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Abstract

Remanence magnetization plots (e.g., Henkel or §M plots) have been extensively
used as a straightforward way to determine the presence and intensity of dipolar and
exchange interactions in assemblies of magnetic nanoparticles or single domain grains.
Their evaluation is particularly important in functional materials whose performance
is strongly affected by the intensity of interparticle interactions, such as patterned
recording media and nanostructured permanent magnets, as well as in applications
such as hyperthermia and magnetic resonance imaging. Here we demonstrate that § M
plots may be misleading when the nanoparticles do not have a homogeneous internal
magnetic configuration. Substantial dips in the M plots of «-FesO3 nanoparticles iso-
lated by thick SiOs9 shells indicate the presence of demagnetizing interactions, usually
identified as dipolar interactions. Our results, however, demonstrate that it is the inho-
mogeneous spin structure of the nanoparticles, as most clearly evidenced by Md&ssbauer
measurements, that has a pronounced effect on the § M plots, leading to features re-
markably similar to those produced by dipolar interactions. X-ray diffraction results
combined with magnetic characterization indicate that this inhomogeneity is due to
the presence of surface structural (and spin) disorder. Monte Carlo simulations un-
ambiguously corroborate the critical role of the internal magnetic structure in the § M
plots. Our findings constitute a cautionary tale on the widespread use of remanence
plots to assess interparticle interactions, as well as offer new perspectives in the use
of Henkel- and dM-plots to quantify the rather elusive inhomogeneous magnetizations

states in nanoparticles.

Introduction

Exchange and dipolar interactions between grains or particles are essential to understanding
the behavior of magnetic polycrystalline and colloidal materials.? Indeed, these interac-
tions are key to the performance of many common magnetic materials, e.g., permanent

magnets, >+ magnetic recording media,>® magnetically soft materials for high frequency ap-



plications,” where dipolar interactions may have undesirable effects, such as aggregation of
nanoparticles in biomedical applications.®? Magnetic interactions control the properties of
sufficiently dense assemblies of magnetic nanoparticles and nanostructures, tailoring their
functional properties, e.g., blocking (or freezing) temperature, coercivity, remanent mag-
netization, switching-field distribution and effective anisotropy, among others.!™¢ In fact,
interactions are the basis of a large number of nanoparticle-based magnetic materials, e.g.,
superferromagnets, superspin glasses, artificial spin ice, long range self-assemblies, or ferroflu-
ids. %1721 Given the crucial importance of interactions in magnetic nanostructures, many
direct and indirect approaches have been used to try to quantify them: first order reversal

24-27
S,

curve (FORC) analysis,?>?3 small angle neutron scattering, SAN electron hologra-

28,29 30,31

magnetic force microscopy, Lorentz microscopy,? Brillouin light scattering,3?

phy,
resonant magnetic x-ray scattering®* and so on. However, one of the most accepted methods
to assess interactions is the remanence plots technique (i.e., Henkel or 6 M plots),>* 37 which
is routinely used to evaluate interactions between nanoparticles or grains®®° both in funda-

5657 and in diverse nanoparticle-based applications (e.g., patterned recording

mental studies
media, permanent magnets, or magnetic resonance imaging'3%39:°5) " In particular, the § M
technique has been used to evaluate dipolar interaction in biomedical applications, where,
for example, they have been shown to be crucial for the heating performance of nanoparticles

58-61

in hyperthermia therapy. Interestingly, this approach is also widely used in paleomag-

62,63 or even biomagnetic systems.% The technique is based

netism and rock magnetism
on the fact that, for coherent rotation of non-interacting single-domain particles with uni-
axial anisotropy, the isothermal remanent magnetization (IRM, M,.) and the direct current
demagnetization remanence curve (DCD, M,) are connected via the Wohlfarth relation: %
My H) = M,s — 2M,.(H), where M, is the saturation remanence and H is the applied
magnetic field [see Supporting Information for a more detailed explanation of the different

terms|. Henkel observed that plots of My(H) vs. M,(H) in heterogeneous alloys may present

positive or negative curvatures deviating from the expected linearity.3”



Figure 1: Top: schematic representation of the VSTx sample series with varying thickness
of a non-magnetic SiO, shell. Bottom: TEM images of the 8 nm nanoparticles with thickest
SiOgq shells: (a) tgio, = 17 nm (VST17); (b) tsio, = 42 nm (VST42) and (c) tsi0, = 62 nm
(VST62).

