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Magnetic and Mossbauer measurements are reported on single-crystalline monodispersed y-Fe,O3 nanopar-
ticles of 12.5 nm diameter, coated with multiple silica and mesoporous silica layers of various thicknesses. The
high crystallinity and monodispersity of the samples allow resolution of the tetrahedral (A) and octahedral [B]
iron sites of the spinel structure of maghemite. The precisely tuned silica coating thickness offers controlled,
homogeneous magnetic dilution with the sample magnetic volume fraction ranging from 1 to 0.002, leading to
various degrees of interparticle dipole-dipole interaction strength. Analysis of the zero-field-cooled magneti-
zation data shows that dipole-dipole interactions increase the superparamagnetic energy barrier. The relevant
magnetic parameters, for both the individual particles (K.) and the particle assemblies (Ujy,), are determined
within the framework of weak and strong dipolar-interaction models. At low temperatures, the steepness of the
magnetic hyperfine field reduction with increasing temperature in the strongly interacting particle assemblies is

examined within the context of the collective magnetic-excitations model.
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I. INTRODUCTION

The magnetic properties of nanoparticles are of interest in
fundamental studies of their physics and in a broad spectrum
of technological applications.'"® Many theoretical and ex-
perimental studies have addressed properties specific to
nanoparticles such as surface spin canting, the macroscopic
quantum tunneling of magnetization, spin reversal, and
magnetic-relaxation mechanisms.®2!

Elucidation of such intrinsic magnetic properties and the
validation of the proposed theoretical models depend criti-
cally on the quality of experimental samples and their ame-
nability to detailed micromagnetic characterization. Many of
the early experimental studies were performed on samples
with broad particle-size distributions and individual particles
of poor crystallinity. In recent years, significant effort has
been devoted toward the development of advanced synthesis
techniques to produce monodispersed highly crystalline
magnetic nanoparticles.??

The study of the magnetic properties of an ensemble of
nanoparticles requires the determination of not only the in-
trinsic magnetic properties of the individual particles but also
the type and strength of interparticle interactions. If the par-
ticles are in close proximity, they will interact magnetically
via two distinct mechanisms: magnetic exchange across
particle boundaries in contact and dipole-dipole
interactions.”>2” The latter, being long-range interactions,
are present in most particle assemblies. High magnetic dilu-
tion is required for dipole-dipole interactions to become neg-
ligible. Many experimental studies on interparticle interac-
tions have employed frozen ferrofluids,?® granular samples of
immiscible metals of varying magnetic volume fractions,?’
or samples prepared by cosputtering of two immiscible met-
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als followed by thermal/annealing treatments.’®*! In such
samples, it is often difficult to control clustering over a broad
range of magnetic dilution, and in the case of cosputtered
metal samples, the presence of Ruderman-Kittel-Kasuya-
Yosida interactions further complicates the interpretation of
experimental results in relation to dipole-dipole interactions.

In this paper, we report on the interparticle magnetic in-
teractions garnered from nanoarchitectured samples of
single-crystalline y-Fe,O; nanoparticles passivated with
oleic acid and subsequently coated with solid silica (SiO,)
and additionally covered with various thicknesses of meso-
porous silica (MS). Transmission electron microscopy im-
ages of our samples reveal high particle crystallinity, mono-
dispersity, and precisely controlled SiO, and MS coating
thicknesses; these samples are of high homogeneity and are
free of clustering. Since silica is nonmagnetic, controlled
magnetic dilution, covering all interaction regimes from
strongly interacting to noninteracting isolated y-Fe,O; mag-
netic nanoparticles is achieved by a systematic increase in
the silica coating thickness.

The presence of iron in our samples allows sample char-
acterization via Mdssbauer spectroscopy, in addition to mag-
netization measurements. The combination of the two tech-
niques probes the macromagnetic and micromagnetic
properties of the samples and their dynamic spin-relaxation
processes. This approach also allows for the determination of
magnetic parameters, i.e., the estimation of the strength of
the dipolar interactions in the particle assembly and the mag-
netic anisotropy constant of individual particles, in the re-
gimes of strongly and weakly interacting particles, respec-
tively.

©2009 The American Physical Society
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FIG. 1. (Color online) Schematic of the synthesis of y-Fe,05
nanoparticles derived by reverse microemulsion with various solid
SiO, coating thicknesses (top, center). Further development of
silica-coated y-Fe,O3 nanoparticles with mesoporous silica shell
(bottom).

