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Correlated spin canting in ordered core-shell Fe;O4/Mn,Fe;_, 04 nanoparticle assemblies

Y. Ijiri," K. L. Krycka,”? I. Hunt-Isaak,' H. Pan,' J. Hsieh,' J. A. Borchers,? J. J. Rhyne,?
S. D. Oberdick,>* A. Abdelgawad,> and S. A. Majetich?
' Department of Physics and Astrononty, Oberlin College, Oberlin, Ohio 44074, USA
2National Institute of Standards and Technology, NIST Center for Neutron Research, Gaithersburg, Maryland 20899, USA
3Department of Physics, Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA
*National Institute of Standards and Technology, Applied Physics Division, Physical Measurement Laboratory, Boulder, Colorado 80305, USA
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M (Received 30 September 2018; revised manuscript received 2 March 2019; published 18 March 2019)

Polarization-analyzed small-angle neutron-scattering methods are used to determine the spin arrangements
and experimental length scales of magnetic correlations in ordered three-dimensional assemblies of ~7.4-nm-
diam core-shell Fe;O4/Mn,Fe;_, O, nanoparticles. In moderate to high magnetic fields, the assemblies display a
canted magnetic structure where the canting direction is coherent from nanoparticle to nanoparticle, in contrast
to the less extended, more single-particle-like behavior for similar ferrite assemblies. The observed magnetic
scattering is modeled by assuming that the interparticle dipolar coupling combined with Zeeman effects in a field
leads to nanoparticle domains with preferred net spin alignments relative to packing symmetry axes. Over arange
of fields and temperatures, the model qualitatively explains the observed scattering anomalies in terms of clusters
that vary in area and thickness, highlighting the complex structures adopted in real, dense nanoparticle systems.
The clusters often have a strong two-dimensional magnetic character which is attributed to structural stacking
faults and the resulting influence of interparticle dipolar interactions for these magnetically soft nanoparticles.

DOI: 10.1103/PhysRevB.99.094421

I. INTRODUCTION

Magnetic oxide nanoparticles are central to many applica-
tions ranging from ultradense data storage to medical diag-
nostics and cancer therapy [1-3]. Due to the biocompatibility
of manganese, particular attention has been paid to tailoring
manganese ferrite nanoparticles, often through the addition of
a core-shell geometry with distinct yet coupled components
[4-6]. While magnetic properties like saturation magnetiza-
tion and coercivity can be made to differ from the bulk, it has
been difficult to pinpoint the specific underlying mechanisms
responsible for the changes or even to fully characterize the
spin structures involved.

In recent work, we have shown that dense collections of
core-shell Fe;04/Mn,Fe;_, 04 nanoparticles [7] can have sig-
nificant canting of spins within each nanoparticle as opposed
to the simply parallel and antiparallel arrangements expected
for ferrite spinel structures. Furthermore, the canted spin ar-
rangement from nanoparticle to nanoparticle can be coherent
over significant length scales, in contrast to the behavior of
simpler systems such as CoFe,0Oy4 or Fe;04 dense assemblies
in which the noncollinear spins within a nanoparticle show
either no correlation or only limited correlation to neighboring
particles [8—10].

From the bulk behavior of these oxides, we expect man-
ganese ferrite assemblies to present an interesting test case
for understanding spin structures. While the saturation mag-
netization for MnFe, O, is comparable to CoFe, Q4 or Fe; Oy,
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the bulk ordering temperature for MnFe, Oy, is roughly 200-
250 K lower, indicating weaker exchange interactions, with
magnetocrystalline anisotropy also reduced [11]. On the other
hand, given the nonmagnetic organic surfactant that is used to
physically separate these nanoparticles, it is most likely that
dipole-dipole interactions remain important for the coherent
magnetic structures observed, over other competing energy
terms.

While long studied, dipolar interactions are of broad in-
terest today in a range of research spanning from artificial
spin ices [12] to collections of Rydberg atoms [13]. More
closely related to the current work on nanoparticles, recent mi-
cromagnetic simulations reveal the possible anisotropic spin-
misalignment correlations that might emerge in a porous iron
ferromagnet due to dipolar effects [14]. Dipolar interactions
were also critical in Monte Carlo simulations guided by mag-
netometry data, probing the crossover from two-dimensional
(2D) to three-dimensional (3D) magnetic behavior in ordered
collections of y-Fe,O3 nanoparticles [15]. More recent work
on disordered, agglomerated clusters of iron oxide nanoparti-
cles has revealed a tendency for antiparallel alignment from
dipolar coupling [16]. From an applications standpoint, dipo-
lar interactions between nanoparticles are being investigated
for the resulting effects on hyperthermia [17,18] as well as
for the collective domain structures formed from nanoparticle
aggregation in vivo [19]. This context motivates additional
study of such interactions, particularly in well-characterized,
controlled systems of nanoparticles.

