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Polarization-analyzed small-angle neutron scattering methods are used to determine the spin
morphology in high crystalline anisotropy, 11 nm diameter CoFe2O4 nanoparticle assemblies with
randomly oriented easy axes. In moderate to high magnetic fields, the nanoparticles adopt a uni-
formly canted structure, rather than forming domains, shells or other arrangements. The observed
canting angles agree quantitatively with those predicted from an energy model dominated by Zeeman
and anisotropy competition, with implications for the technological use of such nanoparticles.

PACS numbers: 75.25.-j; 75.75.-c

Magnetic oxide nanoparticles are of interest in many
applications ranging from ferrofluids to ultra-dense data
storage to medical imaging and cancer therapy.1–3 Partic-
ular attention has been paid to cobalt ferrite (CoFe2O4)
nanoparticles,4,5 due to the high bulk anisotropy constant
and reasonably large magnetization values.6–8 While the
success of these applications depends critically on the
magnetic behavior, there are often deviations from bulk
properties due to effects such as surface spin disorder,9

surface anisotropy,10 and exchange biasing.11

Direct experimental determination of the underlying
nanoparticle spin structure is very difficult, since typical
macroscopic measurements average out the magnetiza-
tion from distorted surface spins with little spatial sensi-
tivity. Recently, electron microscopy methods have been
used to probe individual iron oxide nanoparticles, re-
vealing sensitive magnetization dependence to local sur-
factant bonding conditions.12 However, these techniques
typically investigate the nanoparticle structure in isola-
tion as opposed to in more concentrated, potentially in-
teracting conditions of interest for many applications.

Alternatively, using the recently developed technique
of polarization-analyzed small angle neutron scattering
(PASANS)13–15, we have been able to analyze the three-
dimensional spatial distribution of magnetic moments
in dense assemblies of iron oxide nanoparticles.16–18

In that system, a magnetic core-shell morphology was
observed,16 consistent with a model based on the care-
ful energy minimization of exchange, interparticle dipolar
coupling, Zeeman, and anisotropy energies.18

Here, we test further the general applicability of this
model by using PASANS methods on cobalt ferrite
nanoparticles, where the anisotropy energy is an order
of magnitude higher than for magnetite. In contrast to
the aligned core and canted shell observed in iron oxide
nanoparticles, we find for CoFe2O4 nanoparticles, uni-
formly rotated magnetic structures in high applied mag-
netic fields, consistent with a model dominated by the

FIG. 1. (Color online.)Hysteresis loops for CoFe2O4 nanopar-
ticle assemblies at 10, 100, 200, and 300 K. The 10 K hystere-
sis loop for bulk CoFe2O4 is shown for comparison. Inset
shows TEM image of as-grown particles.

Zeeman and anisotropy energy contributions. While the
overall magnetization within a particle is high as often de-
sired for applications like hyperthermia,3 the presence of
a significant magnetic moment not along the field direc-
tion is a striking, unexpected feature that underscores the
importance of direct measurement of nanoparticle spin
structures.

The CoFe2O4 nanoparticles for this investigation
were prepared by high temperature, non-aqueous so-
lution chemistry methods as described previously,
with oleic acid as the surfactant to prevent parti-
cle agglomeration.19 Transmission electron microscopy
(TEM) images, as illustrated in the inset to Fig. 1,
were analyzed to determine a mean particle diameter of
11.0 nm ± 1.0 nm. Through a combination of alcohols
with different evaporative rates,20 the nanoparticles were
self-assembled into dense arrays with an apparent closed
packed face centered cubic (FCC) stacking determined
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through microscopy images. A SQUID (Superconduct-
ing QUantum Interference Device)-based magnetometer
was used to measure magnetic moment versus applied
magnetic field and temperature, as shown in Fig. 1, with
bulk measurements obtained from polycrystalline pow-
der of CoFe2O4 from Alfa Aesar.21 The magnetometry
data indicate the expected enhancement in the coerciv-
ity for nanoparticles over bulk material at low tempera-
ture, along with the decreasing coercivity as a function
of increasing temperature in contrast to the bulk which
had only minor coercivity temperature dependence. The
dense arrays of nanoparticles were sealed in aluminum
cells for neutron scattering measurements.

