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The nature of near-surface spin canting within Fe;O4 nanoparticles is highly debated. Here we develop a
neutron scattering asymmetry analysis which quantifies the canting angle to between 23° and 42° at 1.2 T.
Simultaneously, an energy-balance model is presented which reproduces the experimentally observed
evolution of shell thickness and canting angle between 10 and 300 K. The model is based on the concept of
T, site reorientation and indicates that surface canting involves competition between magnetocrystalline,

dipolar, exchange, and Zeeman energies.
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Magnetite (Fe;O,) nanoparticles (NPs), attractive for their
biocompatibility and high Curie temperature [1], are impor-
tant for biomedical technologies such as enhanced MRI
contrast imaging, hyperthermia cancer treatment, and tag-
ging. Almost universally Fe;O, NPs display a reduced
saturation magnetization (mg) compared with bulk Fe;Oy,
which is exacerbated for decreased NP size and suggestive of
a surface-related mechanism. Theoretical models indicate
that sufficient surface anisotropy could induce a configura-
tion of surface spins pointing radially outward [2-4] that
reduces myg. Surface disordering has also been widely
proposed [5-8], yet recent studies indicate that capping
with organic solvents such as oleic acid [9—-11] or IGEPAL®
CO-520 [12] can largely preserve the surface magnetization.
Maossbauer spectroscopy and x-ray magnetic circular dichro-
ism experiments [ 12—-14] suggest that spin reorientation may
occur in which the tetrahedral and octahedral Fe surface spins
realign relative to one another, canting the NP surface. Small-
angle neutron scattering (SANS) has shown that close-packed
Fe;O, NPs exhibit pronounced core and canted-shell mor-

phology in an applied magnetic field H of 1.2 Tat 160 to
320 K, but not at 10 K or in a remanent field [15].

This article develops a novel analysis of 2D neutron
angular asymmetry data combined with traditional mag-
netometry in order to obtain a quantitative vector magneti-
zation profile of the canted shell. With this new insight, an
energetically balanced model is constructed to explain this
unusual core-shell morphology. Although the component
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of magnetization parallel to the applied field is found to be
smaller in NPs than in bulk Fe;O,, the polarized neutron
data reveal that the canted, local surface moments are equal
to or enhanced compared with the NP interior, potentially
exceeding bulk moments.

To minimize structural disorder, monodispersed Fe;O,
NPs prepared by high temperature chemical methods [16]
are investigated. Transmission electron microscopy images
yield a particle diameter distribution of 8.4 nm =+ 1.3 nm;
small-angle neutron scattering (SANS) data that are more
sensitive to the larger particles fit well to a spherical NP
form factor of 9.0 nm + 0.2 nm [15]. The NPs are self-
assembled into face-centered-cubic (fcc) superlattices of
unit length 13.6 nm [17] with long-range order approaching
the micron level (i.e., NP crystals). Prior to crystallization,
the NPs are washed to remove all but a thin capping layer of
oleic acid. The magnetization (m) of the NPs is charac-
terized using magnetometery and polarization analyzed
SANS (PASANS), which measures the Fourier transform
of the magnetic distribution across each NP (|M|?) with
vectorial sensitivity [18-24]. Figure 1(a) provides a sche-
matic of the PASANS setup. m is expressed in the

orthogonal components of mg and m | 5.

Magnetometry indicates that field-cooled NP m g
decreases (15 +3)% faster than bulk Fe;O, from 10 to
300 K [25]. If this decrease of m g with increasing
temperature was entirely due to changes within the shell

region (mg,;) and m from within the core (m,.) was equal
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to that of bulk Fe;O4 (mpgx = Meore), then 0.8 <
(m M /Meore) sets the lower limit for m i [25], in
agreement with [9]. However, size-induced thermal fluc-
tuations [26] likely also contribute to the observed temper-
ature dependence, affecting m .. and mg,; alike. To
ascertain the purely thermal reduction of NP m, we note
that at 0.005 T (remanence) the NPs do not form canted
shells, but instead exhibit uniform m across their interiors
with semi-random orientation to neighboring NPs [15].
Based on the remanent field data [25], the thermal