In the 80’s Kelly et al. introduced the concept of M plot, which measures the devia-
tion from linearity in Henkel plots, conveniently preserving the explicit dependence on H,
IM(H) = My(H) — [M,s — 2M,.(H)]. Interparticle interactions are detected through the
appearance of a negative dip (demagnetizing interactions; typically dipolar interactions) or
a positive peak (magnetizing, usually exchange, interactions) in the §M plots, while M (H)
= 0 has generally been taken as an indication of the absence of interactions. 3567

It is worth noting that the M plots for systems of non-interacting particles with cubic
anisotropy are intrinsically positive® and their shape may vary when different anisotropies
co-exist. % However, even in the uniaxial anisotropy case, the fact that magnetic single-phase
and core/shell nanoparticles (particularly oxide nanoparticles) are usually not monodomains
(i.e., cannot be simplified to a system of macro-spins), often exhibiting rather complex

70-74

internal spin structures, may cast some doubts over the validity of the remanence curves

approach for the evaluation of dipolar interactions. 4547577
Here we investigate the interactions in y-Fe;O3 nanoparticles coated by thick SiOs shells

(up to 62 nm) via § M plots and FORC. The 6 M plots show clear negative dips, apparently



implying dipolar interactions, even in the extremely magnetically dilute cases. Our results
indicate, however, that while isolated nanoparticles with no spin canting have dM = 0 and
show no exchange bias, nanoparticles with surface spin canting display large negative 0 M and
finite bias. Thus, the inhomogeneous spin structure of the nanoparticles, even if only a thin
disordered layer, can have a strong effect on the d M plot, yielding features very similar to
those observed for dipolar interactions. A systematic Monte Carlo study strongly supports
the ordered core/ disordered surface magnetic structure as the origin of the unexpected

features in the 0 M plots.

Results and discussion

Magnetic characterization

To evaluate the strength of interactions as a function of the maghemite concentration, we
carried out a systematic 6 M-plot study across two different series of v-Fe,O3 nanoparticles:

(i) fixed core diameter (drgpy = 8 nm) with a varying-SiO, shell-thickness series (VSTx,

where x indicates the shell thickness in nm; see Fig. 1) and (ii) a changing-core-diameter

(6-11 nm) series with a fixed SiOy shell thick enough (~17 nm) to guarantee the magnetic
isolation of the maghemite cores (VCDx, where x indicates the approximate core diameter
in nm) (see Methods and Supporting Information).'™7™ In all cases, X-ray diffraction and
Méssbauer spectroscopy (see Supporting Information) consistently confirmed that the Fe
oxide core is maghemite (7-FesOs). The same result was previously found for the 8 nm
particles using Raman spectroscopy.

The temperature dependence of the zero-field-cooled (ZFC) magnetization of all samples
shows a peak at low temperatures signalling superparamagnetic (dilute systems) or freezing
(dense systems) transitions'®™ (see Fig. Sla).

Figure 2 shows the normalized (to M,s) My(H), M,(H) and the resulting 0 M (H) curves
measured at 5 K for the VSTO (bare 8 nm 7-Fe,O3 nanoparticles) and VST17 (8 nm y-Fe,O3
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Figure 2: Normalized (to M, ) isothermal remanence (IRM), dc demagnetization remanence
(DCD), and the resulting M curves measured at 5 K in a dense assembly of maghemite
particles 8 nm in diameter (upper panel) and in highly dilute assemblies of the same particles
(middle panel) and of 6.2 nm nanoparticles (lower panel).



nanoparticles with a tg;0, = 17 nm shell) samples, as well as for the VCD6a system (with a
similarly thick silica shell coating 6 nm ~-Fe,O3 cores). The VSTO sample presents a very
strong M dip (= 108 %), which indicates intense dipolar interactions. This is expected
given that the absence of any protecting shell leaves the particles virtually in contact with

each other, leading to an ideal superspin glass behavior® 3

characterized, e.g., by a very
high freezing temperature (compared to that of isolated nanoparticles) and by shapes of the
FC-ZFC curves closely reminiscent to those of atomic spin glasses, confirming the presence of
strong interparticle interactions in this sample. Note that such strong 6 M dips have already
(though rarely) been reported in other strongly interacting systems. 348

Remarkably, a clear dip (=~ 30%) in the dM plot is also observed in sample VST17.
As mentioned, negative dM values are customarily taken to indicate the presence of de-
magnetizing dipolar interactions. However, the thick SiOs shell ensures a large intercore
distance yielding an estimated nearest-neighbour dipolar interaction strength, Tyy [Tus =
pop/(Awd3kg), where d is the average distance between particles and p their magnetic mo-
ment]®® below 1 K. Therefore, dipolar interactions are negligible in the entire temperature
range studied in this work.8® We can rule out the possible presence of multicore nanoparti-
cles (i.e., the SiOy does not coat single v-FeoO3 particles but aggregates of particles instead),

