acid to minimize agglomeration of the particles wasParticles are effectively noninteracting.
prepared from the same batch of particles, as a reference of According to Nel's theory of superparamagnetistr, Ty,
non-interacting particles. of a single domain particle is related to the particle volume
In-plane dc magnetization curves as well as ac susceptfY) and the anisotropy constaf) through 2%gT,=KV.
bility measurements as function of temperature and frelUsing this relation for the NIP sample with,=62 K ob-
quency were performed using a superconducting quanturi@ined from the ac results at 1 H&, was estimated to be 7
interference device magnetomet@uantum Design XL-b X 10* J/n?. For the FgO, nanoparticles in ferrofluid form,
Data were carefully corrected for substrate or solvent backthe value ofk was reported to be 2:810° J/n?. The upper
ground contributions. The NIP sample was filled in gelatininset of Fig. 2 shows a plot of the relaxation time
capsules and inserted in the magnetometer at 250 K to allow (27 )~* vs 17T, for the NIP sample. This curve fitted the
the dodecane to freeze with the particles’ easy-axes distribNeel-Brown model,r= 7, expKV/kgT), reasonably well, and
uted randomly, as in the case of the monolayers. the values oK =5x 10* J/n? and7o=4x10"° sec were ex-
For zero-field-cooled(ZFC) ac magnetic susceptibility tracted. Differences between bulk anisotropy values ex-
measurements the samples were cooled down to 4 K und#étacted from various experiments probably originate in varia-
zero external field, and the complex susceptibility was meations of shape and surface anisotropies between the samples.
sured with heating the sample at a frequency range of 0.1— T, was higher in the array samples and its variation with
100 Hz and a field amplitude of 4 Oe for both layered andrwas weaker. These curves could not be fitted with thelNe
NIP samples. Figure 1 captures the essential differences iBrown model. To investigate the dynamics of the strongly
the imaginary susceptibility component vs temperatureénteracting system&D and Q3D, we have studied the de-
curves between the samples measured at 0.1 Hz. The peakpendence of the relaxation time 2 ) ! on T, . According
susceptibility for the 2D sample appears at a temperaturtd previous work on spin-glass systems several functional
higher than the peak of the NIP sample by a factor of 2.5orms may fit the rate of slowing down with decreasing tem-
and, remarkably, higher than the peak of the Q3D sample. Iperature. Fits to a critical scaling power faand to a modi-
addition, the NIP curve is relatively broader and drops tofied exponential dependen¢gogel-Fulchey were both at-
zero close toT=0 K. On the other hand, the 2D curve is tempted.
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FIG. 2. Relaxation time plotted as a function Bf/(T,—Tg)

law. The upper inset shows the fit to thééii@rown model for the

the fitted curves.

The scaling law expression=7*[T,/(T,—Tg)]*" de-
scribes the divergence aftowards the glass transition tem-
peratureT,. 7* is a prefactor andw is the critical exponent
composed of a static pant, and a dynamic parg, As shown
in Fig. 2, the data points for the two array samples fitted well
this functional form. For both 2D and Q3D samples a critical
exponent of @ 1 was obtained, which is within the error bar
of the value obtained by Djurberet al? for Fe-C particles

(11+3) and a value of 8 obtained for gfe,, particles?®
The glass transition temperature obtained for the 2D sample,riers for rotation.
1109 K, was higher than the transition temperature fitting  gc magnetization measurements revealed interesting dif-
ferences between the three samples. The magnetization

- i i curves were measured at varying temperatures, showing zero
In the lower inset of Fig. 2, we have successfully fitted thecoercivity (H.) aboveT, and the onset of magnetic hyster-

the Q3D data, 97 14 K, and the prefactors were both in the

10 8-sec range.

same data to the Vogel-Fulcher law=7yexdE,/«g(T

—To) 1, whereE, is the activation energy ant is the tran-
sition temperature. Fitted, values for both 2D and Q3D
samples were of the order expected for the high-temperature
limit: 8(=3)x 10 % and 2.5¢2)x 10" 10 sec, respectively.
The values ofT, for the 2D and Q3D samples were 71 and

64 K.

Figure 3 plots the real susceptibility component vs tem-
perature at various frequencies for the 2D and NIP samples.
A sharper magnetization freezing is again observed for the
2D case. The NIP susceptibility curves increase with a rela-
tively large slope already at temperatures of few K, while the
2D susceptibility curves start increasing significantly only
above 50 K. This behavior is another manifestation of the
fundamental difference in the low temperature magnetization
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FIG. 3. Real component of the ac susceptibility vs temperature
at different frequencies for the 2D and NIP samples.

tibility approaches zero. This type of apparently collective
for the array samples according to the dynamic scaling law. Thdreezing(determined by dipolar energy barnies similar to
lower inset shows a fit of 2D and Q3D data to the Vogel-Fulcherspin freezing in spin glasses.