II. MATERIALS AND METHODS

Details on the synthesis and physical characterization of
the samples examined in this study have been reported
elsewhere.’? In brief, Fig. 1 depicts the synthetic route for
the fabrication of the various core/shell nanoarchitectures.
First, monodispersed y-Fe,O; nanoparticles with a uniform
particle diameter were synthesized according to the method
of Hyeon et al.*® Figure 2 shows x-ray diffraction (XRD)

FIG. 2. (a) XRD of oleic acid-stabilized y-Fe,O; magnetic
nanoparticles. (b) TEM micrographs indicating a uniform particle
diameter of 12.5 nm. Scale bar=10 nm.

PHYSICAL REVIEW B 80, 024406 (2009)

No. of count

11.8 12.0 12.2 12.4 126 12.8 13.0
Diameter(nm)

FIG. 3. (Color online) Particle-size distribution analysis of TEM
micrographs of Fig. 2. Estimated particle diameter d
=(12.500*=0.222) nm on 119 particles measured.

patterns and transmission electron microscopy (TEM) im-
ages of 12.5-nm-diam +-Fe,O; nanoparticles. Monodis-
persed single-crystalline y-Fe,O; nanoparticles were suc-
cessfully obtained as illustrated in the self-assembled
formation of the hexagonal superlattice in Fig. 2(b) and by
the TEM particle-size distribution in Fig. 3, which
established a magnetic core average diameter of
(12.500£0.222) nm. These particles were passivated with a
thin layer of oleic acid and used as substrates to obtain silica-
and MS-coated 7y-Fe,O; nanoparticles through water-in-
cyclohexane reverse microemulsion (see Fig. 1). Representa-
tive TEM micrographs of silica/MS-coated structures are
shown in Figs. 4 and 5.

In this study, the 12.5 nm v-Fe,O5; nanoparticles were
coated with varying thicknesses of SiO, and additional me-
soporous silica and then used for magnetization and Moss-
bauer measurements in a packed powder form. A conven-
tional transmission Mdossbauer spectrometer was employed
with sample temperatures varied from 4.2 K to room tem-
perature (RT) in an Oxford Variox cryostat. The source was
7Co(Rh) moving with constant acceleration at RT. Isomer
shifts were given with respect to metallic iron at RT.
Magnetization measurements were performed in Quantum
Design physical properties measurement system (PPMS) and
superconducting quantum interference device magnetome-
ters over the same temperature range.

Architectural characteristics of the various nanoparticle
samples studied in this work, labeled A-E, together with
parameters derived from the magnetization measurements
are given in Table I. Due to the low iron content of the
samples with thicker SiO,/MS coatings, only samples A—C
were employed in Mossbauer measurements.

III. RESULTS AND DISCUSSION

The Mossbauer spectra of the 12.5 nm y-Fe,O5 bare (i.e.,
no silica coating) nanoparticles at 4.2 K are shown in Fig. 6.
The sharp absorption spectral lines observed were another
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FIG. 4. TEM micrographs of 12.5 nm 7y-Fe,O; nanoparticles
with a solid SiO, shell of (a) ~1.8 nm (denoted by an arrow in the
high-resolution image in the inset), (b) ~4 nm, (c) ~9 nm, and (d)
~25 nm. Scale bar=20 nm, unless otherwise noted. In most cases,
the SiO,-coated y-Fe,O5; nanocomposite particles are spherical and
uniform in size.

manifestation of the high crystallinity of the magnetic core
structure and the particle-size monodispersity of the samples
illustrated above (Figs. 2 and 3). An asymmetry in both
height and linewidth was observed in lines 1 and 6 of these
spectra. This asymmetry arose from the resolution of the two
sublattices of the spinel structure of maghemite.* Thus, the
spectra were fitted assuming the superposition of two mag-
netic subsites associated with the tetrahedral (A) and octahe-
dral [B] iron coordination sites of the spinel structure. Least
squares fits gave the hyperfine parameters listed in Table II.
These parameters were in agreement with the values of bulk
’}/-F6203.12