8788 as accounting for the

previously observed in other systems prepared by similar methods,
observed d M dip: the synthesis procedure was optimized to avoid aggregation as confirmed
by a thorough transmission electron microscopy (TEM) study (Fig. 1), examining thousands
of particles. Importantly, the magnetic measurements also confirm that the thick SiOy shell
effectively suppresses interparticle interactions. For the VSTx series, the dependence of the
ZFC peak temperature, Tz, on the capping layer thickness indicates that, for sufficiently
large ts;0,, T8 becomes constant (Fig. 3, right axis). This is usually taken to imply neg-
ligible dipolar interactions at such great interparticle distances. This is corroborated by

the shape of the FC curves, which become flat below Tg for interacting particles, while for

non-interacting particles they show a monotonic increase below T (Fig. Sla). Finally, the



classical test of H/T scaling (Langevin behavior) was also verified in selected samples with
thick silica shells after subtracting a high-field linear dependence (Fig. S1b). In fact, the
FC and ZFC magnetization curves (Fig. Sla), the hysteresis loop at 300 K and the ac sus-
ceptibility curves measured at different frequencies were simultaneously fitted to an isolated
particle model in a consistent way.!® Additionally, the magnetic volume obtained from a
89 (

Langevin fit is slightly smaller than the physical volume, again discarding interactions®’ (see

Supporting Information).
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Figure 3: Maghemite concentration dependence of the normalized (to M,.s) depth of the § M
dip (left axis, where the dotted arrow indicates a background value for low concentrations)
and of the peak temperature of the ZFC magnetization, Thyax (rights axis; see Fig. Sla).

An emphatic proof of the absence of any significant dipolar interactions is also provided
by the observation of equivalent § M behavior (and overall magnetic properties) in samples
with even larger tg;0, in the VSTx series (tg;0, = 45 and 62 nm, both well below 0.1 %
volume concentration of v-Fe,O3), as shown in Fig. 3.

The intensity of the dip of the 0 M plot depends strongly on the thickness of the non-

magnetic spacer shell. However, the variation of M with tg;0, clearly shows two regimes:



strongly decreasing d M for small shell thicknesses, and virtually constant for thick coatings.
This behavior indicates that there is more than one mechanism involved, comprising dipolar

interparticle interactions (dominating for small tg;0,) and some intraparticle demagnetizing

interactions present for all samples, but only evident when dipolar interactions are sufficiently
weak. When comparing the shape of the d M plots for strongly interacting VSTO and VSToa
samples with the nominally non-interacting VST17 one (Fig. S2), it can be seen that while
the non-interacting sample has a rather symmetric peak shape, the interacting samples show
a considerably slower approach to zero at high fields (particularly visible when re-scaling the
plots - see inset in Fig. S2a-), possibly indicating different mechanisms.

To assess the possible origin of the intraparticle interactions, we studied the low temper-
ature hysteresis loops of the non-interacting samples in the series. As can be seen in Fig. S3,
the field-cooled samples exhibit a sizable loop shift, Hg, along the field axis (i.e., exchange
bias?™). Interestingly, all the three samples with large tg;0, exhibit roughly the same Hp
(= 100 Oe) value, consistent with the fact that they also show the same 6M dip. In fact,
the existence of Hr can be seen as an ”intraparticle” deviation from the Wohlfarth’s model
for uniform monodomains with coherent switching. Notably, Hg has often been observed in
oxide ferrimagnets and it is frequently attributed to the presence of a thin highly-anisotropic

7091 The presence of a spin-disordered

spin-disordered layer at the surface of the nanoparticle.
layer is also revealed by a reduced "magnetic size” 7.2 nm (extracted from Langevin fits of
room temperature loops, see Supporting Information) compared to the particle size evalu-
ated from TEM images drgy = 8.0 nm.”™ Thus, this spin-disordered layer may be the origin
of the unexpected 6 M dip.