The increase in blocking temperature from Q3D to 2D
NIP sample. The points are experimental data and the solid lines akamples can be explained in the following way &t T, the
particle moments are frozen according to their energetically
favorable directions dominated by the dipolar interaction.
For the 2D sample, due to strong demagnetizing fields for
out-of-plane moments, the particles’ moments should be fro-
zen in the plane of the substrate. The lowest energy paths for

reversing the in-plane magnetic moments are through in-
plane rotation, where barriers are relatively large. On the

other hand, due to the interlayer dipolar interactions, the
Q3D sample should have a large fraction of particles with a
significant out of plane magnetization component. Conse-
quently, the moments at the Q3D sample should have lower

esis aroundT,. Figure 4 displays the low-temperatu(®0
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dynamics between the two types of samples. The isolated

particle sample has a finite switching probability at low tem-
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peratures, which gives rise to the fast rising curves close to FIG. 4. Magnetic hysteresis curves for the three samples mea-
T=0. The 2D sample, on the other hand, freezes completelyured at 10 K. The magnetization is normalized to the saturation

at a finite temperaturé,where at all time scales the suscep- magnetizatiorMg.

060403-3



RAPID COMMUNICATIONS

PODDAR, TELEM-SHAFIR, FRIED, AND MARKOVICH PHYSICAL REVIEW B66, 060403R) (2002

K) normalized magnetization curves of the three samples. ling from isolated superparamagnetic nanocrystals via a 2D
can be seen thdtl. is approximately constant for all the array to a Q3D array. While changing the dimensionality of
samples while the remanent to saturation magnetization ratithe arrays from 2D to 3D, the stabilization of the out-of-
(M, /My) is significantly larger for the 2D sample in com- plane component of the dipolar interaction leads to a lower-
parison to the Q3D and NIP samples, being 0.7 for the 20ng of blocking temperatures and reduces the low-
sample, 0.45 for the Q3D sample, and 0.33 for the NIRemperature remanent magnetization. The strong dipolar
sample. Another significant difference is the occurrence ofnteractions dominate the magnetic properties of the arrays
saturation for the 2D curve at relatively lower magnetic field gyer the anisotropy of the individual particles. The magnetic
(2000 Og compared with the NIP and Q3D curves. The moments of the particles arranged in a closed-packed hex-
behavior of the dc magnetization curve for the 2D Samplea_gonal network behave similarly to spin glasses at low tem-

conforms to the picture obtained from the ac measurememgeratures, and their relaxation time distribution fits either a

the larger barrier for in-plane magnetization rotation cause ower law which includes a glass transition temperaliye
the observed large remanent magnetization. The low satura-

tion field can be explainédby the lowest energy configura- or an exponential slowing down to a lower transition tem-

tion of the 2D sample, which has all the moments aligned irperature. _ . .

plane. Thus, after overcoming the dipolar rotation barrier by _Apart from a d|fference in the transition temperatu_re_ob-

the external field, the system easily finds the local energy@ined from this fit, both 2D and Q3D data yield similar

minimum with opposite magnetization. In the Q3D case, be_crmcgl exponents and attempt frequen_mes. This pehawor of

cause of the out of plane magnetization components, the ext€ dipolar coupled magnetic nanoparticle arrays is probably

ternal field(in plane has to act against the dipolar interac- different from structurally disordered, exchange-coupled spin

tion to bring the individual magnetic moments into an in- glasses where smaller critical exponents were found and

plane configuration. A similar argument can be used for thétronger dimensionality effects are expected for the transition

NIP sample where the individual particle moments aretemperatures.

blocked with random orientation in space and the external , ,

field has to act against the anisotropy energy barrier to align 'S WOrk was supported by The Israel Science Founda-

the moments in the field direction. tion Grant No. 152/99 and by the Nanoscience and Nano-
In summary, we have presented distinct differences in thééchnology project at Tel Aviv University.
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