Figure 7 shows the Mdssbauer spectral temperature pro-
file of the bare particles from 4.2 K to room temperature. As
the temperature is raised above 78 K, the general form of the
spectra changes from the asymmetric sextet associated with
the resolution of the (A) and [B] sites to a broadened sym-
metric sextet. Fitting of the sextet at 150 K requires two
broadened subspectra, while for 200 K and above, an addi-
tional component of intermediate magnetic relaxation must
be introduced in order to account for the overall broadening
of the spectra. This component increases in intensity with
temperature. The spectra, however, remain magnetically split
even at room temperature, albeit broadened. This arises from
relaxation effects that are common in an assembly of mag-
netic nanoparticles. The magnetic moment of a nanoparticle
fluctuates along the easy magnetization axis with a time con-
stant 7= 7y exp(K,V,,/ kgT), where K. is the magnetic an-
isotropy constant, V,, is the volume of the magnetic particle,
kg is the Boltzmann constant, and 7 is the temperature. For a
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FIG. 5. TEM micrographs of 12.5 nm 7-Fe,O; nanoparticles
coated with 25-nm-thick solid SiO, shell and (a) 21-nm-thick and
(b) 10-nm-thick mesoporous silica shell. Scale bar=50 nm.

single particle of volume V,, with a spin-fluctuation time
much longer than the characteristic Mossbauer time
(1078 s), a full magnetic hyperfine split spectrum appears
(slow relaxation). As the temperature increases, this time
shortens and the particle behaves as a superparamagnet dis-
playing a singlet or a doublet spectrum (fast relaxation). At
intermediate temperatures, as the fluctuating time is close to
the Mossbauer time, broadened hyperfine spectra appear
with typical relaxation features. For an assembly of particles
with a broad particle-size distribution, both magnetic sextets
and paramagnetic doublets are displayed simultaneously due
to the distribution of the fluctuation times, the latter increas-
ing at the expense of the former as the temperature increases.
For a monodispersed system, as in the present case, only
magnetic hyperfine spectra appear until they collapse to a
doublet at a high enough temperature. The appearance of an
intermediately relaxing component at temperatures above
200 K (Fig. 7) indicates that part of the system fluctuates
faster than the rest. This could arise from the outer part of the
particles where the inherent disorder allows for easier fluc-
tuations. Further evidence in support of this assumption is
presented below.

Figure 8 shows the Mossbauer spectra of the same par-
ticles coated with a 25-nm-thick solid silica shell. The mag-
netic isolation of the cores provided by the intervening silica
shell resulted in faster magnetic relaxation at room tempera-
ture, leading to the observation of a collapsed, complex
Mossbauer spectrum, not yet fully superparamagnetic (SP).
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TABLE I. Selected magnetic parameters from magnetization measurements of 12.5 nm y-Fe,O3 nano-
particles with and without silica shell. r=lower bound of nearest-neighbor interparticle distance, V,,/V

=magnetic volume fraction, Ty, at Hyyp,

=50 Oe, Tg,=bifurcation, or branching temperature.

SiO, and MS shell thicknesses r T ax Tg:
Sample (nm) (nm) V,/V (K) (K) Classification
A 0 125 1.0 >300 250 Strongly interacting
B 4(Si0,) 20.5 0.227 175 185 Strongly interacting
C 25(Si0,) 62.5 0.008 120 160 Intermediately interacting
D 25(Si0,) + 10(MS) 82.5 0.003 77 110 Weakly interacting
E 25(Si0,) +21(MS) 104.5  0.002 75 100 Isolated

Figures 9(a)-9(c) compare the room-temperature Mossbauer
spectra of the 12.5 nm magnetic nanoparticles without a SiO,
shell, with a 4-nm-thick SiO, shell, and with a 25-nm-thick
Si0O, shell. The variation in the strength of the interparticle
interactions was manifested in these spectra by the progres-
sive change from slow to intermediate and fast relaxation
rates with increasing silica-shell thickness, as the distance
between adjacent particles (center-to-center) increased from
12.5 to 20.5 and to 62.5 nm. These distances were lower
bound estimates in the packed powder samples. No superpo-
sition of magnetic six-line (slow relaxing) and quadrupolar-
doublet (fast relaxing) spectra was observed in this study
below room temperature. This was another clear testimony to
the monodispersity of the samples, in agreement with the
histogram of Fig. 3. Furthermore, the increase in the
magnetic-moment fluctuation rate, with the increase in the
distance between the magnetic cores, was a manifestation of
the decrease in the energy barrier as the strength of the di-
polar interaction decreased.

