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Magnetism of iron oxide based core-shell nanoparticles from interface mixing
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We show that the magnetism of core-shell nanoparticles (made of maghemite, y-Fe,O;, cores and
transition-metal and metal-oxide shells) is altered substantially by the interface, which is a doped iron-oxide
layer formed naturally during the seed-mediated synthesis process, a route used typically to produce core-shell
nanoparticles. Characteristics fundamental to useful applications, such as the anisotropy and superparamagnetic
blocking temperature, were altered substantially with Cu, CoO, MnO, and NiO shells. To ascertain the origin
of this behavior, the prototype y-Fe,03/CoO core-shell nanoparticles are described in detail. We show that the
magnetism originates essentially from an interfacial doped iron-oxide layer formed via migration of shell ions,
e.g., Co**, into octahedral site vacancies in the surface layers of the y-Fe,O; core. For this system, an overall Fe
Mo/ Mepin = 0.15 &= 0.03 is measured (mq, ~ 0 for the Fe-oxides) and an enhanced Co m oy, / mgpin = 0.65 3= 0.03
elucidates the origin of the unexpectedly high overall anisotropy of the nanoparticle. This interfacial layer is
responsible for the overall (e.g., bulk) magnetism and provides a perspective on how the magnetism of core-shell

nanoparticles manifests from the selected core and shell materials.
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I. INTRODUCTION

The sensitivity of nanoparticle properties to small changes
in composition and morphology that alter the band structure
and local atomic environment via quantum confinement effects
has motivated increasingly complex nanomaterials. Of consid-
erable interest currently is the core-shell type nanoparticle.'-?
Multiple phases with complimentary properties combined
with a fine control of size provide phenomena unattainable
in single-phase nanomaterials.> In particular, through direct
modification of the core-shell interfacial interactions stem
substantial improvements to the overall anisotropy, exchange
bias, and superparamagnetic blocking behavior.* The fabri-
cation of these nanomaterials is by the deliberate selection
of magnetically distinct core and shell materials and has
been most notably implemented by researchers investigating
ferromagnetic/antiferromagnetic materials with an emphasis
on improving the magnetic stability and heat dissipation
properties.’*® Research into core-shell systems has produced
fruitful results. However, the wide variety of magnetism
observed in core-shell systems has yet to be explained
systematically from a fundamental magnetism viewpoint. An
open question that remains: what is the origin of the superior
magnetism of core-shell nanoparticles, in particular in relation
to the physics at the core-shell interface?

For core-shell nanoparticles, the overall magnetism is
considered typically as an interpolation of the intrinsic core
and shell magnetism. This description is largely due to the
challenges of characterizing interfaces over the germane length
scales (often <1 nm, with no large lateral dimension to
facilitate measurements as with thin films). Further, core-shell
nanoparticles are subject to unique surface and disorder effects,
which make comparison with analogous particle/matrix (often
containing crystallites or clusters) and thin films (with long
range order) challenging. Also, assuming an interpolation of
material properties is especially problematic for the ferrites,
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that are a large fraction of core-shell nanomagnets. A wide
range of stoichiometry and composition is accessible by cation
substitution, and variations in the degree of inversion and
possible vacancies all affect the core-shell interface that can
alter the magnetism. Recently, careful characterizations of
Fe-oxide/Mn-oxide nanoparticles using elemental and x-ray
mapping techniques have shown that an interfacial layer can
form.”"® While there have been many studies to examine the
magnetic role of the interface (e.g., due to roughness, intermix-
ing, and pinning), the relationship between the composition
and magnetic configuration at the interface and the overall
magnetism of the core-shell nanoparticle resulting from the
total of the intrinsic, surface, interface, and disorder effects,
remains an open question.