Small-angle neutron scattering with either partial or full
polarization analysis has been shown to be a very effec-
tive probe of magnetic ordering for powdered collections of

©2019 American Physical Society
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nanoparticles [5,7-10,16,20-27]. Here, we test further the
nature of the interparticle magnetic correlations in ordered
core-shell Fe;O4/Mn,Fe;_,O4 nanoparticle assemblies, mak-
ing extensive use of full polarization-analyzed small-angle
neutron-scattering (PASANS) techniques [28-30] to char-
acterize extensively the magnetic scattering over a range
of field and temperature conditions. Two key features are
noted: (1) an interparticle magnetic diffraction peak with
significant components of magnetic ordering both parallel
and perpendicular to an applied magnetic field and (2) an
angle-dependent magnetic scattering component which varies
as well with scattering vector. The results are interpreted in
terms of a model consisting of platelike magnetic clusters
of close-packed nanoparticles with in-plane easy symmetry
axes and possible long-range correlations among particle
magnetic moments. The net magnetization direction of a given
cluster is determined by a balance of dipolar and Zeeman
energy considerations, with moments preferentially oriented
near easy symmetry axis directions of the packed arrays that
are closest to an applied magnetic field direction. Although
the nanoparticles self-assemble into large three-dimensional
structures, the coherent magnetic domains have a strong two-
dimensional character reflecting the sensitivity of the dipolar
interactions to local structural disorder such as stacking faults.
The data highlight the complexity of magnetic structures in
dense nanoparticle assemblies and the importance of sensitive
experimental probes.

II. EXPERIMENTAL AND DATA ANALYSIS PROCEDURES

The Fe;04/Mn,Fe;_, 04 nanoparticles for this investiga-
tion were prepared by high-temperature, nonaqueous solution
chemistry methods as described previously, with oleic acid as
the surfactant to prevent particle agglomeration [5]. Due to
the large difference in the decomposition temperature of the
iron and manganese precursor materials, the particles had an
iron-rich core and a manganese- and iron-containing shell, as
sketched in Fig. 1(a). Specifically, they were best described as
having a total mean particle diameter of 7.4 & 1.0 nm with a
shell of thickness ~0.5 nm and a chemical composition of
Fe;04/Mn,Fe;_, 04 where x & 1, based on high-resolution
transmission electron microscopy (HR-TEM), x-ray absorp-
tion spectroscopy, x-ray magnetic circular dichroism, and
Mossbauer data [7].

Through a combination of alcohols with different solu-
bilities for the particles [31,32], the nanoparticles were self-
assembled into dense arrays with an apparent close-packed
face-centered-cubic (fcc) stacking, as determined in previous
work on related particles [33,34]; no applied magnetic field
was used in the crystal formation process. The dense arrays
of nanoparticles were sealed in aluminum cells for neutron-
scattering measurements. As measured by scanning electron
microscopy, the characteristic length scale of an assembled
nanocrystal was ~10 um, with an &1 um structural domain
or coherence size, given the tendency to form stacking faults
and dislocations in the assembly process. A TEM image of
monolayers and bilayers of the particles [Fig. 1(d)] illus-
trates the nature of the structural ordering, with Figs. 1(b)
and 1(c) sketching a partial arrangement used to model the
magnetic characteristics as discussed in Sec. IV. Standard

Fe;0, core,
diameter 6.4

Mn,Fe; 0, shell;
0.5 nm thick

> X || H

FIG. 1. (a) Schematic of the composition of the core-shell
nanoparticles, (b) organized into face-centered-cubic close-packed
clusters for magnetic modeling, (c) each with different possible
orientation (indicated by angles v, @, and ®) relative to an applied
field along X (in red). Arrows within the depicted close-packed
region in (c) denote expected sixfold easy symmetry axes; the thicker
(yellow) pair indicates the set closest to the applied field direction
in this instance. The stacking of the layers is fcc to match the
observed structural ordering. The direction of magnetization, M , is
determined in the model by the energy minimum between alignment
in the plane (black or yellow arrows) and along the field direction
(red arrow). (d) Transmission electron microscopy (TEM) image of
self-assembled monolayers and bilayers of the nanoparticles and the
presence of dislocations and faults in the ordering.

magnetization measurements versus applied field (depicted in
Fig. 2) were taken using a superconducting quantum interfer-
ence device (SQUID) magnetometer at temperatures ranging
from 10 to 400 K to confirm the overall magnetic behavior
and to guide neutron-scattering measurements.

PASANS experiments were performed at the NIST Center
for Neutron Research using the NG7 SANS instrument, an
in-beam FeSi supermirror polarizer cavity to polarize the
incident neutrons, a radio frequency (1f) spin flipper to switch
the polarization of the incident neutrons, and a polarized *He
cell in transmission geometry as a spin analyzer equipped with
an in situ NMR flipper for the scattered neutrons as described
in earlier work [35,36]. The sample temperature was adjusted
in a closed-cycle He refrigerator from 10 to 400 K, and an
electromagnet was used to apply magnetic fields (u,H) up
to 1.5 T, which for these dense arrays of nanoparticles yield
magnetization values that are very close to (~97-99% of)
the observed saturation values at 5 T shown in Fig. 2. Data
were collected in transmission with a 2D detector at two
different distances to span the scattering vector Q range from

~0.01 A 100.15 A" Figure 3(a) illustrates the setup with
the neutron beam along Z, the applied field along X, the
detector in the X-Y plane, and the angle 6 between Q and
X. Note that the magnitude of |Q| = 4 sin(¢)/A, with 2¢
the scattering angle between source and detector and X the
neutron wavelength.