The onset of collective magnetic-relaxation phenomena
was observed with increasing temperature for all three
samples studied with Mdssbauer spectroscopy. For the bare
particles, Fig. 7 illustrates the broadening of the (A) and [B]
subsite absorption lines, and the reduction in the magnitude
of the internal hyperfine fields at these iron sites. The rate of
magnetic hyperfine field reduction with increasing tempera-
ture for samples A, B and C is shown in Fig. 10. As ex-

pected, the reduction in field with temperature was steeper
for the coated particles compared to the bare particles, due to
the reduction in interparticle magnetic interaction strength.
For isolated and randomly oriented superparamagnetic par-
ticles of uniaxial magnetic anisotropy such a reduction in
hyperfine magnetic field value has been satisfactorily ex-
plained by the collective magnetic excitations (CMEs) model
of Mgrup and Topsge.?> The model predicts a linear reduc-
tion in field values of up to 15% from the value of the satu-
ration field, before superparamagnetic relaxation sets in, in
accordance with

Hy(T) = Hy(1 = kgT/2K 55V, (1)

where Hﬁf is the saturation hyperfine field as T—0, kg is
Boltzmann’s constant, K. is the effective magnetic aniso-
tropy energy density of the particle, V,, is the volume of the
magnetic core, and 7 is the temperature. The slope,
AH, ¢/ AT= —Hgka/ (2KV,,), depends only on the saturation
hyperfine field and the magnetic anisotropy energy of the
particle and is, therefore, temperature independent. However,
the presence of interparticle dipole-dipole interactions in
these samples, which can be temperature dependent, renders
the modeling of the reduction of the internal hyperfine mag-
netic field at the iron nucleus far more complex. We will
return to this point later.

TABLE II. Selected Mossbauer parameters at 4.2 K for 12.5 nm y-Fe,O5 nanoparticles with and without
silica shell. =isomer shift with respect to metallic iron at RT, I'=linewidth (half-width at half maximum),
Hyps=hyperfine field, AH,;/ AT=initial slope evaluated from experimental data obtained at 4.2 and 78 K, and

he=saturation hyperfine field.

SiO, shell thickness 1) r Hy¢ AH,¢/ AT

Sample (nm) Site (mm/s) (mm/s) (kOe) (kOe/K)
(A) 0.31(1) 0.22(1) 515(1) -0.230

A 0 [B] 0.52(1) 0.22(1) 524(1) —-0.095
(A) 0.34(2) 0.22(3) 512(2) —-0.240

B 4 [B] 0.51(2) 0.21(1) 524(1) -0.095
(A) 0.36(2) 0.22(3) 512(2) -0.312

C 25 [B] 0.52(2) 0.22(2) 524(1) —-0.150
CME Model (A) 516 (HY) —0.147

[B] 525 (HY) -0.150
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FIG. 6. (Color online) Mdossbauer spectra of 12.5 nm y-Fe,05
nanoparticles (depicted in Fig. 2) at 4.2 K. The tetrahedral
(---, blue) (A) sites and octahedral (- -, green) [B] sites of the spinel
structure are clearly resolved through spectral fitting.

To further investigate the dynamic spin-relaxation phe-
nomena observed, complementary magnetization studies
were performed on the 12.5 nm y-Fe,O3 nanoparticles with
and without silica coatings of various thicknesses corre-
sponding to sample magnetic volume fractions varying in the
range of 1.0-0.002. Some magnetization data (on saturation
magnetization and coercivity) on these samples have already
been published.?? A saturation magnetization of ~57 emu/g
was determined for the bare particles from these data. Herein
we present only the zero-field-cooled (ZFC) and field-cooled
(FC) magnetization curves (Fig. 11). The sample character-
istics and magnetic parameters derived are summarized in
Table 1.