We present a study of maghemite (y-Fe,O3) nanoparticles
modified with surface layers of CoO, Cu, MnO, and NiO.
y-Fe,03 was chosen as it offers the largest amount of site
disorder and vacancies of the ferrites providing the best vehicle
to study core-shell magnetism. The core-shell nanoparticles
are examined in comparison with high-quality, single-phase
y-Fe,03 seed particles’ to distinguish the additional effects
of the shell from the intrinsic properties of the y-Fe,O3
core. We find that the anisotropy and superparamagnetic
blocking temperature are decoupled and influenced strongly
by the choice of shell material in a manner not necessarily
accountable to the intrinsic properties of the shell material,
suggesting that interfacial interactions are responsible for the
observed magnetism. As an example, we present one of our
detailed studies of the composition and magnetism for these
nanoparticles; y-Fe,03/CoO core-shell particles wherein the
effects of the antiferromagnetic CoO shell and Co?* dopant
ions can be distinguished clearly and enable the core-shell
interface sharpness to be examined. We show that the overall
magnetic properties of the y-Fe,O3/CoO nanoparticles are
inconsistent with the existence of a two-layer configuration
that is commonly used to describe core-shell nanoparticles.
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We provide a self-consistent description of the magnetism and
composition at “bulk”/overall, atomic, and elemental scales
to identify definitively an intermixed layer formed by Co>*
migration into the vacant octahedral sites of the y-Fe,O3 core
to form Co-doped y-Fe, O3 interface while maintaining a pure
y-Fe, 03 core. The overall magnetic properties are dominated
by this interfacial layer via coupling of the Fe** and Co?* with
enhanced moments.

II. EXPERIMENT

A. Preparation of core-shell nanoparticles

The core/shell nanoparticle synthesis was a two part
process. The y-Fe,O3 cores were synthesized as described
in Ref. 10. A precursor of metal-cupferronate was prepared
for each shell material using CoCl,-6H,0O (98%, Alfa Aesar),
MnCl,-4H,0 (99%, Arcos Organics), Ni(CH3;COO),-4H,O
(99%, Acros Organics), and cupferron (NH4[CgHsN(O)NO],
99%, Acros Organics) using the procedure outlined in
Ref. 11. A precursor solution containing 1.8 mmol of metal-
cupferronate in octylamine (99%, Acros Organics) was heated
to 373 K in an argon atmosphere. To add the shells, 4 mL
of the precursor were injected rapidly into 7 mL of y-Fe, 03
nanoparticle solution that had been heated to 523 K in an argon
atmosphere. The entire mixture was heated to 498 K for 30
minutes, then the reaction was stopped by cooling the system to
room temperature. Powder samples used for x-ray diffraction
(XRD), Mossbauer spectroscopy, and polarized x-ray experi-
ments were obtained by mixing the nanoparticle stock solution
with alcohols to remove excess surfactant, and air drying.

B. Experimental techniques

Transmission electron microscopy (TEM) images were col-
lected using a JEOL 2100F. The nanoparticles were prepared
by dropping a mixture of nanoparticle solution diluted in
hexanes onto a copper coated carbon grid.

X-ray powder diffraction patterns were collected using
a Briker D8 DaVinci with CuKe radiation using Bragg-
Brentano geometry under ambient conditions. The diffraction
patterns were collected using dried nanoparticle samples on
a zero-background quartz slide using a rotating stage. Lattice
parameters for the core and shell were determined using a
Rietveld refinement using FULLPROF.'?

X-ray absorption spectroscopy (XAS) and x-ray magnetic
circular dichroism (XMCD) measurements were done at
beamline 4-ID-C of the Advanced Photon Source in a liquid
helium cryostat with powder samples mounted on carbon tape
onto acold fingerin a7 T (maximum) field magnet. All XMCD
spectra were collected in total electron yield mode and are XAS
normalized.

Transmission Mossbauer spectra were collected from 10 to
300 K using a Janis SHI-850 closed cycle refrigeration system
and a WissEl constant acceleration spectrometer witha 10 GBq
S7CoRh source. The source drive velocity was calibrated using
a 6-pum-thick a-Fe foil at room temperature.

Magnetometry experiments were done using samples
prepared from 20 uL of nanoparticle stock solution dis-
persed in 50 mg of paraffin wax to ensure similar particle

PHYSICAL REVIEW B 89, 024410 (2014)

separation.!® Magnetometry and susceptometry experiments
were performed using a Quantum Design magnetic properties
measurement system (MPMS XL-5). Hysteresis loops were
measured from 5 to 300 K from +5 T after cooling ina 5 T field.
Zero-field cooled (ZFC)/field cooled (FC) dc susceptibility
measurements were done from 5 to 300 K using 0.1 mT applied
field, and ac susceptibility measurements were done using a
0.025 mT oscillating applied field from 10 Hz to 1 kHz from
5to 300 K.