reduction ratio of mNpa300 K.0.005 T/ MINPat200K.0.005 T =
0.87 = 0.02. Compared to the canted-shell morphology

at 1.2 T where myp 7,300 k.12 T/mNPnilatzoo KI12T —
0.90 £ 0.01 (SQUID) and 0.90 £ 0.03 (PASANS), we
find that if the size-dependent thermal excitations affect
Meore and Mg,y equally, then 1.0 < (mshellll 7/ Meore) < 1.5
[25], suggesting that mg,; is preserved or even enhanced
relative to m qp-

The canting angle of the shell can be determined
through angular analysis of the 2D PASANS patterns.
Specifically, the scattered intensity that involves flipping of
the neutron’s spin (spin-flip scattering), ISF(Q), is given
by [27]

I66(0) = M, 5(Q)Psin?(6)cos*(0)

+1M | (O)P[1 + cos* ()]
- 2|M||;1(Q)||ML;,(Q) |sin(0)cos? (0)cos(5¢).

Cross term

(1)
where 0 is the angle between the scattering vector Q and the
positive x axis \H [Fig. 1(a)]. cos(é¢) is the phase
||1?1(é)| and |Mlg(é)| which tends

toward zero if the two are uncorrelated and unity if they are
correlated [27]. In remanence, cos(5¢) = 0 such that /g at
0 = 0° and 90° simplifies to 2 and 1 times |Mu¢1(é) ? [23],
as expected. At 1.2 T, however, this factor is remarkably
reduced to 1.25 4= 0.12 at 200 and at 300 K, Figs. 1(b), 1(c).
This is determined by taking sector slices of +10° about
the horizontal (0 = 0°) and vertical (6 = 90°) axes,
Fig. 1(a), and dividing them as shown with red rectangles
in Figs. 1(b), 1(c). The horizontal to vertical suppression
can be explained by a correlated ferrimagnetic core and a
canted shell within the same NP [cos(6¢) =1 at 1.2 T]
giving rise to the negative cross term [28] of Eq. (1). For a
given mg i [Meore, @ unique mgy 7 /Mg value is

difference between |M

determined by fitting the spin-flip horizontal to vertical
ratio with a core-shell model [29] of shell thickness
1.0 nm £ 0.2 nm at 200 K, 1.2 T and 1.5 nm £ 0.2 nm
at 300 K, 1.2 T combined with Eq. (1). Table I lists the
corresponding range of fits at 200 K. The fifth row of
Table I, for example, produces the simulated scattering and
horizontal to vertical ratio shown in blue and pink lines in
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FIG. 1 (color online). (a) PASANS setup with polarizing neutron
spin optics. White lines indicate regions of horizontal and vertical
sector slices. At 1.2'T, 200 (b) and 300 K (c) spin-flip data are shown
in black circles, while simulated data based on Table I, entry 5 are
shown with blue lines. The horizontal to vertical ratios, red triangles,
are < 2 due to the negative cross term in Eq. (1). Points around
0.075 A~ thatapproach zero have been removed from the ratio, and
the 300 K ratio is limited to 0.11 A~! due to limited vertical angular
acceptance. Simulated ratios (Table I, entry 5) are shown with pink
lines. Error bars here and in the text indicate 1 standard deviation.

Figs. 1(b) and 1(c) which agrees well with the data shown
in black circles and red squares, respectively. The simulated
high-Q portion can be better matched to the data by
increasing mg,. relative to m.,. while also lowering the

: — o]
net shell canting angle, €= tan™ (m , Lﬁ/msheunﬁ)’

Table I. The family of solutions consistent with the spin-
flip suppression suggests a 1.2 T spin canting of ¢ = 27° to
42° at 200 K and € = 23° to 31° at 300 K.