For isolated superparamagnetic particles, the maximum in
the ZFC magnetization data, T,,,,, gives a measure of the SP
blocking temperature, T, at which the thermal energy equals
the magnetic anisotropy energy (K.V,,) of the particles. For
uniaxial magnetic anisotropy, the SP relaxation time is given
by13—15

r= 7_Oe(l(eﬂ-Vm/kBT)’ (2)

where 7, is a constant of the order of 107°=107'? s, which is
characteristic of the material.3® It follows that for isolated SP
particles,

Tmax = TB = (Keffvm/kB)/ln(Tm/ TO) ’ (3)

where 7,, is the characteristic magnetization measurement
time, typically 10-100 s. Thus, determination of 7 allows
for estimation of the magnetic anisotropy energy density
(K.g) for particles of known volume (V,,).

Due to the large magnetic moments of small single-
magnetic domain particles, which are 10°—10* larger as com-
pared to paramagnetic centers, dipole-dipole magnetic inter-
action energies between particles shift from the millikelvin
regime for paramagnets to the Kelvin regime for superpara-
magnets. The orientational magnetic interaction energy be-
tween the magnetic moments, f; and f;, of two magnetic
particles is given by?’
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FIG. 7. (Color online) Mossbauer spectra of 12.5 nm y-Fe,0;
nanoparticles at various temperatures. Spectral deconvolution:
(---, blue) (A) site, (---, green) [B] site, and (----- , Cyan) interme-
diate relaxation component. The overall spectral temperature profile
is consistent with strongly interacting particles.

U= (mo/Am)[ ;- ﬁj/r?j = 3(4; Fij)(ﬁj : ﬁj)/r?j], (4)

where r;; is the interparticle separation distance, center to
center. At high magnetic dilution, the large distance separat-
ing the particles renders this interaction negligible. In more
magnetically concentrated samples, the presence of this in-
teraction will alter the superparamagnetic anisotropy energy
barrier and cause a shift in the blocking temperature of the
ZFC curve. The direction of the shift has been a matter of
controversy.*3° Most experimental studies have observed a
shift of the superparamagnetic blocking temperature to
higher temperatures with increasing magnetic-particle con-
centration, in agreement with a dynamic study of interacting
particles by Dormann et al.’® However, there has also been
one Mossbauer study by Mgrup and Tronc,’® whereby at
least in the regime of weak dipolar interparticle interactions,
a shift to lower temperatures has been observed and theoreti-
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FIG. 8. (Color online) Mgssbauer spectra of 12.5 nm y-Fe,0;
nanoparticles coated with a 25-nm-thick SiO, shell at various tem-
peratures. Spectral deconvolution: (---, blue) (A) site, (-, green)
[B] site, and (-----/-------, cyan/red) intermediate/fast relaxation
components.

cally supported.* This has prompted further studies resulting
in a number of advanced theoretical models to better under-
stand the dipole-dipole interaction in random anisotropy and
textured samples in the presence and absence of external
magnetic fields and particle-size distributions.*'~** We note
that precise analytical modeling of the interaction is, how-
ever, hindered by the complexity of the problem. For this
reason, some investigators have combined analytical compu-
tations of the magnetization of interacting particles with nu-
merical Monte Carlo simulations.*

In our experimental data, a monotonic shift of the ZFC
maximum to higher temperatures was observed with increas-
ing magnetic concentration, indicating an increase in the su-
perparamagnetic anisotropy barrier. Monte Carlo calcula-
tions, currently being conducted on these systems in
collaboration with Trohidou et al.,*® concur with this result.
We thus discuss our magnetization data assuming a simpli-
fied model, in which the anisotropy barrier is increased ac-
cording to

Tmax = TB = [(Keffvm + Uint)/kB]/ln( Tm/ T()) s (5)

where U;, is positive and gives a measure of the average
effective interparticle interaction energy within the particle
assembly. This equation is valid only for weakly interacting
particles, i.e., for small values of the interaction energy as
compared to the uniaxial magnetic anisotropy energy of the
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FIG. 9. (Color online) Room-temperature Mossbauer spectra of
12.5 nm vy-Fe,03 nanoparticles with (a) no SiO, shell, (b) 4-nm-
thick SiO, shell, and (c) 25-nm-thick SiO, shell. Spectral deconvo-
lution: (---, blue) (A) site, (---, green) [B] site, and (-+-+-/-+--- -,
cyan/red) intermediate/fast relaxation components.

particle (U< K.V,,). Under this condition, T,,,, would fall
close to T, which is the case for isolated magnetic particles.
However, for large particle moments and small separations
between particles, U, can lead to collective magnetic phe-
nomena and spin-glass-like magnetic ordering at a tempera-
ture Tax=Uin/ kp. Thus, in the case of strongly interacting
particles, T,,,, would give a measure of the magnetic order-
ing temperature of the system of particles,”2® rather than
the superparamagnetic blocking temperature of the indi-
vidual particle’s magnetic moments.