Polarization-analyzed SANS experiments were per-
formed at the NIST Center for Neutron Research us-
ing the NG3 and NG7 SANS instruments, an in-beam
FeSi supermirror polarizer to polarize the incident neu-
trons, a polarized 3He cell in transmission geometry as
a spin analyzer, a radio frequency (RF) or aluminum
coil spin flipper for the incident neutrons and an in-situ
NMR flipper for the scattered neutrons.14 The sample
was cooled in a closed-cycle He refrigerator, and an elec-
tromagnet was used to apply magnetic fields (µoH) at
1.4 T, the maximum attainable value. Data were col-
lected in transmission with a two-dimensional (2D) de-
tector at two different distances to span the scattering

vector ~Q range from ≈ 0.01Å−1 to 0.15 Å−1. Fig. 2(a)
illustrates the set-up with the neutron beam along Z, the
applied field along X, the detector in the X − Y plane

and the angle φ between ~Q and X. Corrections for the
time-dependent decay of the 3He polarization, inefficien-
cies in the supermirror and flippers, and detector inho-
mogeneities were made, and the data were reduced as
described previously.14,22 With the neutron polarization
state denoted as + or -, applying these corrections then
yielded the measurement of all four neutron spin cross
sections (+ +, - -, - +, and + -) corresponding to either
initially + or - spin state neutrons scattering into + or
- neutrons. Examples of the corrected 2D SANS images
are shown in Fig. 2(b).

The measured scattering intensity I is proportional to
combinations of the nuclear and magnetic structure of the
sample. Since the sample is macroscopic with a thickness
of ≈ 1 mm, it is assumed to be structurally isotropic with
only the applied field direction X unique. With these
assumptions for our beam geometry and special φ angles
of either 0◦ or 90◦, the spin selection rules simplify to17
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FIG. 2. (Color online.)(a) Experimental setup includes a po-
larizing supermirror and RF or conventional flipper to select
the incident spin state and a 3He cell with in-situ NMR flip-
per to select the scattered spin state. The scattering pattern
is collected on a 2D detector. (b) Corrected 2D SANS images
for 200 K, 1.4 T.

where N,MX ,MY , and MZ are the spatial Fourier trans-
forms of the structural and magnetic scattering. Since
only the field direction X is unique, we can define
M2
X=M2

PARL as the square of the parallel to the field
magnetic Fourier transform and M2

Y =M2
Z=M2

PERP as
the square of the perpendicular to the field magnetic
Fourier transform.

Application of these expressions yield consistent struc-
tural (N2) data for a variety of temperature and field
conditions as illustrated in Fig. 3(a). The data display a
characteristic Bragg peak, indicating that the structural
order persists over multiple nanoparticles; the sample is
modeled well by a FCC lattice of nanoparticles with di-
ameter 10 nm ± 1 nm and lattice spacing of 15 nm ± 1
nm, consistent with the TEM results. The characteris-
tic magnetic signature along the field direction, M2

PARL,
is much weaker but mimics the shape of the structural
scattering in high field, indicating coherence over multi-
ple nanoparticles. It is most intense at high temperature
and high field; a significantly smaller, almost negligible
signal is observed in the ≈ 0.05 T magnet remanent field.

In contrast to the field direction behavior, the M2
PERP

signal shows a pattern consistent with uncorrelated
spheres (Fig. 3(b)), indicating that the perpendicular
component of the magnetization is not aligned from one
particle in the array to the next, as expected for particles
with randomly oriented magnetocrystalline easy axes. As
illustrated by the solid model lines, the magnetic sig-
nals fit to those expected for simple spheres of diameter
10.5 nm ± 0.4 nm, consistent with the TEM measured
nanoparticle diameter. Thus, the data at different field
and temperature conditions vary solely on the magnitude
of the signal, with low field and low temperature produc-
ing the largest M2

PERP signal.
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FIG. 3. (Color online.)(a) Data for N2 and M2
PARL vs Q

and (b) M2
PERP vs Q for a variety of temperatures in 1.4 T,

scaled to a N2 Bragg peak height of 1000. Data for 10 K in a
remanent field of ≈ 0.05 T are also shown. Solid lines in (a)
are for a close-packed array of FCC magnetic spheres with ≈
13% standard deviation in spacing distance whereas for (b)
are for simple spheres of diameter 10.5 nm ± 0.4 nm. Error
bars in the plot denote standard uncertainties.