As a guide, bulk Fe;0, is a cubic inverse spinel that
contains Fe** tetrahedral (T of 5p5), Fe>* octahedral (07
of 4uz), and Fe’* octahedral (0 of Sup) ions per formula
unit (f.u.) = (0.42 nm)>. The O, sites align nearly anti-
parallel to the T, sites via indirect exchange through
mediating O~ ions [30], resulting in an uncompensated
bulk mg of 3.8x 1072 JT! fu™' 4.10uz fu.! =
2.37 x 10™* eV f.u.~"). NP surface truncation may disrupt
exchange coupling, allowing tilting between the 7', and O,
sites to develop [12—14] and resulting in a local increase in m
(Table I). Yet, widespread T,-O), canting is energetically
costly. Additionally, if M el i /Meore < 1 (Table I, entries

1-2), then for H > 0 the Zeeman energy increases unfav-
orably as well. To compensate, there could exist an
anisotropy (Ky) energy savings associated with canting
given that the NPs are fixed in place by oleic acid bonds
such that their preferred (111) magnetocrystalline axes are

randomly oriented with respect to H [25]. Alternatively, if
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TABLE L

Choice of My i /Meore Plus horizontal to vertical ratio, Fig. 2(b), produces a unique m, | 7/ Mcore Value at 200 K, 1.2 T.

Corresponding 7 ; and O}, angles are calculated [25]. Note that for m g, > m,.. most of the canting is taken up by tilting of the 7'; site. A more
general shell canting angle e is also calculated and can be associated with a T'-only tilt (for ¢ < 33°) if we assume that the intrinsic (uncanted)
values of |mqqre | and |mg | regions are equivalent. Ranges given in brackets are the result of varying shell thickness within uncertainty [25].

Entry M [ Megre My i/ Meore T, Oy, tilts Shell Cant (¢) T ;-only tilt
1 0.80 0.60 (0.52-0.71) 37°, 37° 37° (33°-42°)

2 0.90 0.63 (0.56-0.75) 1°, 17° 35° (32°—40°)

3 1.0 0.66 (0.59-0.78) 13°, —10° 33° (30°-38°) 46°

4 1.1 0.70 (0.62-0.82) 25°, —4° 33° (30°-37°) 46°

5 1.2 0.74 (0.66-0.85) 33°, =2° 32° (29°-35°) 40°

6 1.3 0.77 (0.70-0.89) 41°, 1° 31° (28°-34°) 37°

7 1.4 0.81 (0.73-0.92) 48°, 3° 30° (28°-33°) 35°

8 1.5 0.85 (0.78-0.97) 54°, 4° 30° (27°-33°) 35°
(mshe“”f]/ Meore) > 1 (Table 1, entries 4-8), then the ex- Ezeeman = — Z m; - H. 3)

i within NP

change cost of canting may be offset by the Zeeman savings.

Let us first examine a simple model of uniform canting
where T ;4 = Opae (Table 1, entry 1) driven by NP-
enhanced anisotropy, where Ky of bulk Fe;O,4 is 1.35 x
10* Jm™3 (6.24 x 107 eV f.u.7"). In NP form the surface
and magnetocrystalline anisotropy have been observed to
couple such that the effective anisotropy can be enhanced by
factors (k) of 1.6 [31], 3.3 [32], oreven =10 [33]. Neglecting
the small dipolar coupling and the large exchange energy
costs for now, we note that the maximum anisotropy-driven
energy savings per f.u. (defined as the negative minimum in
total energy) associated with shell formation is

Zeeman energy cost

AEgaifu =237x107*eVT![1 —cos(e)] 1.2 T

Effective anisotropy savings
—6.24 x 107° eV[cos(55° — €) — cos(55°) |k
(2)

where e is the net shell canting angle and 55°is the maximum
angle between H and the nearest (111) anisotropy axis. For
k =1 (no anisotropy enhancement) the lowest-energy
results from e = 0° (no canting); k = 10 results in only
€ = 9%k = 901is needed for e = 37°, consistent with entry 1
of Table I. Thus, without an extraordinary increase in NP
anisotropy, this mechanism alone is unlikely to account for
the canted shell formation.

