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ABSTRACT: A series of colloidal M,Fe;_.O, (M = Mn, Co, Ni; x = 0—1) nanoparticles
with diameters ranging from 6.8 to 11.6 nm was synthesized by hydrothermal reaction in
aqueous medium at low temperature (200 °C). Energy-dispersive X-ray microanalysis and
inductively coupled plasma spectrometry confirm that the actual elemental compositions
agree well with the nominal ones. The structural properties of the obtained nanoparticles
were investigated by powder X-ray diffraction, Raman spectroscopy, Mossbauer
spectroscopy, X-ray and neutron pair distribution function analysis, and electron
microscopy. The results demonstrate that our synthesis technique leads to the formation
of chemically uniform single-phase solid solution nanoparticles with cubic spinel structure,

confirming intrinsic doping. The local structure of the Fe;O, NPs is distorted with respect

to the cubic inverse-spinel structure, while chemical substitution of Fe by Mn or Ni partially eliminates the local distortions.
Magnetic studies showed that, in comparison to nondoped Fe;O,, the saturation magnetization (M) of M,Fe;_.O, (M = Mn,
Ni) decreases with increasing dopant concentration, while Co-doped samples showed similar M. On the other hand, whereas
Mn- and Ni-doped nanoparticles exhibit superparamagnetic behavior at room temperature, ferrimagnetism emerges for
Co,Fe;_, O, nanoparticles, which can be tuned by the level of Co doping.

1. INTRODUCTION

Magnetite, Fe;O,, is an iron oxide with an inverse-spinel crystal
structure of AB,O, type, (Fe**)*[Fe*'Fe**]%0,.! Bulk Fe;0, is
crystallized in the cubic space group Fd-3m with the unit cell
parameter a & 8.4 A. Two geometrically different cation sites
are present in the crystal structure: A sites are tetrahedrally
coordinated by O atoms and are occupied exclusively by Fe®"
cations, while B sites are octahedrally coordinated by O atoms
and are occupied by an equal number of Fe** and Fe®* cations.
Charge ordering of Fe** and Fe*" and the associated local
structural distortion was proposed by Verwey in 1939” and
recently validated by Attfield and coauthors.’

From the nanoscience point of view, Fe;O, is a classic
example of a system demonstrating a finite size effect, wherein
the magnetic properties of the bulk material are different from
its nanosized counterpart. More specifically, at room temper-
ature (RT), a bulk multidomain ferrimagnet (FiM) is
transformed to a single-domain FiM upon particle size
reduction below 80 nm, and then further converted into a
supirparamagnet (SPM) by particle size reduction below 25
nm.
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The SPM Fe;O, nanoparticles (NPs) typically exhibit high
saturation magnetization (M,) and high Curie temperature
(Tc).* They can be prepared in the form of solution-based
colloidal dispersions, which are stable for long periods of time.
The combination of these properties makes colloidal SPM
Fe,O, NPs particularly attractive for many advanced medical
applications, such as magnetic resonance imaging, magnetically
guided/induced drug delivery, and cancer therapy via NP-
mediated magnetic hyperthermia.’

Apart from tuning of the properties of Fe;O,4 by changing the
particle size, modification of the intrinsic properties can be
achieved by chemical doping. In bulk form, iron cations in
Fe;0, can be readily substituted by a number of divalent,
trivalent, and tetravalent cations while maintaining the spmel
structure, as it is known to occur naturally in minerals.’ The
products of such doping range from magnetites with low levels
of isomorphic substitution up to fully substituted MFe,O,
(ferrites). In the bulk Fe;O,, which demonstrates the FiM
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behavior, all Fe®* cations, equally distributed in A and B
sublattices, are antiferromagnetically (AFM) coupled, thereby
effectively negating each other. In contrast, uncompensated
unpaired electrons of the Fe?* cations in the B sublattice are
responsible for the observed high magnetic moment of bulk
Fe;0,.” Hastings and coauthors have investigated the structural
changes in a series of transition-metal (TM) doped Fe;O, and
have shown that Mn** has a tendency to replace Fe’* in AO,
tetrahedra, while Co** and Ni** tend to replace Fe**/Fe?* in
BOg octahedra.® The intrinsic magnetic properties of Fe;O, can
be altered by elemental substitution on both A and B sites in
the inverse-spinel AB,O, structure type. In this regard, the
exploration and in-depth understanding of the changes in the
structure and magnetic properties of Fe;O, NPs as a function
of gradual TM doping is of high interest from both
fundamental and technological points of view.

Notably, doping of Fe;O, is primarily investigated for thin
film samples and typically affects the structural, magnetic, and
transport properties of the corresponding magnetite-based
materials.”~*® For example, systematic increase of the cobalt
content in Co,Fe;_ O, films drastically raises the coercivity and
decreases magnetoresistance and saturation magnetization.lo_12
At the same time, very little is known about the effects of
doping for isotropic colloidal NPs of magnetite."*">

The synthesis of NPs with effective dopant incorporation
into the crystal structure is a nontrivial task due to
thermodynamic reasons.'®'” NPs have a thermodynamic
preference to expel dopants from the structure to minimize
the overall free energy, ie, the so-called self-purification
phenomenon.'®'? Additionally, compositionally complex NPs
can exhibit a tendency for phase separation, thus forming
secondary phases, which are also more favorable from a
thermodynamic point of view. The solution-based synthesis
methods developed for colloidal NPs, however, rely largely on
kinetic factors, which allow the aforementioned thermodynamic
issues to be overcome and successfully incorporate dopants into
the NP structure. The thermal decomposition approach has
been demonstrated to be the most successful one for the
synthesis of doped colloidal Fe;O, NPs in terms of magnetic
properties.”® This technique, however, is inconvenient due to
utilization of flammable organic solvents at high temperatures
(300 °C) and is also restricted to small yields.>* Therefore, a
robust method offering high quality doped NPs is highly
desirable.