Since both the MPERP and MPARL signals at high
field are associated with spheres matching the measured
nanoparticle sizes, we interpret the observed PASANS
behavior in terms of magnetic particles of uniform net
magnetization throughout but canted in an applied field,
in contrast to the situation for iron oxide nanoparticles
which exhibited a core and a shell of different sizes and
net moment orientations.16 For these CoFe2O4 nanopar-
ticles, the parallel to field component is coherent over
multiple nanoparticles, while the perpendicular compo-
nent persists only over a single particle, as a result of
there being multiple ways to cant. Recognizing then
that the observed MPERP and MPARL Fourier trans-
forms should be proportional to the underlying related
magnetic moments mPERP and mPARL and accounting
for the contributions to MPERP in both Y and Z, we can
define a magnetic particle canting angle θ

θ ≡ tan−1

(
mPERP

mPARL

)
= tan−1

(√
2M2

PERP

M2
PARL

)
. (5)

With this definition and the data in Fig. 3, we find
a particle canting angle in high field that decreases from
33◦ to 17◦ as the temperature is increased from 10 K to
300 K, as listed in Table I. Some moment canting can be
expected for the 10 K and 100 K data in 1.4 T, which
from Fig. 1, should correspond to conditions away from
saturation. Here, the small particle size makes coherent
canting of the spins within a single nanoparticle a plau-
sible spin structure vs. the more complicated picture
expected for bulk cobalt ferrite, involving domains and
domain walls.

TABLE I. Intensity of M2
PERP , M2

PARL (scaled against struc-
tural N2 set to 1000), and measured and modeled canting
angles. Measured uncertainties are standard deviations. The
comparatively larger uncertainties in the model stem in part
from the flatness of the energy minima.

Condition M2
PERP M2

PARL Measured θ Modeled θ

10 K, 1.4 T 2.9±0.2 13.5±0.5 33◦ ± 2◦ 33◦ ± 4◦

100 K, 1.4 T 2.8±0.2 14.2±0.5 32◦ ± 2◦ 32◦ ± 4◦

200 K, 1.4 T 1.5±0.2 15.8±0.5 24◦ ± 2◦ 26◦ ± 4◦

300 K, 1.4 T 0.86±0.07 17.1±0.5 17◦ ± 2◦ 17◦ ± 4◦

However, note that the PASANS data indicate sizable
canting is also observed at 200 K and 300 K in 1.4 T,
which are well near saturation. The presence of large
canting values in these cases provides an explanation for
the commonly observed phenomena that the measured
SQUID saturation magnetization for nanoparticles is of-
ten reduced from bulk, here with a room temperature
saturation value of 62 ± 7 Am2/kg (emu/g) vs. the ≈ 76
emu/g for bulk CoFe2O4.6–8,23 Note this is in contrast
to other explanations often used to understand satura-
tion reduction in terms of either surface spin disorder or
a shell of spins of another orientation as was seen for
Fe3O4.16 Another common explanation, a reduced mag-
netization or surface “dead layer,” is less likely to apply
in this case, given that for related Fe3O4 nanoparticles
with oleic acid, the surfactant was found to help maintain
the surface magnetization.12

To test more quantitatively the physical significance of
the observed canting angles and to understand the ori-
gins, we have modeled the nanoparticle system by consid-
ering each ≈11 nm diameter nanoparticle to be made of
a set of small cubes of side length 0.42 nm, corresponding
to one formula unit (f.u.) of CoFe2O4. As we have no
direct evidence of site occupancy deviations from bulk
CoFe2O4, the formula unit cubes are assumed to have
inverse spinel structure with three interstitial sites filled
with magnetic ions. From the standard model for these
ferrites, the tetrahedral site is expected to be filled with
an Fe magnetic moment of 5 µB and the two octahedral
sites are to be occupied with magnetic moments for Co
of 3 µB and for Fe of 5 µB as illustrated in Fig. 4(a).
Generalizing, we let the individual sites cant in an ap-
plied magnetic field H to change the magnetic moment
of the formula unit, resulting in

mPARL ∝ 8µB cos(Oh)− 5µB cos(Td), (6)

mPERP ∝ 8µB sin(Oh)− 5µB sin(Td), (7)

where Oh is the averaged tilt angle of the octahedral
site and Td is the tilt angle of the tetrahedral site. In
bulk CoFe2O4 with no applied magnetic field, the tetra-
hedral site is usually aligned nearly antiparallel to the
octahedral sites via exchange interactions to give a net
magnetization of 3.94 µB per formula unit at 0 K and
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FIG. 4. (Color online.) (a) Modeling CoFe2O4 with tilted
angles for Td and Oh sites referenced relative to an applied
field H (green arrow). Angles are shown for the case of Oh =
Td = θ; possible thermal excitations are indicated by dotted
circular orbits. (b) Energy landscape for 10 K, 1.4 T showing
minimum energy for no shell formation. (c) Energy savings
per formula unit from canting in 1.4 T at 10 K (red), 100
K (orange), 200 K (blue), and 300 K (green). Minima are
denoted by vertical lines.