III. RESULTS AND DISCUSSION

A. Composition and microstructure

All of the XRD patterns contained [e.g., Fig. 1(e)] re-
flections characteristic of the spinel structure (F d3m) with
lattice parameter ~8.36 A, which is expected for y-Fe, 03
or a doped-y-Fe,053.'*15 Additional reflections due to the
coating materials were observed for all patterns; components
with the rock-salt structure (Fm3m) with lattice parameters
of 4212+ 0.002 A, 4.401 +0.002 A, and 4.195 £ 0.002 A
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FIG. 1. (Color online) (a) A typical TEM image used to deter-
mine the y-Fe,03;/CoO0 size distribution. (b) HRTEM image of a
y-Fe, 03 /Co0 particle. (c) The size histogram from 500 nanoparticles
and log-normal fit (solid line), (d) The analysis to determine the CoO
shell thickness from the HRTEM image intensity profile with the
lattice fringes, and (e) XRD pattern of y-Fe,03;/CoO nanoparticles,
with the results of the refinement (black line) and Bragg markers for
y-Fe, 05 (black) and CoO (red).
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were observed for the CoO, MnO, and NiO shells, respectively,
and the Fm3m phase of Cu with a lattice parameter of
3.61 +£0.02 A was observed for the Cu shell.'® Electron
diffraction patterns were in agreement with the XRD results.
Transmission electron microscopy images revealed that the
nanoparticles were of the core-shell type (i.e., not nanoparticle
mixtures) with CoO, MnO, and Cu forming complete shell
layers, and the NiO forming a “spotted” surface layer. While
the y-Fe,03/NiO nanoparticles did not contain a complete
surface shell, y-Fe,O3 and NiO were in chemical contact
and, as a result, would be subject to similar intermixing
effects as the other nanoparticles investigated, although the
lack of a structurally coherent NiO layer may alter the
magnetism of the core-shell nanoparticle. As an example
of the particle sizes (Fig. 1), we observed a log-normal
size distribution for the y-Fe,03/CoO nanoparticles, with a
mean diameter (D) of 7.9 £ 0.1 nm and In(o) of 0.07 £ 0.01
[Fig. 1(c)]. These results confirmed that the shell increased
the overall particle size relative to the y-Fe, 03 seed particles
(D=6.6+0.1 nm)."” The shell thickness was measured
directly using the electron contrast between core and shell
materials with HRTEM images [Fig. 1(b)]. The intensity
profile of the core and shell lattice fringes provided a thickness
of 0.7 & 0.2 nm [Fig. 1(d)]. Similar results were observed for
the other coating materials.

B. Magnetometry and susceptometry

A magnetic hysteresis loop is the conventional way to
characterize the magnetic anisotropy that is a measure of
energy barrier to magnetization reversal. The coercivity
[Hc = (He1 — Hez)/2] is measured as the applied magnetic
field required to reverse the sample magnetization (see Fig. 2).
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FIG. 2. (Color online) (a) Hysteresis loops collected at 5 K for
y-Fe, 05 (black (), y-Fe,03/Cu (red 0, from Ref. 16 for com-
parison), y-Fe,O3/MnO (green ¢), y-Fe,O3/NiO (blue A), and
y-Fe;0;3/Co0 (cyan V7). The inset shows the full 5 T field scan.
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TABLE 1. Coercivity (Hc), exchange bias (Hgx) at 5 K, and an
estimate of the superparamagnetic blocking temperature (7p) from
dc and ac susceptibility measurements for y-Fe,O3 and core-shell
nanoparticles.

Hc (mT) Hgx (mT) Ty (K)
y-Fe>04 33+ 15 441 ~150
y-Fe,03/Co0 298 + 2 17 +£2 ~300
y-Fe,05/Cu 48 £ 2 5+2 ~200
y-Fe>;05/MnO 49 + 1 741 ~150
y-Fe,03/NiO 60 + 1 0+1 ~150