Corrections for the time-dependent decay of the *He
polarization, inefficiencies in the supermirror and flippers,
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FIG. 2. Comparison of magnetization curves for the dense as-
semblies of nanoparticles at 10 K (dark blue), 100 K (light blue),
200 K (green), 300 K (orange), and 400 K (red). Since an absolute
mass normalization is not feasible due to the unknown amount of
included surfactant content, the data are normalized against the 10 K
maximum value at 5 T.

and detector inhomogeneities were made, and the data were
reduced following procedures outlined previously [29,37].
As described in the Supplemental Material [38], particular
attention was paid to account for sample depolarization and to
match the degree of polarization correction in the vicinity of

(a)

Double-V

L

Neutron
Super Mirror Cavity Spin Flipper

Unpolarized
W’Q—F t

Y
Spin Polarizer

an observed magnetic Bragg reflection to that seen in lower-
Q scattering regions. With the direction of the neutron spin
relative to the polarization axis denoted as + or —, applying
these corrections then yielded the intensity measurements of
all four neutron spin cross sections (I**, 17—, I, and I )
corresponding to either initially + or — spin state neutrons
scattering into 4 or — neutrons. Examples of the corrected 2D
SANS images are shown in Fig. 3(b) for the sample at 400 K
and a small remanent field (*0.005 T) which approximates
true zero [39].

The corrected scattering intensities / for the four different
polarization conditions are proportional to squared combi-
nations of the nuclear and magnetic structure factor of the
sample, taking into consideration the individual scattering
strength of the nanoparticles as well as the directional de-
pendence of the neutron interaction with magnetic moments
[28,29]. Since the sample is macroscopic, the nuclear compo-
nent can be represented by a single isotropic spatial Fourier
transform N,

N(©) =" pv(K)exp(iQ - Ry), $))

n=K

with py the structural scattering length density, and R} the
relative position of the Kth scatterer. Similarly, the magnetic
analogs, Mx, My, and M, can be written in general as

M;(Q) =Y pu,(K)exp(iQ - Ry), ©))
n=K

with J either X, Y, or Z, and py, the appropriate magnetic
scattering length density.

3He Spin
Analyzer

FIG. 3. (a) Experimental setup includes a polarizing supermirror and rf flipper to select the incident spin state and a *He cell with in situ
NMR flipper to select the scattered spin state. The angle 6 shown is between the X axis and the projection of é onto the X-Y plane. The
scattering pattern is collected on a 2D detector with (b) showing polarization-corrected images for the Fe;O,/Mn,Fe;_,O4 nanoparticles at
400 K in a small remanent field. The It~ and /=" patterns have been added together.
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While the expressions to isolate components can be quite
complex, they simplify for the geometry depicted in Fig. 3(a)
and certain key angles and assumptions [29]. Again, since the
sample consists of crystalline grains of close-packed nanopar-
ticles, but with no distinct orientation from grain to grain, the
structural component can be extracted simply from a portion
of the non-spin-flip (NSF) scattering intensities,

N = INQ)* = L2, + 1,2, 3)

using area-normalized sector slices of +£10° taken from
0 =0°, e.g., along the field direction X as indicated in
Fig. 3(a).

As a result of the selection rules, the magnetic Fourier
component My can be extracted rather generally from

M3 = |Mx(0,90°) = [0, + L5 — INWQP, (4

using data for 6 = 90°, e.g., along the Y direction. However,
the statistical uncertainties associated with Eq. (4) can be
quite large, particularly if the structural component N is much
larger than the magnetic ones. Alternatively, the portion of
this magnetic Fourier component in phase with the structural
scattering can be computed from the NSF data, using

9=490°
4N?

In this case, the PASANS extracted intensity is sensitive
to only the net magnetization along the field direction, as
opposed to the total magnetization or magnetic regions both
parallel and antiparallel to the field for the expression in
Eq. (4). For large magnetic fields where the correlation be-
tween My and N is expected to be complete, Eqgs. (4) and
(5) have been shown to yield identical results [29], but with
smaller uncertainties for Eq. (5).