To test this hypothesis we studied the magnetic properties of the VCDx series, comprising
nanoparticles with magnetic cores of different diameters coated with a thick silica shell
magnetically isolating the cores. The top panels in Figure 4 present the size dependence

of three different magnetic parameters: the depth of the M dip, the effective magnetic

anisotropy constant, K.¢; (estimated from the blocking temperature, K.;; = 25kT5/V) and



the exchange bias field, Hg. Conveniently, the three types of particles with cores smaller
than 8 nm (drgy = 6.2, 6.3, 6.9 nm, corresponding to samples VCD6a, VCD6b and VCDT)
display a zero 6 M (H) curve [as shown in Fig. 2 (c¢)], as predicted by the Stoner-Wohlfarth
model. Remarkably, these samples also show negligible exchange bias and a relatively low
and constant K.ss. In contrast, for d > 8 nm the particles exhibit strong dM dips, similar
to that shown in Fig. 2(b), as well as sizeable exchange bias fields and K.y values which
vary with the reciprocal of the core diameter. This dependence (on the surface-to-volume
ratio) suggests, indeed, the presence of a spin-disordered surface layer providing exchange
bias and contributing to the effective anisotropy of the larger particles. The crossover region
(7-8 nm) between these two magnetic regimes is highlighted by the grey shaded area in Fig.
4.

To investigate a possible structural origin for the different magnetic behavior in the
two size regimes, the nanoparticle sizes obtained by TEM (drgy) and x-ray diffraction
(XRD, dxgrp) were compared. The results in Fig. 4(c) show that for small sizes dxgp is
systematically larger than drgy;, whereas the opposite holds for larger (d > 8 nm) sizes.
That the XRD (Scherrer) sizes are somewhat larger than the TEM diameter in the case of
the smaller (d < 8 nm) nanoparticles can be understood from the volume-weighted character
of the diffracted signal. The results in panel (¢) (Fig. 4) imply that the smaller particles
have a better crystallinity (the whole particle contributes coherently to the XRD) than the
larger particles, where part of each particle (probably the near-surface region) is highly
disordered and hence does not contribute to the diffraction peak profiles. These structural
results correlate perfectly with the magnetic behavior described above, where the better
crystallinity of the smaller particles strongly points to a lack of near-surface crystallographic
disorder, which explains the absence of spin disorder related effects, i.e., the vanishing d M
dips and exchange bias fields together with the reduced K.¢; values with respect to the

extrapolated (dashed) curve in Fig. 4(b).

10
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Figure 4: Particle size dependence of the depth of the 0 M dip measured at T = 5 K (a),
the effective magnetic anisotropy constant (circles, left axis) and the exchange bias field
(triangles, right axis) (b), and the ratio of the XRD and TEM nanoparticle sizes (c¢). The
straight lines in the different panels are guides to the eye while the red curve in (b) is a fit
to the inverse of the nanoparticle diameter (1/drgyr), a dependence characteristic of surface
or interface phenomena. The grey shaded area indicates the transition region between the
two different behaviors.
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Figure 5: Mdssbauer spectra obtained at 10 K in an 80 kOe magnetic field applied parallel
to the y-beam in samples VCD8 (= VST17) and VCD6a. See Supporting Information for
details of the Mdossbauer fit.

Mossbauer

In order to firmly establish the presence of the crucial surface spin disorder indicated by the
magnetic measurements, we have carried out an in-field Mossbauer study of two characteristic
samples with thick SiOq shells but very different magnetic behavior: VST17 (= VCDS, with
sizable 0 M and Hp values) and VCD6a (with negligible §M and Hg). As shown in Fig.
5, when comparing the high-field Mdssbauer spectra of both samples, it is clear that the
intensities of lines 2 and 5 strongly increase in sample VST17. This indicates that while
most of the spins in VCD6a align with the magnetic field, in VST17 a fair amount of
spins remain canted even at 80 kOe?? (for a detailed discussion of the Mdssbauer results,

91795 " This behavior is typical of nanoparticles with surface spin

see Supporting Information
disorder. 13 Using a core/shell model,? a surface disordered shell of thickness about 0.8 nm
is estimated, comparable to that obtained from Langevin estimates of the magnetic volume

(see Supporting Information). Note that, in general, both volume and surface contributions

may be present in Fe oxide particles. The former, related to frustrated topology, defects

12



or oxidation gradients’96 9

is unlikely in the present case given the high control of the
oxidation process in the particle synthesis; however, it cannot be completely ruled out.
Independently of the origin of the spin canting remaining in the 6 nm nanoparticles, it
should be emphasized that it is rather small, equivalent to less than one surface atomic

layer. Thus, the Mossbauer results fully confirm that the internal magnetic structure of the

nanoparticles is the origin of the § M features in samples without dipolar interactions.