Hysteresis loops measured at 5 K after cooling the samples
in a 5 T field (to set a preferred orientation of the interface
and core magnetization) revealed that the anisotropy of the
core-shell nanoparticles was increased relative to uncoated
y-Fe,0O3 regardless of the coating material used and that a
substantial increase in H resulted from the addition of a CoO
shell. An exchange bias loop shift [Hgx = (H¢) + He2)/2] is
observed when the magnetization has a preferred orientation
from a unidirectional anisotropy due to interfacial magnetic in-
teractions, and is characterized by a shift in the hysteresis loop
along the field axis. In uncoated y -Fe, 03, an exchange bias is
observed due to an interaction between the disordered surface
and the ordered core spin populations.'® The effect of the
increase in anisotropy was also observable in the temperature
dependence of the dc susceptibility and frequency dependent
ac susceptibility measurements with T estimated from the
frequency dependence of the maximum in the ac susceptibility
and the divergence of the FC and ZFC dc susceptibilities
(e.g., Fig. 3 for uncoated y-Fe,03 and y-Fe,03/Co0). The
results of the magnetometry and susceptometry experiments
for the core-shell nanoparticles are summarized in Table I. In
typical FM(FiM)/AFM exchange bias systems, the exchange
bias field is a result of a unidirectional anisotropy induced
by an interfacial exchange interaction. Among this series
of core-shell nanoparticles investigated, an increase in Hgx
and H¢ would be expected for all AFM shells due to the
anisotropy contribution for interfacial exchange;* an effect
observed for the MnO and CoO shells. However, no Hgx was
measured for the y-Fe, 03 /NiO system (a reduction relative to
uncoated y-Fe,03), despite a relatively large H¢ (larger than
y-Fe,03/MnO, which had a similar Tg). While the relatively
low anisotropy of NiO and the incomplete layer formation
may account for a lack of increased Hgx in y-Fe,O3/NiO
relative to uncoated y-Fe,Os, it does not account for the
total disappearance of Hgx. Also, if no interfacial exchange
is effected by NiO, the larger Hc can not be accounted for
by a simple interfacial exchange interaction. The addition of
a nonmagnetic Cu shell also resulted in an increase in H¢
and Tp relative to uncoated y-Fe,O3; and a reduction and
quenching of Hgx with increasing Cu thickness.!” Clearly, the
magnetometry results indicate that the core-shell nanoparticles
do not conform to the expectations of simple exchange bias
(for the AFM shells), or composite (for Cu) systems.

An examination of the magnetometry data for the y-
Fe,03/Co0 nanoparticles (Fig. 4) supports the determination
that the core-shell systems do not display properties of a
typical two-layer (exchange bias) system. For example, the
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FIG. 3. (Color online) (a) Zero-field cooled (ZFC)/field cooled
(FC) dc susceptibility, where the inset shows the high temperature
region, and (b) ac susceptibility, where the inset shows the ZFC dc
and 10 Hz ac susceptibility curves which have been normalized to
the maximum values, for comparison. Results are shown for y-Fe, 03
(top) and y-Fe,03/Co0O (bottom).

hysteresis loops show a clear two-phase shape, observed as
a loop narrowing as H¢ is approached, shown in Fig. 4(a),
that persists until Hc becomes zero at 200 K. This was not
observed in the uncoated y-Fe,O; nanoparticles, and in
y-Fe;03/Co0 could be due to magnetically distinct core and
intermixed phases, each with a different effective anisotropy.
The discrepancy between the low frequency ac susceptibility
and ZFC dc susceptibility curves, which show different curve
maxima and shapes, shown in the inset of Fig. 3(b), also
suggests contributions from multiple spin populations. The
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FIG. 4. (Color online) (a) Hysteresis loops for y-Fe,03/Co0O at
10 K (black () and 100 K (red ¢), and the temperature dependence of
the (c) saturation magnetization (M), (d) coercivity (H¢) showing
the full temperature range and temperatures near the onset of Hc¢
(inset), and (e) exchange bias (Hgx) for y-Fe,03/Co0.

temperature dependence of the saturation magnetization'® for
y-Fe,03/Co0 [Fig. 4(a)] shows clearly an exponential-like
behavior at the lowest temperatures that is due to the freezing
of disordered surface spins that is also observed in the
uncoated y-Fe,O3 cores.'® In the y-Fe,03/CoO core-shell
nanoparticles, this population appears with the same relative
weight as in the y-Fe, O3 cores indicating that the surface spin
disorder from the core persisted in the core-shell nanoparticle.
Interestingly, by contrast, for y-Fe,O3/Cu with a similar shell
thickness the disordered population is eliminated.'’

The difference in anisotropy between the y-Fe,O3;/CoO
and uncoated y-Fe,O3 is observed clearly by comparing the
temperature dependence of H¢ for the systems, which do not
coincide even when rescaled to the respective Tp values for
the onset of H¢, as shown in Fig. 5. This indicates that the
H¢ difference is due to a change in the particle anisotropy
and not the relative Ty differences. For a uniaxial anisotropy,
the temperature dependence of H¢ can be described by
He = 2V’i[l — (Tlﬂ)'/z], where K is the effective anisotropy
constant for the nanoparticle and My is the saturation
magnetization. Using an estimate of the volume normalized
M;s'3 (where the same nanoparticle volume fraction is ex-
pected for all magnetometry samples) K ~ 2.2 x 10* J/m?
was measured for the uncoated y-Fe,Os cores, which was
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FIG. 5. (Color online) Temperature dependence of the coercivity
for uncoated y-Fe,O3 (black () and y-Fe,05;/Co0O (red [J), with
the temperature scaled to onset temperature for the coercivity (75, 5, )
for each sample. The lines indicate a fit to the data as described in
the text.