In the present study, we report the low-temperature
hydrothermal synthesis of M,Fe;_,O, (M = Mn, Co, Ni; x =
0—1) colloidal NPs. The preparation has been realized in
aqueous medium under comparatively mild conditions avoiding
high-temperature syntheses in organic solvent. We show that, in
this synthesis, the nondoped and doped NPs are single phases
exhibiting an average particle diameter in the range 7—12 nm.
Furthermore, our detailed characterization has proved the
interstitial substitution of the iron cations by the dopants,
forming compositionally uniform particles. We have also
explored the magnetic behavior of the as-synthesized NPs as
a function of Mn, Co, and Ni doping observing a change from
SPM to FiM at room temperature with increasing Co content
in Co,Fe;_,O4 NPs.

2. EXPERIMENTAL SECTION

Colloidal Fe;O, NPs and a series of doped M,Fe;_,O, (M =
Mn, Co, Ni) NPs were synthesized according to our previously
reported hydrothermal method;** a detailed synthesis proce-

dure is described in the Supporting Information. The products
were characterized by energy-dispersive X-ray spectroscopy
using scanning electron microscopy (SEM—EDX) (Quanta 650
FEG ESEM, FEI — INCA 350 spectrometer, Oxford Instru-
ments), inductively coupled plasma—optical emission spectros-
copy (ICP—OES) (ICPE-9000 spectrometer, Shimadzu),
powder X-ray diffraction (XRD) (X'Pert PRO diffractometer,
PANalytical),”> Raman spectroscopy (alpha300 R confocal
microscope, WITec), ’Fe Mossbauer spectroscopy,”* neutron
and X-ray pair distribution function analysis (PDF) (Nano-
scale-Ordered Materials Diffractometer (NOMAD) at the
ORNL’s Spallation Neutron Source and beamline 11-ID-B at
the ANL’s Advanced Photon Source),> transmission electron
microscopy (TEM), high-resolution TEM (HRTEM), high-
angle annular dark-field scanning TEM (HAADF—STEM),
EDX and electron energy loss spectroscopy (EELS) in STEM
mode (Titan ChemiSTEM 80—200 kV, FEI), vibrating sample
magnetometry (VSM) (EV7, MicroSense), and magnetization
measurements (SQUID-VSM magnetometer, Quantum De-
sign). For more details regarding characterization, see the
Supporting Information.

3. RESULTS AND DISCUSSION

Synthesis. Colloidal NPs of M,Fe;_,O, (M = Mn, Co, Nj;
x =0, 0.06,0.15, 0.3, 0.6, 0.9, and 1) were prepared in aqueous
reaction medium using a modified hydrothermal method with
oleate as a surfactant.**?® The role of the surfactant is to
provide colloidal stability to the NPs and to regulate their
growth. Chloride salts of Fe**, Fe*, Mn**, Co®", and Ni** were
used as precursors, and concentrated NH,OH was used as a
precipitation agent. The temperature and the duration of
hydrothermal treatment were optimized to ensure the
formation of NPs with a relatively narrow size distribution
around 10 nm.

Composition. SEM—EDX analysis of the samples reveals
that the actual elemental compositions of the M Fe;_ O, NPs
agree well with the nominal composition used for NP synthesis,
demonstrating good control of the composition by our
hydrothermal method. Several randomly selected areas from
each sample were analyzed by SEM—EDX, showing a uniform
distribution of the constituent elements. ICP—OES analysis of
the selected samples shows that the final compositions of the
synthesized NPs are in good agreement with the nominal
compositions, wherein the deviations between the nominal and
analytically determined compositions of all tested samples were
found to be smaller than 0.3 at. %. Hence, the nominal
chemical composition of the as-synthesized samples will be
used in the following discussion.

Structure. XRD. According to the XRD analysis, all
M,Fe;_,O, samples are single-phase nanopowders having the
cubic inverse-spinel structure type (S. G.: Fd-3m, no. 227). No
diffraction peaks corresponding to secondary phases or other
impurities were detected in the XRD patterns. Despite the
broadening of the XRD peaks due to small particle sizes,
reliable unit cell parameters have been extracted using Ge as an
internal standard (Figure 1, Table S1, Supporting Information).
For the nondoped Fe;O, NPs, the unit cell parameter a was
established to be 8.356(2) A. Although the value is slightly
lower than that of bulk Fe;O, (8.38—8.42 A), this value is in
good a§reement with a = 835 A reported for nanosized
Fe;0,.%” As expected, the unit cell expansion in response to Mn
doping was observed for the Mn-doped samples, since bulk
MnPFe,0, has a larger unit cell (8.49—8.51 A) compared to bulk
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Figure 1. Lattice parameters of the M,Fe;_ O, (M = Mn, Co, Ni)
obtained by least-squares refinements of the powder diffraction data.
For some stoichiometries, error bars are smaller than the symbols.