Monte Carlo simulations

To corroborate the results we carried out a systematic Monte Carlo study of nanoparticles
with a disordered surface layer. As it can be seen in Fig. 6(a), the simulation of single
nanoparticles with such internal magnetic structure clearly shows a sizable M effect, in
concordance with the experimental results, when the surface anisotropy is substantially larger
than that of the core. The study of the diverse parameters (exchange, core anisotropy,
surface anisotropy and thickness of the disordered layer) evidences that all the parameters
are involved in the appearance of negative 6 M (see Supporting Information). For example,
the anisotropies (Kcore OF Kgurface) have a non-monotonic effect on M. As expected, for
sufficiently small Ky face (€-8-5 Ksurface = 0.1%Jppr), 0M virtually vanishes. On the other
hand, increasing the thickness of the disordered surface layer leads to larger d M values.
Reducing the exchange causes a decrease in 0 M in a complex fashion (with multiple peaks).

From the Monte Carlo simulations it can be inferred that the presence of a highly-
anisotropic disordered surface layer leads to some locally antiparallel coupled spins. These
spins make the magnetization process more difficult (i.e., higher fields are needed for the
reversal), which translates into a ”demagnetizing” dip in the 6 M plot. The number of these
antiparallel coupled spins (related, e.g., to the disordered surface thickness) and how they
interact with each other (changes in J, Kcore OF Kgyyrface) dictate the strength of the effect.

This is further confirmed by the size effect on 0M [see Fig. 6(b)]. As d decreases the

role of the surface layer and thus of the antiparallel coupled spins becomes more prominent

13
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Figure 6: (a) Isothermal remanence, dc demagnetization remanence, and the resulting §M
plot for the indicated magnetic parameters. (b) Depth of the M dip and exchange bias field
Hpg as a function of the particle diameter, d, and (inset) depth of the §M dip as a function
of exchange bias field Hg, for various particle sizes at low temperature.

and, consequently, §M increases. For very small sizes, due to structural effects,™ the surface
disorder becomes negligible, which leads to a decrease in M. Remarkably, in full agree-
ment with the experimental results, exchange bias in the simulations exhibits an analogous
behavior to 0 M, as further confirmed by the correlation between Hg and 6 M shown in the

inset in Fig. 6(b). Since in oxide ferrimagnetic nanoparticles Hg is well-known to arise from

14



the surface spin disorder,!® this implies that the negative M peak should also be corre-
lated with the presence of surface disordered spins, although a simple one-to-one correlation
between both effects cannot be concluded.

The above results demonstrate that using remanence plots to establish and quantify dipo-
lar interactions in nanoparticle systems may be misleading, since systems with an absence
of interparticle dipolar interactions but with an inhomogeneous internal magnetic structure
(which does not behave as a simple macrospin) present clear non-zero d M signals. More care-
ful analysis of the shape of the M dips (see Supporting Information) indicates that when
the dipolar interactions are strong the shape of the §M is more asymmetrical and dM goes
to zero at much higher fields than when d M arises from internal exchange interactions only.
The measurement of a series of samples has allowed meaningful conclusions to be reached
in the present study. However, it would be very difficult to ascertain the contribution of

interparticle dipolar interactions to the d M curve of a single particle assembly alone.

First Order Reversal Curves

The consistency of the above results justifies the use of our samples as benchmark systems
to investigate the efficacy of other techniques in the search for reliable criteria to differenti-
ate between the two effects leading to such similar 0 M dips, namely intraparticle exchange
and interparticle dipolar interactions. For instance, we have examined the magnetization
switching of three representative samples using the comparatively sophisticated FORC anal-
ysis: (i) VCD6a - with essentially no dipolar interactions and no disordered magnetic layer,
thus 6M = 0; (ii) VCDS8 (VST17) - with essentially no dipolar interactions but with a dis-
ordered magnetic layer, thus with small but rather symmetric M (H), and (iii) VSTO -
with strong dipolar interactions and with a disordered magnetic layer, thus with large and
asymmetric 0M (H). The families of FORCs and the corresponding FORC distributions for
VCD6a, VCD8 (VST17) and VSTO are shown in Fig. 7. A continuous evolution is evident

from weak interparticle interactions in the case of sample VCD6a, to stronger interactions

15
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Figure 7: (a-c) Families of FORCs and (d-f) the corresponding FORC distributions for

samples VCD6a, VCDS8, and VSTO, respectively. Color represents the height of the FORC
distribution. (g-h) Projections of the FORC diagram onto H. and H, axes.

present in sample VCDS, and finally the highest level of interactions measured in sample
VSTO0. The VCD6a sample exhibits a small coercivity of 110 Oe in the major loop [Fig.
7(a)]. The corresponding FORC distribution [Fig. 7(d)] exhibits a narrow ridge along the
local coercivity H. axis, centered at H. ~ 200 Oe, with no appreciable features along the
101,102

H,, direction, characteristic of non-interacting single domain magnetic nanoparticles.