consistent with our previous work,'® and value typical of
y-Fe;O3 nanoparticles. A substantially enhanced K ~ 1.2 x
10° J/m? was measured for y-Fe,03/CoO. Since the effective
anisotropy of a composite system is typically determined by
the component with the largest K, this represents a larger
overall increase in K than would be expected from CoO alone
(with K = 5 x 10* J/m?).?° Overall, the increase in H¢ and
Tp that we observed were significantly higher than has been
reported for other mixed y-Fe, O3 and Co nanoparticle systems
such as surface cobalt-doped y-Fe,032?> and composites
of similar size y-Fe,O; and CoO nanoparticles.”®> Since
surface doping has a maximum effect at approximately the
Co amount required to form a monolayer of (Co,Fe)-oxide at
the nanoparticle surface,?” this suggested that the properties
we observed were due to a combination of interfacial exchange
with CoO and intermixing effects. To compare the temperature
dependent properties, a substantial Hgx due to the CoO shell
was observed up to 140 K [Fig. 4(c)]. It is reasonable for the
Ty of the CoO shell to be reduced substantially relative to the
bulk Ty of 290 K considering the shell thickness of ~0.7 nm.>*
However, this also indicates that CoO did not contribute to the
persisting H¢ above 140 K [see Figs. 4(c) and 4(d)], further
demonstrating the existence of an additional magnetic phase.
By comparison, no Hgx or He was observed above 100 K for
the uncoated y-Fe, O3 cores.

Altogether the magnetometry data indicate the existence of
a high anisotropy phase within the nanoparticle secondary to
the y-Fe, 03 core, inconsistent with a simple y-Fe,03/CoO
configuration and suggesting that some core-shell intermixing
occurred. However, the magnetometry work has the substantial
limitation of being insensitive to the exact source of the
measured properties (i.e., Hc, Hgx, and Tg), and rather
indicates the overall characteristics of the material resulting
from the sum total of the intrinsic properties, surface, dis-
order, and interfacial effects, masking the behavior of each
constituent part. As such, although suggesting the existence
of an intermixed layer, the nature (i.e. composition and
magnetism) of the layer itself is not yet established. A
reasonable conclusion to account for the observed magnetism
is that a mixed Co-oxide/Fe-oxide layer was formed, likely
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due to the ease with which the spinel structure will accept
dopant cations. Some similar magnetometry results have
been obtained in Fe-oxide based core-shell systems, which
prompts a more detailed investigation of intermixing effects.
If present, in order to understand and manipulate the properties
of core-shell nanoparticles (and to understand the magnetism
observed in the core-shell series considered herein, and in the
literature) this intermixed layer must first be identified and the
arrangement of atoms at the interface determined precisely.

C. Atomic magnetism

To better understand the origin of the change in overall
magnetism of the core-shell nanoparticles indicated by the
magnetometry measurements, the atomic ’Fe magnetism
was measured using Mossbauer spectroscopy. Mossbauer
spectroscopy uses the resonant absorption and recoilless
emission of y-rays to excite transitions in the probe nuclei.
The atomic-level electronic and magnetic environments of
>TFe atoms throughout the sample volume are characterized
by the hyperfine parameters that affect the energy required
to excite the transitions; specifically, the hyperfine field (Byt)
that describes the magnetic environment, the isomer shift (),
and quadrupolar splitting (A) that detail the local electronic
environment and the spectrum linewidth (I") due to the
lifetime of the excited state of the nucleus. For nanoparticles,
the onset of superparamagnetism results in a collapse of
the spectrum from sextet [e.g., Fig. 6(a)] to singlet since
Bys — 0 with increasing 180° spin flip rates. With the direct
measure of the atomic Fe magnetism and a measuring time
(~10 MHz) substantially shorter than magnetometry and
susceptometry experiments, the effects of magnetic relaxation
(e.g., superparamagnetism) are observed more clearly and a
more precise determination of 7 is made. For instance, the
magnetometry measurements provide only the total sample
magnetization and can not distinguish the effects of multiple
phases, but rather a distribution of anisotropy barriers within
the sample are observed as a broadened maximum in the ac
and ZFC dc susceptibilities. In multiple-phase systems where
several distinct magnetic components exist attributing a single
Tp to the composite system can be problematic. Mossbauer
spectroscopy, however, measures directly the contribution
from magnetically distinct phases that are characterized by
different hyperfine parameters. The Mossbauer spectrum for
y-Fe;03/Co0O [Fig. 6(b)] shows a clear static magnetic
component at 300 K. Since this is above the Ty of CoO,
this effect can not be due to an exchange interaction with
the CoO shell. A similar static magnetic population was
observed in the Mossbauer spectra for Cu shells at 300 K.V
and these results suggested strongly that interface mixing is
likely a significant factor in determining the magnetism of the
core-shell nanoparticle.