Fe,0, (Figure 1). For Ni- and Co-doped samples, no increase
of the unit cell parameter is expected, since parameters for bulk
phases are either lower, NiFe,O, (8.33—8.34 A), or similar,
CoFe,0, (8.37—8.39 A), to those of bulk Fe;O,. Both Co- and
Ni-doped samples exhibit deviation from simple Vegard
behavior. Alloying x from 0 to 0.6 in M,Fe;_,O, NPs produces
a gradual increase of the unit cell parameter with increasing Co
and Ni concentrations. For the more heavily doped samples (x
> 0.6), in the case of the Ni-doping series, the parameter starts
to decrease reaching a = 8.346(1) A for the NiFe,O, end
member, while Co-doping samples exhibit an increase of the
unit cell parameter reaching a = 8.391(4) A for the CoFe,0,
end member. The observed deviations from Vegard behavior
can be partly attributed to the different cation distribution in as-
synthesized nanocrystalline samples as compared to the bulk
ferrites.”® This could also be due to local distortions in the AO,
tetrahedra and BOg octahedra in the doped spinel structures, as
reported previously.””*® Although XRD results confirm the
formation of a solid solution based on the magnetite structure
with an increase of cubic parameter 4, conventional XRD is not
sensitive to small local distortions, which were investigated by
synchrotron powder X-ray and neutron diffraction PDF (vide
infra).

Raman Spectroscopy. Raman spectroscopy experiments
were performed to further understand the structural changes of
the host Fe;O, matrix upon doping (Table S1 and Figure S1,
Supporting Information). Analysis of the Raman data recorded
for all as-synthesized NPs confirms that the Mn, Co, and Ni
dopants fully dissolve in the magnetite, forming solid solutions
M,Fe,;_,0, with stoichiometric ferrites as the end members at x
= 1.3"7% The results of Raman spectroscopy studies are in
good agreement with the XRD results above.

Notably, the Raman data provide evidence of gradual and
slight structural modification of the magnetite with chemical
doping by Co and Ni, retaining an inverse-spinel type
structure.' In contrast, for the Mn-doped magnetite samples,
the appearance of a new broad mode reveals a strong influence
of this dopant on the host matrix. Observed changes in the
Fe;0, structure with Mn substitution are most likely a result of
the increasing fingerprint from Mn—O bonds related to the
local preferential distribution of Mn atoms in Mn,Fe;_ O,, as
hinted by Mossbauer spectroscopy. More details about Raman
spectroscopy are provided in the Supporting Information.

Mossbauer Spectroscopy. Méssbauer spectra for parent
compound Fe;O, have two components above the Verwey
transition temperature,” which is about 120 K for bulk Fe;0,.
Above this temperature, one signal is from Fe®* located at the
tetrahedral sites (A), and the other is from Fe*>*, which is the
average of Fe*" and Fe located at the octahedral sites (B),
with one electron hopping between them. The ratio of the A
and B sites is 1:2. For the ferrite with TMs incorporated into
the magnetite system, depending on the cation distributions,
the Mossbauer signals can vary. In an ideal inverse ferrite
assuming all M atoms occupied an octahedral site, the
composition (Fe,)*[M;Fe,;]?0, is expected. In a normal ferrite
assuming all M atoms occupied a tetrahedral site, the
composition (M;)*[Fe,]?0, is expected. The ferrites’ compo-
sitions shown below are calculated on the basis of the ratio of
Fe atoms in octahedral and tetrahedral sites, which can vary
theoretically from 1:1 for an ideal inverse ferrite to 0:2 for an
ideal normal ferrite. The accuracy of such assignments can be
estimated as +10% taking into account the complicated
overlapping spectra and possible surface layer contribution.*”

In none of the measured spectra of MFe,O, NPs (M = Mn,
Co, Ni) there is any signal characteristic for Fe** with high
centroid shift, § > 0.6 mm s™'. In turn, in the spectra of the
parent Fe;O, NP sample, the Fe?* component with § = 0.88
mm s~! was observed.*” This indicates that the incorporated
TMs are all in the +2 oxidation state, and thus all the remaining
ferrite iron atoms are in the Fe*" oxidation state to keep overall
neutrality. Although in general the hyperfine parameters for
Fe®" in the tetrahedral and octahedral sites are very close, the &
for the octahedral one is slightly higher due to longer Fe—O
distances. It is worth mentioning that the B—A interaction is
much stronger than the A—A interaction, and the B—B
interaction can be neglected.*'

The results observed at RT and 80 K are similar taking into
account the narrowing of the line at lower temperature and the
second order doppler (SOD) shift leading to increase of the &
values. Below, the 80 K data are discussed. The RT results are
presented in the Supporting Information (pp. S2-S3, Table S2,
Figure S2). All the hyperfine parameters extracted from the 80
K measurements are summarized in Table 1, while the
corresponding spectra are given in Figure 2.

MnFe,O,. This spectrum can be fitted with four magnetically
split sextets. The relatively low & values of the first two
components, Q; and Q,, tempted us to assign them to Fe
atoms in the tetrahedral A sites. The centroid shifts for these
positions are 0.44 and 0.42 mm s~’, and the hyperfine fields are
53.1 and 514 T. It is worth mentioning that the lower B, are
characteristic of NPs due to the collective magnetic excitations
(CMEs).”* The intensities for the first two components are
13 and 32%. Results of spectra fitting indicate that the total
ratio of Fe in tetrahedral and octahedral positions is 45:5S,
resulting in the conclusion that the cation distribution is
(Mng, Feyo)*[Mng4Fe; ]°0,. Hence, most of the Mn atoms
reside in octahedral positions.