By comparison, the larger maghemite cores in VCDS lead to a much-enhanced coercivity of

16



330 Oe in the major loop [Fig. 7(b)], substantially larger than that in VCD6a. Similarly,
the FORC distribution shifts to much larger local coercivity values, now centered at H, ~
450 Oe [Fig. 7(e)]. This reflects the higher anisotropy due to the larger particle size as well
as to the pinning of the magnetic core by the frozen moments at the surface/shell interface.
These effects result in a larger spread and a decrease in the maximum of the switching field
distribution, as can be observed in the FORC projections onto the H, axis [Fig. 7(g)]. The
FORC ridge is still largely centered along the H,. axis, with limited spread along the H, axis,
as illustrated by the projections of the FORC distributions along Hj, for each sample [Fig.
7(h)]. The qualitative similarities in both the FORC distributions and projections along H,
for VCD6a and VCDS indicate a similarly low degree of dipolar interactions, due to the large
core-core separation. Sample VSTO exhibits again an enhanced major loop coercivity of 460
Oe [Fig. 7(c)]. The switching field distribution of VST0 has a lower maximum and a larger
spread than those of VCD6a or VCDS, with the center of the FORC distribution located at
H. =~ 700 Oe [Figs. 7(f) and 7(g)]. The FORC distribution is qualitatively different from
those of VCD6a and VCDS, exhibiting a vertical ridge along the H, axis. Such a feature is
characteristic of demagnetizing dipolar interactions, as seen in other systems,??19%193 which
are stronger in VSTO due to the much-reduced interparticle spacing than in either VCD6a
or VCDS.

Strong dipolar interactions can be easily identified in a FORC diagram since they present
additional features away from the central ridge along the H,. axis!'® [see Fig. 7(f)]. How-
ever, when dipolar interactions are weak it may be difficult to discriminate between internal
exchange interactions and dipolar interactions in the FORC diagrams. Nonetheless, close
inspection of the projection along H, for VCD6a and VCDS8 reveals an interesting feature,
namely, the projection for VCD6a shows a more Gaussian-like shape, while that of VCDS
evidences a more Lorentzian-like character. Unfortunately, there are no systematic theo-
retical studies in nanoparticles to unambiguously assign the shape of the H, projections to

a certain type of interactions. Hence, in this case FORC provides analogous information

17



to that obtained form M. More systematic experimental and theoretical work would be

necessary to establish a correlation between these effects.

Conclusions

Inhomogeneous intraparticle magnetic structure has been clearly shown to cause the ap-
pearance of a strong M dip in isolated maghemite particles (for which TEM and magnetic
behavior consistently confirm magnetic isolation of the maghemite cores by thick silica coat-
ing shells), very similar to the dips customarily attributed to dipolar interactions. The
exchange coupling of a highly anisotropic layer of disordered surface spins (as confirmed by
Méssbauer spectrometry) with a uniform ferrimagnetic core is the mechanism responsible for
both exchange bias and the non-zero d M, as indicated by the correlation between the two
parameters. The replication of the observed d M dips in Monte Carlo simulations of isolated
particles with an ordered core/disordered surface magnetic structure provides further support
for the proposed intraparticle exchange mechanism. Our work thus strikes a cautionary note
on the widespread use of remanence plots to assess interparticle/intergrain interactions, since
effects due to complex internal magnetic structure may be easily overlooked, particularly in
oxide particles, where surface spin disorder is commonly found. Conversely, our results
demonstrate that, provided dipolar interactions can be safely ruled out by other means, d M
plots can be used to sensitively detect and possibly quantify intraparticle exchange coupling

in magnetically non-uniform nanoparticles.

Methods

Two series of samples were prepared:

1. A varying-shell-thickness series (VSTx) comprising seven samples with a fixed 7-FeyO3

core size (8 nm) coated with silica shells of varying thickness (x = tg;0, = 2, 3, 17, 45
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and 62 nm). The series also includes nanoparticles coated with oleic acid (x = oa), as
well as essentially bare particles (x = 0) obtained after repeated washing in acetone of
the oleic acid-coated nanoparticles.!® Figure 1 presents a schematic representation of
this series, as well as transmission electron microscopy (TEM) images of the nanopar-
ticles coated with thicker silica shells.'® In all cases the nanoparticles were pressed into
disc-shaped pellets, the non-magnetic shell safely preventing any aggregation of the
magnetic cores, controlling the distance between them and, therefore, the strength of
dipolar interactions. The resulting maghemite concentration in the compacts (span-
ning almost four decades') was determined by comparing the saturation magnetic
moment in each disc with the saturation magnetization of the sample made of pure
maghemite (VSTO0). These values are consistent with the volume fraction of magnetic
material derived from the TEM images assuming a random close-packed configuration

of the core/shell particles in the pressed discs.