The magnetic behavior of the samples studied here fell
into four groups: (i) strongly interacting, (ii) intermediate
interacting, (iii) weakly interacting, and (iv) isolated mag-
netic particles. T,,, diminished gradually with increasing
magnetic isolation, or decreasing magnetic volume fraction,
from above room temperature for the bare particles to 75 K
for the particles with the thickest coating (Table I). Magnetic
interactions between the bare particles were strong, originat-
ing from the strong dipole-dipole interactions due to the
proximity of adjacent particle’s magnetic centers. The exis-
tence of exchange interactions across grain boundaries was
minimized due to the fact that the bare particles in our
samples referred to magnetic particles without any SiO,
coating but capped, nevertheless, with a thin layer of oleic
acid. The oleic acid was sufficient to prevent magnetic ex-
change interactions across the particle boundaries [see Fig.
2(b)], except possibly at points of incomplete or partial cap-
ping. Thus, we proposed that the magnetic behavior of these
samples reflected primarily the single-particle anisotropy and
the effect of strong dipolar interactions.

The presence of strong interparticle magnetic interactions
in the bare particles (sample A) was inferred by the following
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experimental evidence in the magnetization data [Fig. 11]: (i)
the branching (or bifurcation) of the ZFC and FC data oc-
curred at a high temperature, (ii) the branching off tempera-
ture, Ty,, coincided with the temperature of maximum mag-
netization in the ZFC curve, and (iii) the FC curve already
showed magnetic saturation upon bifurcation.*’

Sample B contained particles with a 12.5 nm magnetic
core coated with a 4-nm-thick silica shell. Dipole-dipole in-
teractions were somewhat diminished relative to sample A,
while exchange interactions were obviated by the silica shell.
The reduced strength of interparticle dipolar interactions re-
sulted in a reduced value of T, (175 K), and its clear sepa-
ration from Tx,=185 K, but the interparticle interactions still
remained fairly strong [Fig. 11]. T, in the data for samples
A and B shown in Fig. 11 must, therefore, be associated with
an ordering temperature, rather than a SP blocking tempera-
ture; i.e., these systems of strongly interacting magnetic par-
ticles of random anisotropy displayed a spin-glass-like mag-
netic phase transition.?>~28

The addition of increasingly thicker coatings of 25, 35,
and 46 nm for samples C, D, and E, respectively, further
increased the degree of magnetic isolation of the y-Fe,O3
cores, corresponding to magnetic volume fractions of 0.008,
0.003, and 0.002, respectively. As the separation between
magnetic centers increased, 7, continued to decrease,
while the difference between T, and Tg, increased [Fig. 11,
Table I]. The FC magnetization continued to increase for a
while with decreasing temperature below Tg,, before it lev-
eled off to saturation at lower temperatures. The magnetic
behavior became increasingly characteristic of weakly inter-

5204
4804
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FIG. 10. (Color online) Temperature variation of the hyperfine
field (H,y) for the (—, blue squares) (A) site and (—, green circles)
[B] site of the 12.5-nm y-Fe,03 nanoparticles with (a) no SiO, shell
(sample A), (b) 4-nm-thick SiO, shell (sample B), and (c) 25-nm-
thick SiO, shell (sample C). The initial slope (dashed lines) was
predicted by the CME model for the (---, blue) (A) sites and
(---, green) [B] sites of noninteracting particles (see Table II).
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FIG. 11. (Color online) ZFC and FC magnetization measure-
ments of 12.5 nm y-Fe,05 nanoparticles with (A) no SiO, shell, (B)
4-nm-thick solid SiO, shell and 25-nm-thick solid SiO, shell, (C)
without, and with (D) 10-nm-thick and (E) 21-nm-thick mesopo-
rous silica shells. Applied field=50 Oe.