Now, let us consider the second possibility that 7,
canting [12,13] additionally negates the exchange cost
by locally increasing m (resulting in Zeeman energy
savings). As depicted in Fig. 2(a), the NPs are modeled
as discrete cubic f.u.’s assembled to approximate 9 nm
spheres, which are further close packed into a fcc array of
unit lattice length 13.6 nm to replicate experimental
conditions. Temperature dependence is intrinsically built
into m « 5, where f is the ratio of NP m to mg of bulk
Fe;0,4. At 1.2 T f varies from 0.88 at 10 K, 0.80 at 160 K,
0.75 at 200 K, 0.65 at 300 K, and 0.60 at 320 K [25].
Summing over f.u. indices i, we find that the Zeeman
energy per NP is

Internal dipolar energy is nearly negligible, but interparticle
dipolar energy is more substantial and is calculated over
the 18 closest nearest neighbors within the lattice of NPs
(with NP locations indicated by i and j) assuming that each
NP is magnetically equivalent:

Egipole = ZZ”OK'”" mj = 3(m; - ri;)(m; - rij)]_ @

>3
i 477'-”rij|

The average NP crystalline anisotropy constant (Ky) is
set to k = 4 times bulk Fe;0, (0.13 eV per NP) based on
[31-33] yielding per NP:

shell fraction

—_—~
R*—(R—1)}
Eanisotropy == |:COSZ(03VC - Tdtilt)T

core fraction

—
(R—I)T 0.13 eV

+ 08 (O,ye) = NP (5)

where 6,,. = 27.5° is the average angle of the preferred
(111) or equivalent crystalline axis within each NP with

respect to Ijl, R = 4.5 nm is the NP radius, and ¢ is the
canted shell thickness. The exchange energy per NP is

-J <
Eexchange = f ;Chﬂ[] - COS(Tdtilt)]

R/8(1)

XZCG

i=1

4z [R—is(1)]’ = [R = (i = )s(1)]’
3 fu’ ’

f.u.’s per annular slice

(6)
where T ;) 1s the average tilt of the T'; Fe sites with respect to
the applied field, Fig. 2(a), and 5(¢) discretizes the NP into
annular rings 0.05 nm thick. 74, is varied in increments of
5° and ¢ is varied in increments of 0.1 nm. The correction,
w=R/3[R—i5(1)] if i5(t) <3nm and w=1.0 if i6(¢) >3 nm,
accounts for the decrease in the number of surrounding
nearest neighbor f.u.’s, reaching 0.33 at the NP edge. J ., 1S
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FIG. 2 (color online).
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(a) Near-edge section of a core—canted-shell model broken into cubic formula units of length 0.42 nm. Insets

show constituent 7'y (purple) and O,, (orange) Fe sites; yellow arrows indicate the net local moments moments of these constituent Fe
spins. Simulated energy landscapes as a function of ¢ and 7, at 1.2 T are shown for 300 (b), 200 (c), 160 (d), and 10 K (e). Remanence
at 300 K is shown in (f). Pink stars indicate global minima; white space indicates areas of high energy.

the only fit parameter, and the model is consistent with the
observed shell thicknesses at J,, of 1.80 to 1.90 meV/f.u.
[25]. This value is reasonable given that 7';-O;, bonds in a
perfect crystal range from 2.0 to 2.9 meV [30,34].

Simulations at 1.2 T are shown in Figs. 2(b)-2(f) for
Jexen = 1.85 meV /f.u. The energetically selected configu-
rations are f = 1.6 nm with 7z, = 15°at 300 K (and also at
320 K, not shown), t = 1.2 nm with T, = 20° at 200 K,
and r = 0.9 nm with Ty, = 30° at 160 K. These simulated
’s are all consistent with experiment [15]. Including the
uncertainty of R (£0.1 nm) or of Jo, ¢, (£0.05 meV) slightly
broadens the T, range to between 15° and 20° (¢ = 17° to
22%)at300K, 1.2 Tand T 43, = 15°t0 30° (¢ = 17°t028%) at
200 K, 1.2 T [25], on the low end of agreement with the
PASANS-determined spin canting discussed above. At 10 K
the energy minimum tends toward a mixture of shells at
t =0.3,0.7,and 0.9 nm with 7', ;;; between 50° and 85°. The
mixture of multiple shell thicknesses would blur out the
characteristic spin-flip scattering dip used to identify a core-
shell morphology, also consistent with experimental obser-
vation [15]. We note that although 10 K is below a possible
Verwey transition, the exchange constant should not change
[34]. Finally, at 300 K, 0.005 T the minimum energy spans a
wide range of nearly equivalent #’s with a preferred
T 41 = 5°, which is sufficiently shallow that canting would
be difficult to detect experimentally for a system of NPs with
random magnetic core alignment [15].