The spin-flip (SF) scattering data are particularly rich in
information on the magnetic Fourier transform components.
In general, the two spin-flip cross sections summed together,
Isr(Q,0) =T77(0,0) +177(Q,0), yield

Isr (0, 6) = [Mx (0, 6)[? sin®(0) cos*(6) + |Mz(0, 6)[?
—2|Mx (0, 6)||My (Q, 6)| sin() cos’(8)
X TO8 (8 Yny uy ) + 1My (O, 6)[2 cos*(0),  (6)

which has a term involving an interference phase factor §y
between the My and My components, averaged over the
neutron spatial coherence length. Note that for & = 90°, then
Eq. (6) simplifies to yield

Isr(0. 90°) = M2(0, 90°) = M2. (7

_ I++ |2

> 1L, 00
M3 IM et (0, 90°)2 = =22

&)

net —

In the case of isotropic, uncorrelated, noninteracting mag-
netic moments (for which My = My = M), as one might
expect in remanence, then Eq. (6) for 6 = 0° can become

Ispuncorr (0, 0°) = M2(0, 0°) + M3(Q, 0°) = 2M2,  (8)

yielding a 2:1 ratio in the SF intensities. However, in gen-
eral, with the presence of interactions and extended magnetic
structures, the SF ratio defined as

I+ (0, 0°
SFR = s (Q, 0°)

- et 0) )
Isr (0, 90°)

may deviate significantly from 2, as observed in the case of
dense Fe;O4 nanoparticle assemblies [10].

III. EXPERIMENTAL RESULTS

As is apparent from Fig. 3(b), the dominant structural
feature in the non-spin-flip data for these nanoparticles is a
ring of scattering, stemming from structural order that persists
over multiple nanoparticles in these dense, self-assembled
collections. As shown in the Supplemental Material [38], for
a wide range of field and temperature conditions, this Bragg
peak is modeled well by a fcc lattice of nanoparticles with
diameter 7.4 & 1 nm and lattice spacing of 12 4+ 1 nm, with
values and standard uncertainties consistent with the TEM re-
sults which showed that the particles prior to crystal formation
had a mean diameter of 7.0 nm with a standard deviation of
1.4 nm [7]. In the modeling, a 12% deviation in lattice spacing
captures the presence of stacking faults and other defects
in the structure. The observed fcc nanoparticle structure is
consistent with that seen in a range of other dense nanoparticle
systems consisting of analogous oxides such as Fe;O4 [9]
and CoFe, Oy [8] or even nonmagnetic nanoparticles such as
CdSe [31].

While the structural features remain mostly unchanged,
Fig. 4 depicts the characteristic magnetic signature along the
field direction, Mf(, extracted from Eq. (4) for the various
conditions. In general, for each field value, lower temperature
is associated with increased magnetic scattering intensity
consistent with the magnetization data in Fig. 2. In remanence,
the signal is most evident at low Q, whereas in an applied field,
a feature near the Q associated with the structural interparti-
cle peak (Q = 0.085 A~!) becomes prominent. However, in
either case, the large statistical uncertainties impede further
interpretation.

To clarify the nature of the magnetic scattering component
associated with the field direction, we investigate as well the
extracted PASANS intensity for M3 . assuming coherence of
My with N, as indicated in Eq. (5) and depicted in Fig. 5. The
interparticle peak is now clearly evident; the data show the
presence of a field-aligned component over multiple nanopar-
ticles, but with variable intensity as field and temperature are
adjusted. M)Z(,nel is most intense at lower temperatures and
higher fields; a significantly smaller, almost negligible signal
is observed in the 20.005 T remanent field of the magnet, with
the signal decreasing with increasing temperature as expected
for a probe of net magnetization and as expected based on the
SQUID magnetometry results (Fig. 2).

In contrast to these data, the data from the SF scattering
indicate more clearly a complex magnetic signature, consid-
ering M2, with Z again perpendicular to the applied magnetic
field. Figure 6 shows the PASANS intensity M2 derived from
Eq. (7) as a function of scattering vector Q for a range of
fields and temperatures. Note that for a number of sample
conditions, the data display an interparticle peak that mimics
the structural and M3 behavior. The peak is strongest at low
temperatures and intermediate magnetic fields. The simulta-
neous presence of a Bragg reflection in both M3 and M2
indicates not only spins misaligned with the field in certain
conditions, but also the presence of a coherent spin canting
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FIG. 4. Data for extracted PASANS intensity M)z( using Eq. (4) vs scattering vector Q for (a) 10 K, (b) 200 K, and (c) 400 K with squares
for 1.5 T, diamonds for 0.2 T, triangles for 0.1 T, and circles for remanent fields. Error bars in the plot denote standard uncertainties.

across multiple nanoparticles, e.g., the formation of extended
regions of tilted ordering.

The observed Bragg peak in M% contrasts markedly with
the behavior seen in other ferrite nanoparticle assemblies.
For dense CoFe,0,4 assemblies, this perpendicular magnetic
scattering component showed only the form factor of single-
particle scattering, indicating a tilted magnetic order that was
not coherent from nanoparticle to nanoparticle [8]. In the
case of Fe;O4 ordered assemblies, M% showed a large dip,
rather than peak near the scattering vector associated with the

structural ordering; the magnetic form factor matched that for
shell scattering with only short-range correlations extending
over a few nanoparticles [9,10].

