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Detection of spin coupling in iron nanoparticles with small angle
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Aggregates of monodisperse iron-based nanoparticles were investigated by small-angle neutron
scattering. The field dependence of the scattering intensity showed marked differences for particles
depending on size and degree of oxidation. The angular dependence of the intensity indicated
magnetic regions within an oxidized sample with spins perpendicular to the applied field, which
dominated the scattering at the diffraction peak. The unexpected results are interpreted in terms of
an iron core that is exchange coupled to an iron oxide she0@5 American Institute of Physics
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Monodisperse magnetic nanoparticles form an intriguingslightly (~60% of bulk and evidenced at low temperature
system for the study of size-dependent properties, interpaby a~200 Oe shift in the field-cooled hysteresis Id&’r‘.or
ticle magnetic interactions, and potential data storagehe SANS experiments, a hexane dispersion of the nanopar-
medial™ In dilute ferrofluids similar nanoparticles are mag- ticles was evaporated in an aluminum sample holder, which
netostatically coupled into a spin glasslike statat the na-  was then sealed with indium prior to removal from an argon
ture and extent of interactions at higher densities are not weljlove box. The resulting nanopatrticle films were a few mil-
understood. Small-angle neutron scatte(88NS) is one of  limeters thick. Under these conditions, the particles have lo-
the few tools well suited to characterize this magnetic cou<cal ordering, but are unlikely to be in long-range periodic
pling as well as its length scalés® By applying SANS to  arrays.
ordered samples with more uniform particle size and separa- SANS experiments were conducted at the NG-3 and
tion, we should obtain a more precise understanding of th&lG-7 beam lines at the NIST Center for Neutron Research
relevant intra- and interparticle correlations. Here, we examusing neutrons with a wavelengihof either 0.5 or 0.8 nm.
ine these issues for dense assemblies of Fe nanoparticld3ata were collected in transmission with a two-dimensional
similar to those investigated previously in dilute detector at two different distances, in order to span the range
suspension%.Our results reveal that for dense compacts,of scattering vectorsQ=4 sin /X, from ~0.05 to 2 nm*.
SANS is highly sensitive to the degree of oxidation. In par-Measurements were taken between 5 and 295 K and in mag-
ticular, for greater oxidation, we observe an unexpectedetic fields ranging from 0 to 5.0 T. The field was applied in
high-field distortion to the scattering, consistent with perpenthe plane of the film and normal to the neutron beam.
dicularly coupled iron-iron oxide spins. As illustrated in Fig. 1, the SANS signal for the samples

Iron nanoparticles were prepared using solution chemisshowed a diffraction peak in the higl) range. The peaks
try methods that have been described previoushree corresponded to spacings lof 2#/Q of 6.5+1.5 nm and of
samples were made with iron-containing core diameters 0i0+2 nm for the 5.7 nm and 8.2 nm particles, respectively.
5.7+£0.2 nm, 8.2+0.4 nm, and 8.6+0.7 nm, as determined bfrhese spacings are consistent with the distances between
transmission electron microscopy. The typical nearest{111) planes of a face-centered-cubic lattice of nanoparticles,
neighbor spacing between the edges of particle cores waghich for these samples are6.7 nm and~8.7 nm. The
~2.5 nm. The 5.7 and 8.6 nm particles had minimal oxida-magnitude of the peak exhibited some temperature depen-
tion, which is indicated by high values for the saturationdence, as expected for magnetic particle scattering.
magnetization(nearly 80-90% of bulkand no measurable The second notable feature of the scattering in Fig. 1 is
shift in the 10 K field-cooled hysteresis loop. While similar the significant increase in intensity at low Q values as the
in size to the 8.6 nm particles, the 8.2 nm particles wergemperature decreases. TBedependence here was neither
partially oxidized as a result of slightly greater exposure to_orentzian(as expected for dynamical spin fluctuatipnsr
oxygen during handling beyond the typicall ppm level.  Lorentzian squaredas expected for uncorrelated particle
For such particles, the specific magnetization is reduceeghoments and observed previously in Fe nanoparticles in an

alumina matrix.® The onsets for field-dependent deviations

3Electronic mail: yumi.ijii@oberlin.edu with Q have previously been interpreted in terms of upper
PElectronic mail: sm70@andrew.cmu.edu limits for the magnetic correlation length scales in nanocrys-
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FIG. 1. (Color online Radially averaged SANS intensity vs scattering vec- . . ) .
tor for 8.2 nm core particles at different temperatures in zero applied fieIdFIG' 3. (Color onling Radially averaged SANS intensity {8 T-0 T) as a

Data above 150 K become distorted due to melting of residual hexane. Ins%\":lc“on.dqf s(;:attermg \t/_etlztor at different temperatures for the 8.2 nm par-
depicts two-dimensional plot of intensity, showing a diffraction ringQat 1afly oxidized nanoparticies.
~0.63 nn! and an increase in the intensity at lo¢ Data for 5.7 nm

articles show similar features with a ring@t~ 1.0 nnt™. . . . L L
P 9@ temperature 0f~30 K and in high magnetic fields. Mini-

mally oxidized 8.6 nm particles show a much strongef &in
talline metals:* With a similar approach, we can calculate a behavior, as expected for ferromagnetic Fe cores that align
maximum magnetic length scale 620 nm(Q~ 0.4 nnT?) parallel to the applied fielfiFig. 2(b)]. Although evident in
for the 5.7 nm particles angt 70 nm(Q~0.09 nm?) for the ~ more moderate applied fields-0.1 T), the effect was most
8.2 nm particles in zero-applied field. prominent at high fields with temperatures below the block-

Applied magnetic fields led to significant changes in theing temperature for these particles80 K).