. A varying-core-diameter series (VCDx) comprising y-FesO3 nanoparticles of varying

diameter d (x ~ d = 6.2, 6.3, 6.9, 8.0, 9.0 and 11.5 nm) coated by a thick SiOs shell
(tsio, &~ 17 nm) in order to minimize dipolar interactions,™ and pressed into discs in
the same fashion as the above series. Some of the samples were duplicated to confirm
the reproducibility of the results. Under our sample nomenclature VCD8 and VST17

denote the same sample.

Synthesis of maghemite nanoparticles

Monodispersed v-Fe;O3 nanoparticles were synthesized by thermal decomposition of Fe(CO)s

in the presence of an oleic acid stabilizer and dioctyl ether, followed by oxidation with

trimethylamine N-oxide, (CHz)3NO.™ The size of the final nanoparticles was controlled by

carefully adjusting the amount of oleic acid, while maintaining unaltered the other synthesis

conditions, such as the volume of dioctyl ether and reaction temperature. For example, for

the 11.5, 9, 8 and 6.2 nm nanoparticles, 3.0, 2.3, 2.0 and 1.5 mole equivalents of oleic acid
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were used, respectively. The reaction temperature was precisely controlled by a temperature
controller with a thermocouple inserted in the reaction solution. For the synthesis of 11.5
nm nanoparticles, 3.84g of oleic acid (13.6 mmol) was put into a three-neck flask, followed
by addition of 30 ml of dioctyl ether. The solution was heated at 80 °C overnight with an
appropriate flow of Ar or Ny to remove the remaining water in the solution. After injection
of 0.6 ml of Fe(CO); (4.56 mmol), the reaction solution was heated at 100 °C for 20 min
and subsequently the reaction temperature was further increased to 300 °C at a rate of 4
°C/min under Ar. The reaction solution was refluxed at 300 °C for 90 min. Afterwards,
the reaction solution was cooled down to 60 °C and 1.02 g of anhydrous (CH3)3NO (13.6
mmol) was added to the solution. Note that this compound is a mild oxidant which provides
a highly controlled oxidation of the nanoparticles to y-Fe;O3 (compared, e.g., to air). The
resulting mixture was heated at 120 °C for 1 h and then heated to 290 °C at a ramping
rate of 4 °C/min. The solution was heated at 290 °C for 1 h. The resulting solution was
cooled down and then acetone was added to precipitate the nanoparticles. The nanoparticles
were collected by centrifugation. The nanoparticles can be dispersed in n-hexane and then
precipitated again by adding acetone to remove the excess oleic acid. To obtain smaller
maghemite nanoparticles, the above procedure was repeated by using a reduced amount
of oleic acid. As the amount of oleic acid is decreased, the decomposition temperature of
iron precursors decreases. The lower decomposition temperature probably leads to a larger

number of seeds, yielding smaller nanoparticles.

Silica coating of the maghemite nanoparticles

For the silica coating of 11.5 nm maghemite nanoparticles (see below), 3.0 g of polyoxyethy-
lene(5) nonylphenyl ether (6.80 mmol, Igepal CO-520) was dispersed in 16 ml of cyclohex-
ane. % Then, 350 pl of y-Fe,O3 solution (28 mg/ml of cyclohexane) was added. The resulting
mixture was sonicated, and 400 pl of aqueous NH,OH (25 wt%) was added under vigorous