Two types of Fe atoms were detected in octahedral positions
(Q; and Q,), where the centroid shifts are higher (ca. 0.51
mm s~') than Fe atoms in tetrahedral positions. The By for the
tetrahedral Fe atoms is higher than hyperfine field for Fe atoms
in octahedral sites. This is in contrast to previous works,**°
where some of the B-site Fe atoms had the highest B, The
reason for having a slightly higher By for the Fe atoms in the A
sites is an indication of the nonuniform distribution of Mn
atoms over Fe sites. The presence of two different components
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Table 1. Summary of Refined Mdssbauer Parameters
Measured at 80 K: Centroid Shift, §, Quadrupole Splitting, €,
Magnetic Hyperfine Field, By, Line Width, I, and Intensity,
-

component MnFe,0, CoFe,0, NiFe, O,
Fe'*":Fe* parameter 45:55 47:53 34:66
Q 5, (mm s7") 0.443 0.339 0.397
£, (mm s™) 0.052 —-0.016 0.015
Byn (mm s7') 53.1 51.3 50.6
I, (mm s™") 0.22 0.37 0.38
I (%) 13 47 34
Q, 5, (mm s7") 0.415 0.507 0.488
&, (mm s7") 0.049 —0.007 —0.009
By (mm s7') 514 54.6 54.2
I, (mm s™") 0.31 0.27 0.34
L (%) 32 12 21
Q, 85 (mm s7') 0.514 0.428 0.474
&y (mm s7") —0.054 0.095 —0.136
By (mm s7') 522 53.7 50.1
Iy (mms™) 0.27 0.22 0.31
L (%) 21 6 45
Q 5y (mm s™") 0.509 0.573
g, (mm s7') —0.068 —-0.025
By (mm s7') 49.9 51.9
[, (mms™) 048 0.42
L (%) 34 3s
“Tetrahedral Fe components (A site) are in bold.
Velocity (mms™')
-10 -8 -6 -4 -2 0 2 4 6 8 10

-2 i) 2 4 6 8 10
Velocity (mm s™)

Figure 2. Mossbauer spectra for MFe,O, (M = Mn, Co, Ni) ferrite
NPs collected at 80 K. Experimental data: black circles. Calculated
spectrum: black line. Q;, Q,, Q3, and Q4 components: red, blue, green,
and violet, respectively.

for both tetrahedral and octahedral Fe sites indicates that there
is a local preferential distribution of Mn atoms which creates
different environments of neighboring Fe atoms.

Cofe,0,. The spectrum was fitted with four sextets, one for
the A sites and three for the B sites. The tetrahedral Fe has the
lowest chemical shift of 0.34 mm s™". In contrast to other TMs,
Co is a “hard magnet”. In Co ferrite, there is a delicate balance
between an increase of the By values because of the presence of
Co atoms as the nearest neighbors47’48 to both the A sites and
the B sites and the decrease of the B, due to CME. The
intensity for the Fe atoms in A sites is 47%, indicating an almost
ideal composition of this inverse ferrite:
(CogosFen9a) [CoposFe; o520, The Fe atoms in the octahe-
dral site have three components with high centroid shifts and
high hyperfine fields (Q, = 51.9 T). The reason for the
presence of three components is not clear; however, the
absence of the second component for tetrahedral iron indicates
that the Fe/Co distribution is more random than the Fe/Mn
one.
NiFe;O4 This spectrum was fitted with only three
subspectra. The first component with a ¢ value around 0.40
mm s~ ! arises from Fe®' in the A sites, while the other two
components with higher § values are the signals from Fe®* in
the B sites. Although Ni is a “soft magnet”, it increases the By¢
value slightly as the nearest neighbor.” The intensity of the A
site component is 34%, resulting in the cation distributions
being (Nig;Fey,)*[Niy,Fe,;]°0,. It is noteworthy that this
spectrum is somehow different from the spectra for the other
two ferrite NPs. The overlap between the different sites is quite
strong. Besides one of the components for B sites, which has
the highest By value, 54.2 T, the other component for the B
sites is overlapping with the component for the A sites,
resulting in strongly correlating intensities at this temperature.
Measurement at RT indicates a higher intensity for A
components, 42%, leading to (Niy,Fes)*[NiysFe;,]%0,
composition. In general, for Ni, the highest deviations from
the ideal inverse ferrite composition were observed with a
significant amount of Ni found to be in the tetrahedral A site.
The Ni/Fe distribution is more random than the Fe/Mn
distribution, since only one component for tetrahedral Fe is
observed. In general, the large difference in size®® between Mn
and Fe may lead to some kind of ordered distribution, while Co
and Ni are close in size to Fe and dispersed more randomly
over the metal sublattice.

PDF. Three samples MFe,O, with M = Fe, Ni, and Mn were
analyzed by X-ray PDF. We have performed fitting in three
structural models: the arystotype cubic spinel model in the
Fd-3m space group and two lower symmetry models in the I4,/
amd and P4;22 space groups.

The least-squares PDF refinement in the Fd-3m structural
model provides a relatively good fit at high r-ranges; however,
significant disagreements at low r-ranges (<4 A) are found
(Figure 3). A plot of the low r-range (1—4 A) is given to
emphasize the local structure, where the M—O, M—M, and O—
O pairing contributions are significant. The average structure
model picks up the Fe—O peak at ~1.96 A, and there is some
broadening associated with this peak which corresponds to
both tetrahedral and octahedral coordination environments.
The expected Fe—O distances for typical Fe’" with
coordination numbers of 4, 5, and 6 are 1.865, 1.948, and
2.015 A, respectively. The Fe—O distances here are 1.89 A for
the tetrahedral site and 2.04 A for the octahedral site.
Obviously, the average structure model underestimates the
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Figure 3. MFe,0, X-ray PDF fits for r < 20 A in the Fd-3m and P4;22
structural models. Experimental data, black circles; calculated
spectrum, red line; difference, blue line.

clustered peak at 3.0 A by ~0.0S A, which corresponds to the
O-0 and Fe—Fe pairs (Figure 3). The refined spherical
nanoparticle size was 7—9 nm, in good agreement with TEM
data (Table S1, Supporting Information).