A Mossbauer spectrum of y-Fe,03/CoO at 10 K (well
below Tg, to ensure spin dynamics were absent) was used
to ascertain the Fe-oxide composition definitively [Fig. 6(a)].
Approximately 75% of the spectrum was comprised of two
components with hyperfine parameters> typical of the tetra-
hedral Fe3* A-site, and octahedral Fe** B-site of y-Fe,03.%°
The broadened linewidth identified chemical and structural
disorder about the Fe sites, typical for y-Fe,O3 nanoparticles.
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FIG. 6. (Color online) (a) 10 KMossbauer spectrum of y-Fe, 03/
CoO nanoparticles. The numbers mark the spectral lines from
the transitions between the :I:% — :i:% nuclear spin states and (b)
300 K Mossbauer spectrum of y-Fe,03/CoO and y-Fe,03 (inset).
Subspectra labeled I indicate pure y-Fe, O3, and Il indicate Co-doped
)/-F€203.

Approximately 5% of the spectrum area described the low
velocity features (~ +3 mm/s) from canted spins due to
broken coordination that caused an electric field gradient, AFT
not present in bulk y-Fe,03.28

Interestingly, ~20% of the 10 K spectrum could not be
described by stoichiometric y-Fe,O3, and the static portion
of the 300 K spectrum [shown in Fig. 6(b)] contained
two resolved sextets with significantly different hyperfine
parameters and I'’s, (measured as the FWHM), inconsistent
with y-Fe,03. This dramatic change in spectral symmetry
(visible most clearly by comparing lines 1 and 6 between
the 10 and 300 K spectra) was tracked from 10 to 300 K
with 25 K intervals. By and § of each component were
obtained by incorporating a broad singlet to describe the
superparamagnetic component [labeled SP in Fig. 6(b)], and a
broad singlet to account for the lineshape effects of magnetic
relaxation (although the physics of the process is not described,
e.g., magnetic relaxation’ masked with I' ~ 0.8 mm/s versus
Ipae = 0.13 mm/s). Examining the evolution of the Mossbauer
spectra in this way ensured a consistent description of the
hyperfine parameters with temperature for each spectral
component. The pure y-Fe,O3; component exhibited similar
temperature evolution to that of the y-Fe,03 seed particles’
[e.g., shown in the inset of Fig. 6(b)]. As such, the broad singlet
labeled SP in the 300 K spectrum was identified clearly as
from a superparamagnetic pure y-Fe, O3 core, and the presence
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of a second magnetically distinct phase was confirmed. The
remaining ~20% at 10 K, and the change in spectral lineshape
asymmetry required a component with significantly larger &
and smaller By?° than the A and B sites of pure y-Fe, O3 that
were strikingly similar to the B site of a Co-doped Fe;0,.%3!
This result would be expected for Co-doped y -Fe, O3, since the
two structures would differ only by the amount of octahedral
site vacancies. The § measured for the Co-doped Fe-oxide
phase indicated the presence of Fe?*, which would be required
to maintain charge balance within the structure. As the spectral
area represented by each component is proportional to the
number of Fe atoms, the A/B site occupancy for each phase
can be surmised; the pure y-Fe, O3 components were in good
agreement with the expected A/B of 0.375/0.625, and the A/B
occupancy of the Co-doped Fe-oxide phase was unchanged
from that of the core. The identical occupancies indicated that
Co”* substituted into the vacant octahedral sites in y-Fe,0s3
at the y-F,03/CoO interface, rather than displacing Fe’*.
Assuming the Fe content was unchanged throughout the core,
from the relative spectral areas for the components observed
we estimate the core diameter to be 6.1 nm and the interfacial
Co-doped layer thickness to be ~0.3 nm from, indicating that
only the first few monolayers of the core were affected.