≈ 3.3 µB at 300 K, due to thermal excitations.7,8 Note
that based on bulk behavior, strong site coupling should
cause the moments to cant together within a single par-
ticle, yielding Oh = Td = θ, as shown in Fig. 4(a). The
11 nm nanoparticle spheres are then modeled as a closed
packed assembly with lattice spacing of 15 nm.

In previous work modeling the energetics of iron ox-
ide nanoparticles,18 the contributions of Zeeman and
exchange energy dominated, with magnetocrystalline
anisotropy and inter-nanoparticle dipolar energy adding
important contribution to shape the local energy min-
ima with respect to different spin structures, resulting in
canted shells and aligned cores in high magnetic fields.

Here, we have investigated these contributions for
CoFe2O4 nanoparticles modeled as described above. The
expected anisotropy constant is much larger (over an
order of magnitude and of opposite sign to the K=-13
kJ/m3 for Fe3O4 at room temperature), so that a sim-
pler model with only Zeeman energy and anisotropy can
capture the essential physics. For CoFe2O4, the energy
savings caused by canting toward the randomly oriented
easy axes are greater than the Zeeman cost of canting
away from the applied magnetic field. The dipole and ex-
change terms are insufficient to support the formation of
a core and shell structure as in the case for Fe3O4. Since

the net MPARL signal from nanoparticle to nanoparticle
is long-range as shown in Fig. 3(a), the overall minimized
energy structure can be described by a single canting an-
gle for the nanoparticle structure as shown in Fig. 4(a)
and simulated in Fig. 4(b).

In more detail, we have included the anisotropy
constant temperature dependence using the phe-
nomenological expression found for bulk (K =

1.96x106e−1.90x10−5T 2

J/m3), along with the bulk tem-
perature dependent magnetic moment per formula unit
(which varies from 3.94 µB at 0 K to 3.3 µB at 300 K)7

such that the key terms controlling the energy per for-
mula unit are :

Ef.u. = mH(1−cos(θ))−K(cos(45◦−θ)−cos(45◦)) (8)

where m is the moment of the particle (scaled with tem-
perature), H is the magnitude of the applied magnetic
field, θ is the canting angle, K is the anisotropy constant
per formula unit, and 45◦ is the maximum angle between
H and the nearest (100) anisotropy axis.

As shown in Fig. 4(c) and listed in Table I, these en-
ergy terms lead to minima in the total energy per formula
unit at different tilt angles for various temperature con-
ditions in a high magnetic field. Note that the simulated
angles of energy minima are in excellent agreement with
those determined from the PASANS data.

To test the robustness of this modeling, we have in-
vestigated several assumptions for the energetics of the
CoFe2O4 nanoparticles. Instead of a single tilt of Oh =
Td = θ, we also explored the possibility of tipping Oh and
Td independently, as was done for Fe3O4.18 This gener-
alization did not produce any lower energy landscapes
for the CoFe2O4 nanoparticle system. The model is also
sensitive to the choice of easy axis. Unlike other ferrites
with a preferred 〈111〉 set of directions, CoFe2O4 in bulk
is observed to have preferred 〈100〉 axes due the differ-
ence in sign in the anisotropy constant. Using 〈100〉 easy
axis directions and an uniform distribution of crystallite
orientations were essential assumptions for the excellent
model agreement with the PASANS data. Furthermore,
changes of the anisotropy constant by more than 75% led
to significant changes in the canting angle, thus placing
some limits to the CoFe2O4 nanoparticle anisotropy.7

Given the excellent agreement between model and ex-
periment, we have also studied the energy landscapes at
low temperature (10 K) as a function of applied mag-
netic field. We find that even in magnetic fields as high
as 10 T, a noticeable 10◦ tilt is still expected, indicating
the widespread prevalence of this canting configuration
and the need to consider such an arrangement in many
technological uses of these particles.

In conclusion, we have used advanced PASANS meth-
ods to directly determine the spin structure in CoFe2O4

nanoparticle assemblies. In high magnetic field, we find
particle moment canting that decreases with increasing
temperature. The observed canting angles agree with an
energy model considering primarily the strong CoFe2O4
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anisotropy against a Zeeman field term and help ex-
plain the lower SQUID magnetization compared to bulk
CoFe2O4. Remarkably, when the canting is taken into
account, the ratio of magnetization at 300 K vs. 10 K
is 99% ± 3% (Table I), a negligible thermal response as
desired for many applications. Taken together with our
earlier study on Fe3O4, these results provide further evi-
dence of the range of possible magnetic nanoparticle spin
structures and the utility of an energy balance model to
understand them. These findings are particular impor-
tance given the very common observation of non-bulk-
behavior in magnetic nanoparticles and the need to in-

terpret and tailor such behavior.
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