Refinement in the I4,/amd structural model has not
improved the fit, and significantly higher disagreement factors
were obtained. However, the P4;22 model describes the low
rrange of Fe;O, much better (Table S3, Figures S$3-S4
(Supporting Information)). For the long range (4 A < r < 20
A), the improvement is moderate, thus indicating the local
nature of the structural distortion.

MnFe,0, and NiFe,0,. Since Mn(Ni) and Fe have similar
X-ray scattering factors, the metal site occupancy was not
refined and fixed to the Mdssbauer spectroscopy results. PDF
refinement of MnFe,0, and NiFe,0, using the Fd-3m model
provides a relatively good fit at low and high r-ranges which is
in contrast to the Fe;O, material (Figure 3). The average
structure model picks up the Mn(Ni)/Fe—O peak at ~2.0 A,
although there is a slight shift associated with the calculated
pattern (~0.02 A), and there is some broadening affiliated with

11951

this peak, which corresponds to both tetrahedral and octahedral
coordination environments. The M—O distances here are
~191 A for the tetrahedral and 2.04 A for the octahedral,
roughly similar to Fe;O, Similarly to Fe;O, but not as
significant, the average structure model underestimates the
clustered peak at 2.97 A by ~0.02 A, which corresponds to the
O—0 and M—M pairs. It seems that this shift is associated with
the shift in the M—O peak at ~2.0 A. The refined spherical
nanoparticle size was 6—7 nm, which is consistent with TEM
data (Table S1, Supporting Information).

Similar to the Fe;O, case, the refinement in the I4,/amd
structural model has not improved the fit and significantly
higher disagreement factors were obtained. However, the P4;22
model describes the PDF of MnFe,O, and NiFe,O, better than
the cubic model (Tables SS and S8, Supporting Information).
The improvements of the fits are more pronounced for the
short range of r, indicating the local nature of the ordering.

Neutron PDF data were analyzed for four samples of
MFe,04 M = Fe, Ni, Mn, and Co. Neutron refinements allow
locating the oxygen atomic positions with higher precision.
Rerefinement of the X-ray PDF data with oxygen positions
fixed to the values obtained from neutron PDF refinements
shows no substantial difference to the ones described above;
therefore, these results were not included herein. Results of the
neutron PDF refinements echo the X-ray PDF results: long-
range data can be satisfactory described with the cubic
structural model, while the short-range data exhibit some
deviation from the cubic symmetry and are better described in
the tetragonal P4;22 structural model. The tetragonal structural
distortion is more pronounced for the Fe;O, NPs (Figure 4,

R, =17.72%

neutron

R, =16.56%
neutron

PDF G(r) (A%

4 8 1I2 I
Radial distance, r (A)

Figure 4. Fe;O, neutron PDF fits for r < 20 A in the Fd-3m and P4;22
structural models. Experimental data, black circles; calculated
spectrum, purple line; difference, blue line.
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and Table S4, Figures S$3-S4, Supporting Information)
compared to MnFe,O, NPs (Table S6, Figures S5-S6,
Supporting Information), CoFe,O, NPs (Table S7, Figures
S$7-S8, Supporting Information), and NiFe,O, NPs (Table S9,
Figures $9-S10, Supporting Information). The similarity of the
neutron scattering lengths for Fe and Ni, 9.45 and 10.3 fm, did
not allow the refinement of the Fe/Ni ratio in different
crystallographic sites. In turn, the large difference in the
neutron scattering lengths for Fe, Co, and Mn, 9.45, 2.49, and
—3.73 fm, respectively, make possible refinements of the Fe/M
(M = Co and Mn) ratio in tetrahedral and octahedral sites in
the structures of Co(or Mn)Fe,0,. Free refinement of the Fe/
Co ratio in both sites results in the
(C00.35Fe0.65(8))A[CoLOFeLO(Z)]BO4 composition (Table S7,
Supporting Information). The occupancies in the octahedral
site are close to the results of Mossbauer spectroscopy, while
neutron PDF indicates an excess of Co in the tetrahedral site.
The refinement of the neutron PDF data with the composition
of the tetrahedral site fixed to Co,Fe,, results in a similar fit as
that for free refinement and 1:1 Co:Fe ratio in the octahedral
site. For Mn, free refinement of the Fe/Mn ratio in both sites
results in the (Mng4sFe)ss(s)) [MnggFe, 4710, composition
(Table S6, Supporting Information). The occupancies in both
sites from neutron PDF indicate an excess of Mn, contradictory
to the results of Mossbauer spectroscopy, which only show an
excess of Mn in the octahedral site. These results should be
taken with caution, as the data for MnFe,O, were of not high
enough quality to allow satisfactory fitting in any model
(Figures SS and S6, Supporting Information). The refinement
of the neutron PDF data with the composition of the
tetrahedral site fixed to Mn,,Fej results in a poorer fit than
that for the free refinement and nearly 1:1 Mn:Fe ratio in the
octahedral site.

The PDF analyses point out that there are local distortions
involved in these materials. We have tried to fit the data in two
lower symmetry models, in I4,/amd and P4;22 space groups.
The former model provides no improvements, while the latter
one exhibits some improvement of the fit. In the I4,/amd spinel
structure, there is one octahedral and one tetrahedral metal site.
This model allows for the distortion of the local coordination
from regular tetrahedron and octahedron, but still only one
type of each polyhedron is present. In turn, in the P4;22 model,
there are two different octahedral sites with different sets of
M°“—0 distances. Such tetragonal distortion was proposed on
the basis of the ordering of the cations in the octahedral site.>!
The possible reason for such distortion may be the significant
excess of Fe’* in the as-synthesized nanoparticles of Fe;O,, as
was shown in our previous works.”>**

M@ssbauer data indicates that for all studied ferrites there are
two different octahedral sites with a nonuniform distribution of
Fe atoms over those sites. This is consistent with the PDF
results of the local P4;22 distortion, having two different
octahedral sites.