Note that in Fig. 6, besides the interparticle reflection, the
M? data indicate additional scattering intensity, particularly at
lower Q and for low temperature and field conditions. At high
temperatures and in remanence, the shape of the observed
scattering is suggestive of a single-particle form factor and
mimics the magnitude and shape of the falloff seen in M3 in
Fig. 4(c), as would be expected for uncorrelated, randomized
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FIG. 5. Data for extracted PASANS intensity M3z

,net

using Eq. (5) vs scattering vector Q for (a) 10 K, (b) 200 K, and (c) 400 K with squares

for 1.5 T, diamonds for 0.2 T, triangles for 0.1 T, and circles for remanent fields. Error bars in the plot denote standard uncertainties. Relative

to Fig. 4, the scale is changed to show better features in the data.
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(b) 200 K, and (c) 400 K with circles for remanent fields, triangles for 0.1 T, diamonds for 0.2 T, and squares for 1.5 T. Error bars in the plot

denote standard uncertainties.

moments. However, detailed fitting is complicated in this
instance, given the known chemical core-shell nature of the
Fe;04/Mn,Fe;_, 04 nanoparticles here as well as the overlap-
ping contribution from any remaining interparticle reflection
intensity.

Figure 7 illustrates further the complexity of the spin
structures in this system, depicting the spin-flip ratio (SFR)
of the horizontal SF scattering component (6 = 0°) to the
vertical component (6 = 90°) for the range of experimental

conditions. In remanence, the SFR is closest to the expected
2:1 ratio for uncorrelated, isotropic equivalent magnetic mo-
ments, whereas in high magnetic field, the extended magnetic
structure leads to a SFR closer to 1:1. In detail, at given
temperatures and fields, the Q dependence also varies in
these assemblies, presumably as the adopted spin morphology
changes length scales as well. This is consistent with the two-
component nature of the perpendicular magnetic scattering
displayed in Fig. 6, with long-range correlations apparent

25 25 25
(@) 10K (b) 200 K (c) 400 K
2.0 2.0 20
t
& 151 . ++*++ i
T #y
14 + {%
L ‘
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J e,
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2 3 4 56789 2 3 4 5 6789 2 3 4 5 6789
-1 -1 0.1 1 0.1
Q(A ) Q(A") Q(A")

FIG. 7. Spin-flip horizontal-to-vertical scattering ratio (SFR) defined in Eq. (9) as a function of Q for (a) 10 K, (b) 200 K, and (c) 400 K with
squares for 1.5 T, diamonds for 0.2 T, triangles for 0.1 T, and circles for remanent fields. Error bars in the plot denote standard uncertainties.
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in the vicinity of the interparticle peak (~0.085 A~!) and
single-particle or short-range correlations particularly evident
in the low-Q range.

The ratio values here are suggestive of nonisotropic, asym-
metric spin structures as observed in related Fe;O4 assem-
blies with a magnetic core-shell structure [10]. Note that in
other systems, where either dipolar or Dzyaloshinskii-Moriya
interactions are important, micromagnetic simulations of the
expected magnetic Fourier transform components show sig-
nificant anisotropies [14,40].

IV. MODELING AND DISCUSSION

The PASANS data in Sec. III reveal two striking magnetic
features with significant field and temperature dependence:
(1) a magnetic interparticle peak in M2 and (2) anomalies
in the Q-dependent spin-flip scattering ratio. Under the same
conditions, as shown in the Supplemental Material [38], the
structural features remain nearly constant, excluding a soften-
ing at 400 K for the surfactant coating becoming more fluid-
like. These differences indicate that the extent of interparticle
magnetic correlations does not simply match the structural or-
dering. Thus, to explain the variable magnetic characteristics,
we construct a model beginning with the known assembly of
the close-packed particles and adding the expected dominant
dipolar energetics driving the magnetic ordering.

In our three-dimensional nanoparticle crystals, dipolar in-
teractions are anticipated to be strongest within a close-packed
assembly plane, but weakened along the layer stacking direc-
tion which can be subject to stacking faults. We assume an fcc
stacking of successive layers in agreement with microscopy
observations of the nanocrystallite ordering. We note that
in earlier microscopy studies of thin layers of ordered Fe
nanoparticles, the preferred moment orientation was found
to be very sensitive to layer number, affecting whether the
orientation from layer to layer was ferromagnetic in the plane
or even possibly antiferromagnetic [41]. Hence, it seems
reasonable to explicitly consider the effect of stacking faults
on the resulting magnetic structure in the otherwise ordered
nanocrystals.

Within a given close-packed assembly plane, we model
any defects or disorder to match the observed structural con-
figuration, as discussed in the Supplemental Material [38].
Considering the diffraction and neutron magnetic selection
conditions, we note this can be accomplished by preferentially
favoring the sixfold symmetry axes in the plane as indicated
in Fig. 1(c), thereby mimicking anisotropy directions from
particle to particle. Note that this is also consistent with the
very soft magnetic behavior demonstrated by the particles in
Fig. 2; from this, we would expect magnetization to lie in the
close-packed planes rather than out of plane along the stacking
direction.