Recall that temperature is encompassed by f, where
dipole energy o« /%, exchange and Zeeman energies are
« f, and anisotropy is independent of . This means that as
temperature is increased, the constant contribution of
anisotropy (favoring thicker shells) increases relative to
the other terms. This explains the trend toward thicker shells
at higher temperature. Yet, the exchange cost progressively
increases as the canted shell thickens and the number of
nearest Fe neighbors approaches the bulk Fe;O, level. Thus,

shell thickening is associated with a decrease in canting
angle between 160 and 300 K [Figs. 2(b)-2(d)]. We note that
although the 10 K, 1.2 T simulation shows multiple minima
of comparable energies (no well-defined shell), the trend of
thinner shells with increased canting angle is preserved
compared with higher temperatures, Fig. 2(e).

To compare the relative energy contributions involved,
Fig. 3(a) shows the 160K, 1.2 Tenergy minimaat 7'y ;; = 30°

—s— Exchange Energy —e— Zeeman Energy
—v— Dipolar Energy x 9 —o— Anisotropy Energy x 14

| ®e,
12 v\‘-.,.‘“
144 v'v Sessssssesssssese
Td tilt angle set at 30°
184 B =0.80 (160 K)

Energy (eV)

Shell Thickness (nm)

-3.70 4

e
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FIG. 3 (color online). (a) Energy contributions at 160 K, 1.2 T
as a function of shell thickness (¢) are dominated by exchange and
Zeeman energies. (b) The sum of these energies produces a
minimum at 7= 0.9 nm (purple circles), although without
the inclusion of both dipole and anisotropy contributions the
minimum would shift toward 7 = 0 nm (green open squares).
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as a function of ¢. As expected, the dominant energy terms
are the Zeeman energy savings (thicker shell with increased
tilt preferred) and the exchange energy cost (thinner shell
with decreased tilt preferred). Yet, the presence of both the
dipolar and anisotropy contributions modify the shell
thickness, as indicated in Fig. 3(b).

In conclusion, a novel PASANS analysis of the 2D
scattering asymmetry reveals the vectorial nature of mag-
netic canting within the near-surface shell region of Fe;O,
NPs, yielding a net shell canting angle between 23° and 42°.
A model of Fe-site T, tilting [12,13] away from its nominal

anti—llﬁ arrangement is proposed, which reproduces (i) the
measured scattering asymmetry, (ii) canted shell formation
at high magnetic field, and (iii) the observed increase in
canted shell thickness and decrease in canting angle with
increasing temperature. While the input values of anisotropy,
exchange, and magnetization variation near the surface may
need to be refined, this model clearly demonstrates that the
interplay between exchange, Zeeman, interparticle dipolar
coupling, and anisotropy energies is capable of inducing
surface spin canting. Both the model and experimental data
indicate that application of high fields increases the local m
within the canted region compared to its noncanted state,
driven in part by Zeeman energy. Additionally, a model
which selects for canted shells of finite thickness requires
that the near-surface exchange coupling decrease toward the
NP surface, explainable as a decrease in nearest-neighbor Fe
sites. We thus provide a physical, energy-based explanation
to the long-standing question of reduced magnetization in
magnetite NPs and expect that with appropriate adjustment
of anisotropy and exchange constants, the model could be
applied successfully to other nanostructured systems.
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