A good measure of this local distortion was obtained from
the comparison between the FWHM and peak center of the
M-0O (~2.0 A) and M—M/0O-0 (~3.0 A) pairing
contributions (Table 2 and Figure S). The FWHM for these
peaks are nearly constant for all M; however, the bond
distances (or peak maxima) are significantly different for M =
Fe and M = Mn, Co or Ni. Similar results were obtained in the
lower symmetry model in the P4;22 space group. All three fits
were improved in this model, indicating distortion from the
cubic symmetry. The drastic difference was obtained for M =

Table 2. Comparison of FWHM Obtained from X-ray and
Neutron PDF Data of MFe,O, (M = Fe, Mn, Co, Ni)?

M  M-O FWHM center (A) M-M/O—O FWHM center (A)

X-ray PDF

Fe 0.239(6) 1.96962 0.213(3) 299218
Mn 0.242(3) 1.99731 0.211(3) 2.97003
Co

Ni 0.240(3) 1.99143 0.220(3) 2.96168

Neutron PDF

Fe 0.283(3) 1.95032 0.297(7) 2.9749
Mn 0.32(1) 1.94861 0.283(1) 297458
Co 0.31(1) 1.94552 0.295(6) 2.96409
Ni 0.29(1) 1.96637 0.276(7) 2.95548

“The values were obtained upon fitting each peak to a single Gaussian.
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Figure S. Fragments of the MFe,O, (M = Fe, Mn, Co, and Ni) X-ray
(a) and neutron (b) PDF patterns over r-range 1—4 A.

Fe, while for M = Mn, Co, and Ni the difference between the
Fd-3m and P4;22 was less pronounced. In general, these
observations suggest that the structural solidarity of the
tetrahedral and octahedral sites is significantly changed with
chemical composition. As a result, it seems that the chemical
substitution of M for Fe partially eliminates the local
distortions. The complicated nature of the pristine Fe;O,
nanoparticles resulting from the excess of Fe’* was recently
observed by us using Mdssbauer spectroscopy.*

Electron Microscopy. TEM analysis of the as-synthesized
samples reveals that all samples are in the size range of about
7—12 nm with reasonably narrow size distributions (Table S1
and Figure S11, Supporting Information). While nondoped
magnetite NPs have an average diameter of 10.8 + 3.1 nm, the
size of doped NPs was found to decrease to around 7 nm with
increasing nominal content of dopant (Table S1, Supporting
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Information). The morphology of the NPs is close to spherical
shape, although some triangular or octahedral shapes were also
observed (Figure S12, Supporting Information).

As an example, Figure 6a shows an overview low-
magnification TEM image of the Nij sFe, 50, NPs having a

Figure 6. (a) Low-magnification TEM image of Nij,;sFe, 0, NPs.
(b) [100] HRTEM image of the individual NP in the same sample,
together with the corresponding FT pattern (inset), confirming cubic
inverse-spinel-type crystal structure.

relatively narrow size distribution with an average diameter of
9.1 + 3.6 nm (Table S1, Supporting Information), together
with a HRTEM image of one of these NPs oriented along the
[100] direction. A high crystallinity of the NPs is revealed in
this image. The corresponding Fourier transform (FT) pattern
shown as an inset in Figure 6b confirms the inverse-spinel-type
structure, since it has been completely indexed on the basis of
the Fe;O, structure in the Fd-3m space group using the unit cell
parameter determined by XRD. No additional spots associated
with secondary phases have been detected.

High-resolution HAADF—STEM images and the corre-
sponding bright field (BF) STEM image of Nij;sFe, 0, are
shown in Figure 7a—c. The corresponding FT patterns prove
that the NPs are ordered in a cubic structure (space group Fd-
3m). The HAADF—STEM image (Figure 7a and b) shows a
brighter contrast for the Fe/Ni atomic positions, and the
weaker contrast corresponding to O positions. The O
environment around the Fe/Ni is more clearly visible in the
corresponding BE—STEM image (Figure 7c) as a smaller bright
contrast around strong dark spots of the metal atom rows.
Figure 7d shows the intensity profile along a column of atoms
revealing the variation in the intensities of Fe/Ni and O atomic
columns.

A high-resolution HAADF—STEM image of Ni,¢Fe, O, NP
is shown in Figure 8a, which displays projections of Fe and Ni
atomic columns, thus marking the high degree of crystallinity of
the Ni-doped NPs. To confirm the element distribution of the
synthesized M Fe; O, NPs with different levels of doping,
STEM—EDX and STEM—EELS elemental maps were
recorded, which highlight the uniform distribution of Fe and
O and random distribution of Ni within Ni, Fe, 0, and
Nij,¢Fe, 40, NPs without clustering or formation of any phase-
separated particles (Figures S13—S16, Supporting Informa-
tion). The EDX spectrum obtained across a line scan of a
representative sample reveals the presence of all elements (Fe,
Nj, and O) in a single Nij¢Fe,,0, nanoparticle (Figure 8b). In
addition, the incorporation of the Ni dopant into the structure
was further confirmed by STEM—EDX line scan on an
individual NP (Figure 8c). The line scan reveals the decrease
in Fe signal (red line) and a corresponding increase in the Ni
signal (green line), demonstrating that the doping of the Fe;O,
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Figure 7. High-resolution HAADF—STEM (&, b) and BF—STEM (c)
images of Nig sFe, 50, NPs in the [110] zone axis, together with the
corresponding FT pattern (inset). (d) Intensity profile along the line
of atomic columns of one NP in (c) showing the difference in the
intensity due to the difference in the atomic number between Fe/Ni

(larger peaks) and O (small peaks highlighted by the arrows).