In light of the clear identification of the two Fe-oxide
phases, and taking into account the substantially different
measuring times for Mossbauer spectroscopy (1078-1077 s)
and magnetometry measurements (10-100 s) a rescaling of
the dynamical freezing behavior showed clearly that the H¢
up to 200 K was not due to the pure y-Fe,O3 core. Using
simple arguments based on the Néel relaxation model, and
a typical moment reversal attempt time of 107°-10"!!s, a
conservative estimate of the difference in T 4./ Tp Moss ~ 2—4
is expected. That is, for a magnetometry (dc) Tp of 200-250 K
(alower estimate for the y-Fe,;03/CoO system), a completely
magnetically split Mossbauer spectrum should be observed at
300 K. However, Fig. 6(b) shows clearly that the pure y-Fe,O;
component was collapsed. The pure y -Fe, O3 component of the
Mossbauer spectra shows nearly identical relaxation behavior
to uncoated y-Fe, O3 cores that we have examined previously,’
where He = 0 above 75 K, and consistent with the rescaling
argument. Based on this information, we can conclude that
above 75 K the pure y-Fe, O3 component does not contribute
to the overall magnetism of the nanoparticle. By contrast,
the Co-doped y-Fe,O3 component showed little reduction
in By relative to the 10 K spectrum and showed almost no
additional line broadening (observed clearly in line 1, with
a sharp A-site linewidth), characteristic of being below the
onset temperature of significant relaxation effects. This means
that, in addition to altering the basic characteristics of the
nanoparticle magnetism at low temperatures by enhancing
Hgx and altering the surface spin disorder of the core (as
observed in the overall magnetic properties among the series
examined), the intermixed layer can also determine completely
the magnetism at high temperatures when the low anisotropy
y-Fe, 03 core is superparamagnetic.

D. Elemental magnetism

To further understand the evolution of the Fe and Co
electronic and magnetic states, x-ray absorption spectroscopy
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FIG. 7. (Color online) XMCD and XAS (inset) spectra collected
over the L3 and L, edges of (a) Fe and (b) Co of y-Fe,03;/CoO
nanoparticles at 10 K in £5 T. The integrated XMCD intensities
are shown in the dashed lines (red), with p and ¢ defined in
the text.

(XAS) collected over the Fe (700-730 eV) and Co (770-
800eV) L, 3 (2p — 3d transition) edges (Fig. 7) characterized
the coordination environments of the core and shell elements.
The Fe XAS spectrum was typical for a spinel Fe-oxide.*
The Co XAS spectrum was consistent with Co?* in an
octahedral environment such as CoO or the octahedral sites
of a Co-doped spinel Fe-oxide® and differed clearly from that
of Co304,>* which contains tetrahedrally coordinated Co?t,
X-ray magnetic circular dichroism (XMCD) spectra were
collected with circularly polarized x-rays quantify the spin and
orbital contributions to the magnetic moment. The difference
in absorption between left and right circularly polarized
x-rays produced an XMCD spectrum with an intensity that
was directly proportional to the element and site specific
magnetization. For spinel Fe-oxides, which are ferrimagnetic,
the magnetic moments within the A (tetrahedral) and B
(octahedral) sublattices are coupled ferromagnetically (J44,
Jpp > 0), while the A and B sublattices are coupled antiferro-
magnetically (J4p < 0). The antiparallel orientation of the A-
and B-sublattice magnetizations splits the L3 absorption edge
into three lines whose intensities are affected by the amounts
of tetrahedral Fe3* (A), octahedral Fe** (B)), and octahedral
Fe3t (B») [Fig. 7(a)], shown by experimental studies of
mixed Fe;O4 and y -Fe, O3 systems and supported by multiplet
calculations that simulate the spectra of individual sites.*?+3
Visually, in the Fe XMCD spectrum for the y-Fe,O3;/CoO
nanoparticles, the relative B;/B, intensity resembled more
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closely y-Fe,03; however, we also observed clearly a small
peak at the Fe L, edge (~717 eV, labeled X) not observed
in pure y-Fe,03,%> which suggested that some octahedral
Fe?* was present, in agreement with the Mossbauer spectra.
Experimentally, an Ig;/Ipy ~ 1.38 and I,/Ig, ~ 0.4 are
observed for Fe;Oy4, and an I /Ig, ~ 0.4 and I4/Ig, ~ 0.58
are observed for y—FeZO3.36 The measured Ig;/Ip, = 0.804
and 14 /I = 0.569 for y-Fe,03/CoO further supported our
determination of an overall Fe composition intermediate to the
two Fe-oxides, and nearer to y-Fe, 3. For an antiferromagnet,
no XMCD signal is expected since there is no overall
magnetization. However, a clear Co XMCD signal indicated a
measurable Co magnetization aligned with the octahedral Fe
B-sites. This would be expected for Co ions incorporated into
the octahedral sites of the ferrimagnetic y-Fe,0s3.