From the structural and magnetic data, other possible mag-
netic interactions are expected to be less significant. The aver-
age edge-to-edge nanoparticle separation distance is ~1.0 nm,
consistent with a lattice spacing of 12 nm, such that direct
exchange or superexchange should be weak. In comparison
to the very high value for CoFe,04 [8], magnetocrystalline
anisotropy energy in the present system should not dominate
as much, being reduced by at least one and nearly two orders

of magnitude. The bulk MnFe,O,4 anisotropy value at room
temperature is roughly 1/3 to 1/2 of that for Fe;O4 but in-
creases in magnitude with decreasing temperature in contrast
to the temperature dependence for bulk Fe;O4 approaching
the Verwey transition [42]. As a result of these opposing
trends, these core-shell Fe;O4/Mn,Fe;_, 04 particles are ex-
pected to show fewer changes in anisotropy-driven effects
with temperature in comparison to the pure Fe;O, system.
While we have considered the Dzyaloshinskii-Moriya term
explicitly for intraparticle spin structures due to symmetry
breaking at the nanoparticle surface [7], it is not clear how
such interactions would manifest themselves in the infer-
particle spin structures in our macroscopically homogeneous
polycrystals of nanoparticles.

With these energy considerations in mind, we thus con-
struct a model with an assembly of two-dimensional mag-
netic “flakes” or plates [Fig. 1(b)], comprised of a cluster of
close-packed particles with given magnetic radius, magnetic
scattering length density, and fixed separation, bounded by
known values from the stoichiometry and physical size. Each
magnetic plate consists of a specified number of scattering
centers [19 are shown in the Fig. 1(b) schematic] and a
fitted number of stacked layers (typically 5) that are offset
to preserve the packing and limited to keep the total shape
physically plausible. Within a given layer, the in-plane pro-
jection of the magnetic moments of all the scattering centers
are assumed to point along a hexagonal symmetry direction
from nanoparticle to nanoparticle, as illustrated in Fig. 1(c)
by sixfold in-plane arrows. We consider two possibilities:
(1) a random selection of one of these axes in the absence
of any magnetic correlations or (2) selection of an easy
symmetry axis closest to the applied field direction [indicated
in Fig. 1(c) by yellow bolded arrows] in the presence of strong
magnetic correlations. Finally, the angle of the magnetization
(M) relative to the in-plane easy direction is selected by
minimizing the dipolar coupling energy of the cluster and the
Zeeman energy (—M - u,H). This constraint assumes that the
magnetization initially lies within the close-packed plane of
the plate in low fields (one of the symmetry axes) but tips
up out of the plane toward the field direction (X) as the field
is increased [Fig. 1(c)]. Note that due to dislocations and
stacking faults, the magnetic coherence from layer to layer
is allowed to vary; in addition, we assume some individual
particle moments will not be part of a cluster and allow this
free particle fraction to vary. A fixed volume fraction based on
sample size sets the scaling for the simulated scattering, along
with a fixed flat background term. In this fashion, regions or
domains for possible magnetic scattering can be constructed.

The plates are rotated over all possible orientations, as
indicated by angles ¥, w, and ® in Fig. 1(c) to account for
the fact that the clusters are assumed to be randomly arranged
in space. The contributions to the scattering are then com-
puted, making use of the relevant selection rules described
in Refs. [28,29]. The simulated scattering is smeared by
the instrumental resolution to compare against the measured
experimental data.

Figure 8 shows the important role of the easy symmetry
axis selection, considering the specific case of the nanoparti-
cles at 200 K in a magnetic field of 0.1 T with either preferred
axis correlation or not. While in either case, the vertical SF
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FIG. 8. Simulated spin-flip scattering in the (a) vertical (¢ = £90°) and (b) horizontal (8 = 0° or 180°) directions, compared against
PASANS data for the Fe;O0,/Mn,Fe;_, 04 nanoparticle assemblies at 200 K in a magnetic field of 0.1 T. Error bars in the plot denote standard
uncertainties. The dotted (red) lines show predicted scattering assuming no correlations and a random selection of the symmetry axis in a
close-packed plate, while the solid (black) lines show the same scattering, assuming selection of the axis nearest to the applied magnetic field.
All other model parameters are maintained constant, with key values listed in Table S-II of the Supplemental Material [38]. Insets indicate the

sectors of data that were analyzed.

data are reasonably well captured by the modeling, imposition
of the nearest-to-field symmetry easy-axis choice is necessary
to capture the horizontal SF intensity at the interparticle peak,
as well as to match the intensity elsewhere to mimic the
experimental SF ratio (Fig. 9). Removing any symmetry axes
in the model at all leads to a degradation of the match to the
experimental data, similar to that observed for the case of no
axis correlation.

The specific variable parameters for the model with pre-
ferred axis correlation for this intermediate field and tempera-
ture condition are indicated in the Supplemental Material [38],
with the flake consisting of 37 scattering centers and 5 layers
with 25% coherence from layer to layer and magnetic scat-
tering length density and radius under the expected maximum
values based on bulk behavior. A 7.5% free particle fraction is
assumed. Under these conditions, the balance of the Zeeman
energy with the dipole interaction considerations leads to a net
magnetization tipped on average 9.5° from the plane.