NPs synthesized by hydrothermal methods is substitutional.
During our STEM—EDX analysis, no evident signature of self-
purification phenomenon,'® often present in doped semi-
conducting nanocrystals, was observed.

Magnetic Properties. The magnetization versus magnetic
field M(H) dependences at RT are shown in Figure S17,
Supporting Information, for all the samples. For Mn- and Ni-
doped samples, a typical M(H) dependence, characteristic of
SPM, is observed independently of the metal-dopant content.
However, in the case of Co doping, a progressive transition
from SPM to FiM order with increased doping is observed.
This is more clearly seen in the corresponding low-field region
data plotted in Figure S18 (Supporting Information). Non-
doped Fe;O, NPs show SPM behavior, and SPM persists in the
sample with the lowest level of doping x = 0.06 (Figure S18a
and b, Supporting Information). Whereas coercive forces are
absent for Ni- and Mn-doped samples, coercivity emerges upon
alloying x from 0.1S to 1 in Co,Fe, O, (Figure S18c—g,
Supporting Information). The observed development of the
FiM at RT in Co,Fe; O, is attributed to the increasing
magnetocrystalline anisotropy of magnetite NPs through Co
incorporation.'”>> As a result, a larger coercive field is required
to reverse the magnetization of the respective Co, Fe; O, NPs.
We also note that the coercivity of the NPs increases when
increasing Co concentration to x = 0.6 (Hc = 317 Oe), and
decreases upon further increase in Co concentration (Figure
9a). The initial increase in coercivity is associated with the
enhancement of magnetic anisotropy with increasing Co
concentration. The subsequent decrease is a surprising result.
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Figure 8. (a) A high-resolution HAADF—STEM image of a single
Nig¢Fe,,0, NP in the [421] zone axis, together with the
corresponding FT pattern (inset). (b) STEM—EDX spectrum of
Nig¢Fe, 4,0, NP (inset), demonstrating the presence of all the
expected elements in the single NP. (c¢) STEM—EDX line scan
through an individual Niy¢Fe, ,0, NP (indicated by the arrow in the
inset in b), revealing the presence of Fe, Ni, and O.

One possible explanation is that Fe—Co interactions are
responsible for the increase in magnetic anisotropy while Co—
Co interactions at high Co content reduce the anisotropy. AFM
interparticle interactions may also be responsible for the
observed decrease of coercivity.”

In general, for temperatures, T, higher than the blocking
temperature, Tp, the sample is in the superparamagnetic state,
and thus, no hysteresis or coercivity will be present. For
temperatures below Tj, the sample will appear magnetically
ordered exhibiting hysteresis and coercivity. Studies exploring
interparticle interactions in magnetic systems have proposed
that 5ngssfor a particle of volume V is determined according to
eq 1”7

Ty = T, + [T./In(f, /f, )] (1)

where T, = K,,V/kg with kg and K, being the Boltzmann and
anisotropy constants, respectively, f, and f,, are the attempt and
measuring frequencies, respectively, and T} is the strength of
interparticle interactions. Notably, the time scales of the
Mossbauer spectroscopy and vibrating sample magnetometry
are different. In particular, for Mossbauer studies f,, ~ 10'° Hg,
whereas for vibrating sample magnetometry f,, & 10 Hz.
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Figure 9. (a) Coercivity H as a function of x in Co,Fe;_,O, NPs. (b)
Composition x dependence of the saturation magnetization M, of
M,Fe; O, NPs. The solid and dotted lines are guides for the eye.

Therefore, the blocking temperature estimated from Mdssbauer
studies will be considerably higher than that coming from
vibrating sample magnetometry, when all other parameters are
kept unchanged.>® Accordingly, the magnetic order in ferrite
NPs found at RT in Mdssbauer studies (Supporting
Information) may not be detected by vibrating sample
magnetometry.

Our M(H) data demonstrate that all the colloidal M,Fe;_,O,
NPs except those of the Co,Fe; O, series are super-
paramagnetic at RT (Figure S17, Supporting Information).
Since the anisotropy constant for Co is much higher than that
for Ni and Mn,"® following eq 1, the blocking temperature for
Co-doped magnetite may be above RT, thus providing a
plausible explanation for the observation of ferrimagnetism in
Co,Fe;_,O, NPs. On the other hand, the blocking temperature
for Ni- and Mn-doped magnetite may be below RT, resulting in
the lack of coercivity at this temperature for Mn,Fe; O, and
NiFe;_,O4 NPs.

To corroborate these assumptions and confirm the observed
RT M(H) behavior, the Ty values for the end member ferrites
were estimated from the zero-field-cooling (ZFC) and field-
cooling (FC) magnetization curves recorded using a SQUID-
VSM magnetometer. As shown in Figure S19 (Supporting
Information), while blocking temperatures for Fe;O, and
CoFe,0, are well above 300 K, those for MnFe,O, and
NiFe,0, are observed below 300 K with estimated values of
about 110 and 185 K, respectively. Furthermore, we also
recorded the M(H) data for the end member ferrites at 2 K, a
temperature well below Ty (Figure S20, Supporting Informa-
tion). As expected, the hysteresis loops are pronounced in all
cases, indicating that the low temperatures enable ferrimagnetic
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interaction in the samples due to the magnetic ordering below
blocking temperature. Overall, the data suggests that blocking
temperatures below RT are most likely responsible for the
observed superparamagnetic behavior of Mn- and Ni-doped
magnetite NPs at RT. On the other hand, the larger K, in the
Co,Fe;_,O, series induces an increase of the coercivity and
remanence in the M(H) curves at RT upon alloying. It is also
important to note that, due to the fact that NPs were used in
the magnetic measurements, we cannot rule out whether
additional finite-size effects and associated thermal relaxation
also play a role in the development of superparamagnetism
above blocking temperature.”*’