The mechanism of the increased anisotropy was revealed
by the XMCD spectra for Fe and Co measured in +5 and
—5 T (Fig. 7) at 10 K. If all of the ions were able to align
with the applied field the +5 T XMCD spectrum should
be a perfect mirror image of the —5 T spectrum. However,
there was a ~20% increase in the Fe XMCD signal for
the +5 T Fe spectrum relative to —5 T, and a similar
increase was observed for the Co XMCD signal with the
same field polarity dependence. This indicated that there
were some spins that did not reorient with reversal of the
applied field, and were pinned;’’ we attribute this behavior to
an interfacial Fe/Co interaction due to sharing of d-orbitals.
Since the orbital and spin moment contribute differently to
the L3 and L, edge signals®®3 the ratio mom/mspin can be
determined from the XMCD spectra using sum rule analysis*’
that results in mom/Mmepin=2q/(9p — 6q), where p and g
are the integrated XMCD intensities over the L3 edge, and
the combined L3 and L, edges, respectively; a total Fe
Morb/Mspin = 0.15 £ 0.03 and Co mg,/Mpin = 0.65 = 0.03
were observed for the y-Fe,03/CoO system. These results
are consistent with the formation of an interfacial nonstoichio-
metric Co?*-doped Fe-oxide (which contains magnetic Co>*
with a nonzero meyg).*""*?> The relatively large Co Mo/ Mspin
may also be, in part, due to uncompensated Co>* from lower
coordination at the interface or CoO shell,** or local strain
in the interfacial layer.*” The presence of coupling was also
reflected in the enhanced Fe mom/mpin (Mo, 1s essentially
zero for Fe-oxides, even at the nanoscale***), which has
been observed in strained Co-substituted Fe-oxides,*? and was
consistent with the observation of a canted spin population in
the Mossbauer spectra, and pinned moments in the XMCD
spectra.

IV. CONCLUSION

All of the information shows clearly that the y-Fe,Os3-
based core-shell nanoparticles do not have a simple two-
layer structure but an interfacial doped y-Fe,Oj3 layer. By
characterizing the composition in detail, we identified clearly
the presence of an interfacial cobalt doped y-Fe,O; layer
that arose from Co?* migration into vacant octahedral sites
at the y-Fe,O3 surface. We have shown that the combined
effects of the single ion anisotropy of Co’>* in the spinel
structure and exchange bias (interfacial coupling) effects have
acted cooperatively to increase the total anisotropy of the
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nanoparticle. In addition, the intermixed layer determines
the magnetism at high temperatures. In the CoO/y-Fe,03
nanoparticles, the static magnetism at 300 K above CoO’s Ty
is fully consistent with a cobalt-ferrite-like layer that would
have a substantially higher intrinsic anisotropy (due to the
unquenched 71y, of Co and Fe ions) and 7¢,*#-*8 and the
substantially enhanced Hgx relative to the uncoated y-Fe,;O3
core is typical of an exchange bias system.

An examination of the magnetism of a series of core-shell
nanoparticles including y-Fe,O3 nanoparticles with Cu, CoO,
MnO, and NiO shells revealed that the conventional two-layer
structure was incompatible with the behavior observed, where
a departure from typical exchange bias and and composite
material changes in He, Hgx, and T occur. The existence of
a mixed-oxide interfacial layer provides a new perspective
on how the physics of the overall magnetism manifests from
selected core and shell materials. We show that the overall
properties of the material are not determined by a direct

PHYSICAL REVIEW B 89, 024410 (2014)

interaction between the core and shell, but rather an interaction
through an interfacial layer. The effective dominance of the
interfacial layer on the magnetism suggests new avenues for
the development of novel properties, for example, by treating
the surface of the core particles prior to the addition of a shell
material to alter the interface chemistry. Finally, this work
provides a new perspective on understanding and manipulating
the magnetism of core-shell nanoparticles.
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