We have then applied this model approach across the
whole set of field and temperature conditions as listed and
displayed in the Supplemental Material [38]. We find that the
data sets can be simulated for physically reasonable param-
eter choices in particular with magnetic radius not exceed-
ing the value expected from the observed particle diameter
(7.4 £ 1 nm) within uncertainty and with magnetic scattering
length density not higher than the (1.5-1.6) x 107 A=2 ex-
pected for Fe;O04 and MnFe,O,4 based on bulk magnetization
values. The magnetic scattering length density and magnetic

radius associated with the scattering centers reach the ex-
pected maximal values in higher magnetic field and lower
temperature conditions; these conditions are also associated
with larger clusters (with more centers and more layers),
higher degree of layer alignment, and lower free particle
fractions.

To understand the interplay of these parameters in more
depth, we plot in Fig. 10(a) the averaged tilt angles for the var-
ious model conditions. Note that since a range of all possible
flake orientations relative to an applied field is considered, an
average tilt angle of 45°, rather than 90°, corresponds to com-
plete field alignment. In Fig. 10(b), to compare these angles
against the dc magnetization data in Fig. 2, we consider the
magnetization at a particular field value (My) relative to the
maximum magnetization at 5 T (M,x) at a given temperature
and compute the corresponding angle 0, assuming a simple
alignment relationship: O, = sin~ ! (My /Mnax)-

Overall, the model behaviors at 10 and 200 K are more
similar in comparison to that at 400 K, reflecting the general
trends in the magnetic PASANS data for Figs. 4-7. At lower
temperatures, the interplay of the energetics favors larger,
more platelike magnetic domains with net magnetization
closer to the flake or plate. In this fashion, the PASANS
data can be explained in terms of tracking the formation
of regions of magnetically correlated nanoparticles, but with
strong preferential alignment of the magnetic moments to
symmetry directions in the close-packed plane due to dipolar
interactions.

094421-8



CORRELATED SPIN CANTING IN ORDERED CORE-SHELL ...

PHYSICAL REVIEW B 99, 094421 (2019)

22

20

N [l il
/.‘/

1.6

14 /,/i__ll\\

— with preferred correlation
with no correlation

os /|

2 3 4

\
==

SF Ratio

_._
—
e
=

1.0+

w
2}
~
©
©

Q(A‘1)

FIG. 9. Simulated spin-flip scattering ratio assuming random
selection of sixfold symmetry axis for no correlation (dashed red
curve) vs selection of axis nearest to applied field (solid black curve)
for preferred correlation, in comparison against experimental data for
assemblies at 200 K in a magnetic field of 0.1 T. Error bars in the plot
denote standard uncertainties.

In contrast, at 400 K the parameters for magnetic scat-
tering length density and magnetic radius are reduced, as
would be expected from the behavior of bulk MnFe,0, at
elevated temperature. These reductions should weaken dipolar
interactions; with Zeeman energy contributions now more
important, the averaged tilt angles increase towards the ap-
plied field direction, even in moderate fields of 0.1-0.2 T.
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FIG. 10. (a) Averaged tilt angle of the magnetization vs magnetic
field assuming model parameters listed in Table S-II of the Sup-
plemental Material [38], with blue circles for 10 K, green squares
for 200 K, and red triangles for 400 K. Zero degrees corresponds
to alignment within the plane of scattering centers. Note at 400 K
in remanence, the modeled “cluster” consists only of one scattering
center and is thus omitted. (b) Averaged tilt angle of the magneti-
zation vs derived magnetization tilt angle using magnetization data
from Fig. 2. The relationship is nearly linear as expected, at 10 and
200 K.

Consistent with this dipolar interaction weakening, the 400 K
data are modeled best by the formation of much smaller, more
isotropic clusters relative to the case at 10 or 200 K. The
cluster size change is now a very significant contributor to the
overall magnetic behavior with field, such that the relationship
of averaged tilt to the magnetometry data is less clear in
Fig. 10(b), relative to the lower temperature data which are
more linear.

The presence of 2D magnetic platelike structures for a
number of the fields and temperatures is a particularly in-
triguing feature of the modeled data, especially since the
structural extent of the dense nanoparticle assemblies is long
range and 3D, albeit with stacking faults and other defects. To
explain this feature, we note that while the energy differences
between the arrays as a result of such dislocations are very
small, these defects are known to have a possibly dramatic
effect on magnetic ordering. As mentioned earlier, in thin
films of assembled Fe nanoparticles, magnetic alignment was
highly dependent on particle size and thickness, with behavior
ranging from ferromagnetic all the way to antiferromagnetic
layer coupling [41]. More recent work on ordered collec-
tions of y-Fe,O; nanoparticles [15] has explicitly probed
the crossover from 2D- to 3D-like structures, centered on
the formation of flux closure or vortex states which vary in
orientation depending on thickness. As might be expected,
more 3D-like character is found for increasing thickness, but
even for their bulk case with a thickness of a few microns
and hence comparable to our nanocrystals, isotropic magnetic
behavior is not observed—an effect attributed to deviations
from perfect fcc structure. This matches our results here,
although it is more difficult to compute the specific energetics
in our system given a collection of defected grains vs focusing
on just one. In comparison to Ref. [15], we note that these
core-shell nanoparticles are significantly softer magnetically
with pronounced temperature dependence to the magnetiza-
tion as shown in Fig. 2. Hence, it seems very plausible for
the dipolar interactions coupled to the defected structure to
favor 2D-like magnetic domains for some range of field and
temperature conditions.