Saturation magnetization M, has been obtained by
extrapolating M versus 1/H for 1/H — 0, and the estimated
values are plotted in Figure 9b. In all cases, the magnetization
has been normalized to the total sample mass, which includes
the magnetic core and the organic protective shell around the
NPs (typically ca. 10—15%).>* M, values obtained for the NPs
are slightly lower than those of the corresponding bulk
materials (M,(Fe;0,) = 82 emu g™'; M,(MnFe,0,) = 110
emu 5g_l; M,(CoFe,0,) = 94 emu g~ '; M,(NiFe,0,) = 56 emu
g™1),”® which is mainly due to an overestimation of the mass of
the samples as a consequence of the presence of organic
coating, reduced particle size, and surface anisotropy." We
observed that M, is the highest for the nondoped Fe;O, (~6S
emu g™'), and then decreases with increasing Mn and Ni
dopant concentrations (Figure 9b). A notable decrease is
observed as the end members MnFe,O, and NiFe,O, are
approached (~45 emu g '). In the case of Co doping (Figure
9b), the change in M; is found to be moderate (~62 emu g™
for CoFe,0,).

It is well-known that the saturation magnetization of
magnetic materials is generally size dependent at the nano-
scale.”” The fact that the size of the as-synthesized NPs slightly
decreases with increasing dopant concentration (Table S1,
Supporting Information) suggests that in our colloidal
M,Fe;_,O, NPs the variation in M; is partially due to the
size change. However, Mn,Fe,;_,O, and Ni,Fe;_ O, (x = 0.6,
0.9, 1) NPs exhibit a significant decrease of M, within the series
with increasing «x despite having similar particle size (Table S1,
Supporting Information; Figure 9b), indicating that the
saturation magnetization of the doped NPs is not solely
determined by their size. Therefore, the observed significant
decrease in M, with doping highlights the important role played
by chemical composition. Specifically, Mn and Ni substitution
appears to suppress M; of magnetite, while Co substitution
does not affect M, (Figure 9b). The reduction of M, for high
doping levels is most likely a result of the different site
occupancy of metal cations in A or B sublattices, which are
responsible for the relative contribution of superexchange or
exchange interaction ratios, judging from the decreased
magnetic moment of the end member compounds.*’

4. CONCLUDING REMARKS

The present study has demonstrated that a series of doped
magnetite nanoparticles M,Fe;_ .0, (M = Mn, Co, Nj; x = 0,
0.06, 0.15, 0.3, 0.6, 0.9, and 1) can be prepared using a simple
hydrothermal reaction in aqueous medium and at a
considerably lower reaction temperature (200 °C) than in
previously reported syntheses in organic solvents. Oleate-
capped and, thus, solvent dispersible nanoparticles having
relatively narrow size distributions are formed. It was found that
the mean size of the particles is rather insensitive to the

chemical composition, suggesting that, in the current synthesis
protocol, doping has no significant influence on the crystal
growth process. Further, our investigation of the doped
nanoparticles with a set of complementary techniques provides
evidence that the dopants do not form a separate crystalline or
amorphous phase but fully dissolve in the inverse-spinel
structure of magnetite, yielding a solid solution M,Fe; O,
with stoichiometric ferrites as the end members. Moreover,
from detailed Raman spectroscopy studies, we found a strong
influence of Mn doping on the host magnetite matrix, as
reflected by a significant red-shift of the principal A}, phonon
mode. Our Mdssbauer spectroscopy study of the end member
ferrite NPs shows that all iron atoms have Fe** oxidation state,
indicating that the TM dopants have M*" oxidation state.
Existence of two different components in the Mossbauer
spectrum of MnFe,O, NPs representing tetrahedral and
octahedral Fe sites is interpreted as a result of the fine
structure of the ferrite with possible Fe/Mn ordering. In
contrast, CoFe,0, and NiFe,0, exhibit a non-ordered M/Fe
distribution with Co preferentially in octahedral sites and Ni in
both octahedral and tetrahedral sites. PDF analysis demon-
strates that the local structure of nondoped Fe;O, NPs is
distorted and the local distortions can be eliminated to a large
extent via Mn and Ni atoms substituting Fe. The HRTEM,
HAADF—-STEM, STEM—EDX, and STEM—EELS investiga-
tions revealed a single-phase structure of M,Fe; O, with
uniform (Fe, O) and random (Ni) distributions of the
constituent elements within individual nanoparticles. The latter
fact implies that the doped nanoparticles do not demonstrate a
self-purification phenomenon, which is typically observed in
semiconducting nanocrystals.

We have shown that there is a direct correlation between the
magnetic properties and chemical composition of the
M,Fe;_,O, nanoparticles. In particular, the measured room
temperature saturation magnetization of Co-doped samples is
similar or slightly lower compared to that of nondoped Fe;O,,
while doping of Fe;O, with Mn and Ni leads to a significant
decrease in the saturation magnetization. Furthermore, room
temperature hysteresis data for all the samples indicate that
magnetite nanoparticles develop ferrimagnetic behavior upon
Co doping, whereas for Mn and Ni doping superparamagnetic
behavior is preserved. Our SQUID experiments reveal that
superparamagnetism of Mn,Fe; O, and NiFe; O, NPs at
room temperature most likely stems from the fact that their
blocking temperatures are lower than the room temperature. In
conclusion, the present findings improve current capabilities to
synthesize doped colloidal nanocrystals, and show that doping
is a toolbox for the design and preparation of nanomaterials
with modified and new properties.
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