acting or isolated magnetic particles, where T,,,,— T5. The
maximum in the ZFC magnetization leveled off at T,
=75 K (Fig. 11, Table I). Assuming that for the most mag-
netically dilute sample (sample E) with an interparticle dis-
tance r=104.5 nm (Table I), magnetic centers were isolated;
the blocking temperature was estimated at 75=75 K. Below
this temperature, the magnetization vectors of individual par-
ticles were blocked from thermally driven Néel-type relax-
ation spin reversals! along opposite directions of the easy
axis of magnetization. The data of sample E, for which
Twax=T5, gave a measure of the effective magnetic aniso-
tropy energy density of individual particles. Using Eq. (3)
and assuming 7,=10"" s and a magnetization characteristic
measuring time 7,,,,=10 s, the magnetic anisotropy energy
density was estimated at K,z=2.37 X 10* J/m?, which was
five times larger than the magnetocrystalline anisotropy con-
stant of bulk maghemite, K,,,=0.47 X 10* J/m3* This in-
crease was attributed to surface and strain effects that domi-
nate the magnetic anisotropy density in small particles. This
value also followed the trend recently shown by Rebbouh
et al.?’ for maghemite nanoparticles with diameters of 4, 7,
9, and 11 nm.

We note that due to the different characteristic times of
Mossbauer and magnetization measurements (7,5=107% s
and 7,,,,=10 s, respectively), the Mossbauer blocking tem-
perature for the same sample of particles was expected to be
higher than that for magnetization measurements, i.e.,
Tmag/ Tamoss=0.35.*° This would predict a Mdssbauer block-
ing temperature of 215 K for the isolated 12.5 nm y-Fe,03
nanoparticles with Ty, of 75 K, consistent with the Moss-
bauer data of Fig. 8, and would indicate that the onset of the
collapse of the six-line magnetic spectrum for the particles
with 25-nm-thick SiO, coating should occur between 150 K
and room temperature.

Use of Eq. (5) to obtain an estimate of U, in the noniso-
lated particle assembly of sample D indicated a value of
Up=2.6 X 10722 J, which was about 2 orders of magnitude
smaller than the magnetic anisotropy energy of the particles
Ei=K.V,,=2.42X1072° J. We could therefore assume that
the interparticle interaction energy in sample D was weak.
However, for sample C, the value of the dipole-dipole inter-
action estimated in this way (1.4 X 1072° J) was of the same
order of magnitude as the anisotropy energy of the particle.
Thus, for samples A—C, the interaction energy could not be
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considered a small perturbation to the anisotropy energy, and
thus, the simplified theory for interparticle interactions re-
flected in Eq. (5), which assumed weakly interacting par-
ticles, was not applicable here. With increasing magnetic vol-
ume fraction, U, became increasingly dominant, leading to
spin-glass-like magnetic ordering at T,,,,. This ordering tem-
perature was technique independent and, thus, both magne-
tization and Mossbauer measurements indicated an ordering
temperature above room temperature for the bare particle
assembly of sample A (T >300 K).

Returning to the temperature-dependent Mdossbauer spec-
tra of Figs. 7 and 8, it was observed that the decrease in the
internal hyperfine fields at the iron sites with increasing tem-
perature was steeper for the more magnetically isolated par-
ticles. This is clear from the data in Table II and Fig. 10,
where the hyperfine fields at the tetrahedral (A) and octahe-
dral [B] iron sites are plotted against temperature. Our data
deviated from the linear decrease in magnetic field [Eq. (1)]
predicted by the CME model of Mgrup and Topsge® for
isolated superparamagnetic particles, presumably, due to the
presence of interparticle interactions. To a first approxima-
tion, the CME model has been extended to predict the tem-
perature dependence of the hyperfine field in the presence of
interparticle interactions by adding an energy term Uj, to the
particle’s magnetic anisotropy energy, according to Eq. (6)
below,2*

Hy(T) = Hof 1 = kgT/ (2K iV, + Uin) 1. (6)

As U, may be temperature dependent, due to thermal fluc-
tuations of the direction of the particle’s magnetic moment,
Eq. (6) would not necessarily predict a linear decrease in
hyperfine field, as we observed experimentally. Ignoring its
temperature dependence over a short temperature range, the
initial slope at 4.2 K is obtained as follows:

AHy/AT = = Hyckp/ (2K oV, + Uy, (7)
where U, is assumed constant. Thus, for an interacting sys-
tem of particles with positive U;,, the initial slope in hyper-
fine field reduction should be less steep than that predicted
by the CME model.