SANS intensity at the diffraction peaks, the magnitudes of ~When the nanoparticles have some further oxidation,
which depended on the particle size. To show this moshowever, the SANS behavior is markedly changed. Partially
clearly, we plot in Fig. 2 the angular dependenté& & of  oxidized 8.2 nm particles showed a noticealrereasein

the intensity difference at the diffraction peak positidd, scattering along the field direction at the diffraction peak
=1(5T)-1(0), scaled against the radially averaged intensity[Fig. 2(c)]. The effect was most pronounced again at high
lve Only the components of the magnetization perpendiculafield and below the blocking temperature. At Iy a similar

to the scattering vector contribute to the magnetic neutroios « dependence was observed, whereas in the me@um
scattering. For a ferromagnet aligned in an applied fié)Jd region(0.1-0.5 nmY), this angular behavior was absent, and
that scattering should be sirfa, where« is the angle be- the scattering was isotropic. Figure 3 illustrates the field-
tweenQ and H. The 5.7 nm particles show a very small induced changes in the SANS signal in more detail, plotting
decrease in scattering f@ directions parallel to the field the intensity differences as a function @ in analogy to
and a small increase perpendicular to the figtey. 2(a)].  recent resonant x-ray scattering work on Co nanoparttéles.
The sirf @ behavior was evident only below the blocking Here, at both low and higl), the scattering intensity in-
creased with field, while in the mediu@ range, the scatter-
ing intensity decreased as expected for a ferromagnet, align-
ing in the applied field. The majority of the field-dependent
changes occur between 40 K and 150 K, which is consistent
with the magnetization drop above the blocking temperature
(~80 K).

Deviations from sifia dependencies have been ob-
served in several other systems'® In CrFe (Ref. 13 and
certain rare-earth alloys,it was interpreted in terms of dif-
ferent sized groups of interacting spins. The smaller super-
paramagnetic clusters aligned in moderate fields, but larger
ones with perpendicular magnetic moments remained un-
aligned. However, such a spin glass model should result in
intensity changes with field foall Q, unlike what was ob-
served in our data. We note also that a’eesiependence

il has been previously observed ilow magnetic fields
o W @ zo w0 (~1-100 mT, stemming from either a competing magnetic
Angle. degrees anisotropy as seen in melt-spun Vitropéfror a competing
FIG. 2. (Color onling Angular dependence of the difference between the 5€XChange anisotropy as seen in nanocrystalline Fe with a
T and 0 T SANS intensity ta5 K for (a) minimally oxidized 5.7 nm(b) trace amount of iron oxid& In both cases, at higher mag-
minimally oxidized 8.6 nm, an¢c) partially oxidized 8.2 nm nanoparticles, netic fields, the expected Sipy dependence was found.
taken at the respective diffraction peaks. The data are scaled against the | qur nanoparticles, we expect that ferrimagnetigdre

radially averaged intensity. The angle corresponds to the angular direction of
Q, relative to the magnetic field, which was applied in the horizontal direc- y-F&0s, or other Fe—O compounds have formed at the sur-

tion, corresponding to angles of 8609 or 180°, as shown in the accom- face. Just as with a ferromagnet coupled to an

panying two-dimensional subtracted intensity plots. antiferromagnejc,7 we have observed evidence of exchange
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coupling between the ferromagnetic Fe core and a ferrimagspins, reflected in a signal similar to, albeit, weaker than the
netic iron oxide shell, with a shift in the field-cooled hyster- diffraction peak.

esis loop of~200 Oe for partially oxidized 8 nm particlé$. In summary, we have used SANS to uncover oxidation-
Recent work has shown that the interfacial antiferromagnetidlependent differences in spin arrangements for iron-based
spins near the interface with a ferromagnet are sometimesanoparticles and, similar to recent results on magnetic
perpendicular to the ferromagnetic momefitsn addition, media?® we have analyzed our data in terms of a core-shell
canted surface spins have been observed previously in ferrigeometry. The results highlight the sensitivity of SANS to
nanoparticles with applied fields of order 1G°T. relatively subtle changes in oxidation and the importance of

We thus interpret our unusual SANS data in Figs. 2 andsuch effects in understanding and manipulating magnetic
3 in terms of different responses from nanoparticle cores anflanoparticles.
surrounding oxide shells. Specifically, the spins in the mag-
netically soft iron cores are expected to align at low fields ~ This work was supported for some of the authors by the
while those in the oxide shells remain in a spin-flop stateNational Science Foundation No. CTS-022768 A. M),
even at 5 T. The effect of such an arrangement on the scathe American Chemical Society Petroleum Research Fund
tering is particularly prominent at the interparticle peak,40049-B5SM(Y. I.) and 37578-AC5S.A.M), Research Cor-
which stems from the local ordering in the nanoparticles angboration CC582QY. I.), and the University of Missouri Re-
allows for a more quantitative analysis than possible in presearch BoardJ. J. R). This work utilized facilities supported
vious work!® We can focus on the magnetic effect by sub-in part by the National Science Foundation under Agreement
tracting the structural contribution estimated from the higherNo. DMR-9986442.
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