Ultimately, the 2D magnetic behavior may stem from the
nature of the defects and stacking faults created in the assem-
bly process. While in our case, we are unable to determine
the exact nature of the ordered regions within the interior
of the 3D assemblies, we note that, for CdSe nanoparticles
self-assembled in a similar fashion, thin hexagonal platelets
were formed and directly imaged [31]. Thus, one possibility
is that our 3D assemblies consist of stackings of different thin
platelets, giving rise quite naturally to the 2D magnetic flake
behavior.

V. SUMMARY AND CONCLUSIONS

In summary, we have used advanced PASANS meth-
ods to directly probe the spin structures in ordered
Fe;04/Mn,Fe;_,04 nanoparticle assemblies with a three-
dimensional character. In a variety of field and tempera-
ture conditions, we observe a significant perpendicular mag-
netic scattering signal that is coherent from nanoparticle
to nanoparticle; we outline a general procedure to perform
the polarization correction in the vicinity of this magnetic
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Bragg peak [38]. The longer-range magnetic correlations in
this system manifest themselves in a range of SF scattering
ratios as well. In contrast to other work, we explicitly deter-
mine experimental length scales for these correlations.

Overall, the field and temperature trends in the PASANS
data are captured by a model which highlights the competition
between the dipolar interactions among the nanoparticles and
the Zeeman energy in a field, with preferred net spin align-
ment relative to preexisting packing symmetry axes. The 2D
platelike magnetic structures appear to stem from the com-
bination of very soft magnetic particles and the presence of
stacking faults and related small structural defects. Note the
model does not include or require details of the magnetic
structure within each single nanoparticle, relying instead on
relatively small net changes in magnetic radius and magnetic
scattering length density to capture what is likely a compli-
cated intraparticle configuration. In our earlier investigation,
we performed atomistic calculations that consider in detail the
nature of Heisenberg exchange or other possible contributing
interactions such as a Dzyaloshinskii-Moriya term [7] in
our core-shell nanoparticles. The calculations show that the
contributions of both of these factors govern spin canting
within a single particle, although these computationally in-
tensive calculations could not be extended to an ensemble
of nanoparticles which have relatively complex chemical
structure. Nanoparticles with homogeneous MnFe,O4 com-
position would clearly have been preferable from a modeling
standpoint, but only if the size uniformity and ability to
order into 3D crystals remain intact; the synthesis method
described in Refs. [5,7] is very successful for ordering, albeit
with core-shell particles formed in the precursor decompo-
sition process. Further improvements to the model could be
achieved by including distributions of plate or cluster size,
which are undoubtedly present in the sample. Nevertheless,
the results here indicate that the relatively small changes in
individual particle net moment at different temperatures and
fields are amplified in the collective magnetic behavior of our
nanoparticle ensemble which is strongly influenced by dipolar
interactions.

The spin structures adopted in these Fe;O4/Mn,Fe;_, 04
nanoparticle assemblies represent yet a different solution to
competing energetics in comparison to our earlier studies on
CoFe,04 and Fe3;O4 [8-10]. For CoFe,O,4 assemblies, the

very high magnetocrystalline anisotropy along with Zeeman
energy in a field provide the dominant considerations for
controlling what is mostly a single-particle alignment. In
the Fe;O4 assemblies, exchange and Zeeman energies were
the dominant terms, but with magnetocrystalline anisotropy
and dipolar interactions shaping the energy landscape; these
nanoparticles were structurally uniform but with a magnetic
core and shell that changed with field and temperature. For the
current system, changes in the intraparticle magnetic struc-
ture were more modest [7], consistent with the anticipated
reduced exchange in manganese ferrite vs magnetite based
on the Curie temperature and the moderated anisotropy based
on averaging the bulk values for MnFe,O4 and Fe;O4. In
this case, the remaining consideration of dipolar interactions
clearly plays an increasingly important role in determining
the unique, two-dimensional nature of the collective magnetic
order.

These results are significant, given the many applications
that rely on a high concentration of magnetic nanoparticles,
with either explicit or implicit assumptions as to the governing
spin morphologies. From an experimental technique stand-
point, the power of the PASANS method is highlighted and
further extended to properly account for the possible differ-
ence in sample depolarization in the vicinity of a magnetic
Bragg reflection. The data and analysis shown here provide
further evidence of the wide range of magnetic nanoparticle
spin structures that may be adopted, depending on the delicate
balance of the competing energetics in the composite systems.
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