stirring and the final solution was additionally stirred for 1 h to yield a brown transpar-
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ent solution. An appropriate amount of tetraethyl orthosilicate (TEOS) was added to the
solution and stirred for 24 h. Starting from 100 ul of TEOS, after checking the thickness
of silica shell by TEM, the amount of TEOS was fine-tuned to yield the desired silica shell
thickness. Finally, 5 ml of methanol was added and vigorously stirred for 10 min to break
the microemulsion. After stopping the stirring, the cyclohexane phase was discarded. 16 ml
of n-hexane was added to the methanol phase with silica-coated nanoparticles and vigorously
stirred for 10 min. Then the n-hexane phase was discarded and the silica-coated nanopar-
ticles were collected by centrifuging the methanol phase. The obtained nanoparticles were
thoroughly washed with methanol via repeated sonication and then centrifugation. The final
nanoparticles were dried under high vacuum. Note that several steps were taken to avoid
multiparticle coating. First, before the silica coating procedure, the ferrofluid solution was
filtered through 450 nm filter to remove any larger aggregates of nanoparticles. To further
minimize the number of possible smaller aggregates, 350 ul of the ferrofluid solution was di-
luted to 1.5 ml with cyclohexane and then sonicated for 30 min. The diluted brown solution
was centrifuged at 14,000 rpm for 1 h to yield a brown gradient solution. Then 1.3 ml of the

upper solution was taken and the rest (presumably containing aggregates) was discarded.

Characterization

Transmission electron microscopy (TEM) studies were carried out in a FEI Tecnai G2 F20
microscope operated at 200 kV. X-ray diffraction (XRD) measurements were carried out in
transmission geometry using, for each maghemite particle size, just a few milligrams of the
maghemite nanoparticles mounted on Kapton tape. A Bruker D8 diffractometer operating
with Cu K, radiation and a position sensitive (silicon strip) detector was employed. From
the most intense Bragg reflection of maghemite, (311), the XRD crystallite size was obtained
by using the Scherrer equation for spherical particles, dxgp = (4/3) A/B cos 6, where A,

[ and 6 are the XRD wavelength, the full width at half maximum of the reflection (in
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radians) and the Bragg angle, respectively. The magnetic measurements were performed
using a Quantum Design MPMS Evercool SQUID magnetometer. The temperature (T)
dependence of the magnetization was measured upon warming from 5 K in H = 5 Oe after
either zero-field-cooled (ZFC) or field-cooled (FC) protocols from room temperature.

Hysteresis loops were obtained at different temperatures after either ZFC or FC from
room temperature to 5 K in H = 50 kOe. The M, (H) and My(H) curves (see Supporting
Information) were measured at 7' = 5 K (well below the blocking temperature of any of
the studied particles) following thermal demagnetization [i.e., the initial demagnetized state
prior to measuring M, (H) was achieved by cooling in zero field from the superparamagnetic
regime|. From the My(H) and M, (H) data, the M plots were computed.

Magnetization reversal characteristics of the samples were also studied using the FORC
method. 221967108 A strong magnetic field is applied to first saturate the sample. The field
is then lowered to a specified reversal field H,, and the magnetization is measured as H is
increased back to saturation. A series of these measurements at various reversal fields makes
up a complete set of FORCs. The FORC distribution is then determined using a mixed

partial derivative, 1%

C10°M(H,H,)
2 OHOH,

Alternatively, the FORC distribution can also be expressed in terms of the local coercivity
H.= (H — H,)/2 and bias H, = (H + H,)/2.''% Integration of p(H, H,) along H, and H.
leads to the projection of the FORC distribution onto the H. and H, axis, respectively.

5"Fe Mossbauer spectra were recorded at 12 K in an 80 kOe external field oriented parallel
to the y-ray from a ®’Co/Rh source mounted on an electromagnetic drive, using a triangular
velocity form, in a transmission scheme. The hyperfine structure was modelled by a least-
square fitting procedure involving Zeeman sextets composed of Lorentzian lineshapes. The
isomer shift values were referred to that of a-Fe at 300 K.

Simulations of the magnetic behavior of the nanoparticles were carried out using the

Monte Carlo method with the implementation of the Metropolis algorithm.!!! An initial
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simulation was carried out for a particle of d = 16.2 lattice spacings (of which the surface
comprises one lattice spacing) with J = —0.1 % Jppr, Keore = 0.2 % Jpyr and Kgur face =
1.0 % Jpyr (see Supporting Information for the details on the Monte Carlo simulations**113).
Based on this standard particle, several parameters have been systematically changed: (i)
particle size (from 6 to 28 lattice spacings); (ii) surface thickness (up 2 lattice spacings); (iii)
J (=0.1%Jppr and —0.3%Jppr); (iv) Keore (from 0.1%Jpps to 0.6%Jppr) and (v) Kgur face (from
0.1xJpp to 2.0%Jpp). Based on the experimental result ™ that for the smallest particles in
the VCD series (6.2 nm) surface effects are not dominant, in the smallest simulated particles

(d = 6.8 lattice spacings) the anisotropy strength of the disordered surface layer was taken

to be equal to that of the core.
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