The experimental initial slopes, AH;/ AT at 4.2 K, of our
samples were compared with that expected for isolated par-
ticles according to the CME model. Figure 10 shows the
linear reduction with increasing temperature in (A) and [B]
site hyperfine fields for the isolated particles predicted by the
CME model, together with the experimental data for samples
A—C taken from Table II. It was clear that the initial slope of
the [B] subsites of samples A and B (-0.095 kOe/K)
showed a less steep reduction in magnetic hyperfine field
value with increasing temperature compared to the CME
model’s slope (—0.150 kOe/K), as expected from Eq. (7) for
positive values of U,,, while for sample C, the slope equaled
that of the CME model’s prediction. Surprisingly, the (A)
subsites displayed a considerably faster decrease in the hy-
perfine field values with increasing temperature for all three
samples compared to the CME model’s predictions.

We attributed this discrepancy to a contribution from
surface iron sites. The CME model assumes uniaxial
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anisotropy, leading to a double potential well with global-
energy minima for the particle’s total magnetic moment, or
macrospin, oriented along or opposite the anisotropy axis.?
Collective magnetic excitations account for the precession or
oscillations of the particle’s macrospin about its magnetic
easy axis, triggered at low temperatures by thermal energies
insufficient to induce spin flips between opposite directions
of the anisotropy axis, for kzT<K.;V,,. However, the par-
ticle surface-energy landscape can accommodate additional
local minima due to lower iron coordination, surface strain
and spin canting associated with the surface. Many studies
indicate that the breakage of superexchange bonds results in
the creation of a surface shell within which spin disorder
leads to a spin-glass-like phase at the surface with closely
spaced equilibrium states.’®3! This surface shell may pen-
etrate quite far into the interior of the particle and may be
uncoupled from the core, behaving as a quasi-independent
layer.>>* This introduces greater complexity in the
potential-energy landscape at the surface, which in turn sup-
ports low-energy spin-wave excitations. This is consistent
with recent theoretical calculations that take into account sur-
face anisotropy in spherical many-spin magnetic
particles,”>® which indicate that the surface introduces a cu-
bic anisotropy component to the energy landscape. Such sur-
face spin excitations leading to a sharp decline of hyperfine
fields at the surface have previously been observed in anti-
ferromagnetic nanoparticles.’” Faster spin fluctuations at the
surface compared to the core have also recently been re-
ported for 7-nm-diam vy-Fe,O; nanoparticles by Desautels
et al>%»

Accordingly, surface sites in our composite nanoparticles
would be expected to show a rapid decay in hyperfine field
values with increasing temperature. In the Mdssbauer spec-
tral fitting, these surface sites, due to their lower symmetry,
behaved more like the (A) sites due to their lower degree of
coordination. The data indicated the onset of relaxation of
the surface shell even at 78 K. Such sites could produce the
broad intermediate relaxation components in the fitting of
spectra shown in Figs. 7-9 at temperatures above 200 K (see
above). This surface relaxation mechanism would further en-
hance the line broadening generally arising from spin-glass
dynamics in these strongly interacting nanoparticle systems,
with the wide distribution of relaxation times associated with
spin glasses®® giving rise to the broad intermediate relaxation
component observed in the Mdssbauer spectra with increas-
ing temperature.

IV. CONCLUSION

Magnetization and Mossbauer data on single-crystalline
monodispersed y-Fe,O; nanoparticles coated with SiO, and
mesoporous silica with well-controlled nearest-neighbor in-
terparticle distances are presented. A gradual transition from
a strongly dipolar interacting spin-glass-type system to iso-
lated superparamagnetic particle system is observed, with the
T ax from ZFC magnetization measurements increasing with
increased interparticle interaction strength. At low tempera-
tures (~4.2 K), the initial slope in the temperature depen-
dence of the hyperfine magnetic field of the octahedral [B]
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sites of the maghemite spinel structure in magnetically dense
samples agrees qualitatively with the CME model, as ex-
tended to weakly interacting particles with positive average
interparticle interaction energy. In contrast, the tetrahedral
(A) sites’ subspectra show the opposite effect, indicating that
the distorted surface iron sites in the magnetic nanoparticles’
outer layers behave more like (A) iron sites than [B] iron
sites.
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