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We report a systematic experimental study of the evolution of the magnetic and relaxometric
properties as a function of metal (Co, Ni) doping in iron oxide nanoparticles. A set of five samples,
having the same size and ranging from stoichiometric cobalt ferrite (CoFe2O4) to stoichiometric nickel
ferrite (NiFe2O4) with intermediate doping steps, was ad hoc synthesized. Using both DC and AC
susceptibility measurements, the evolution of the magnetic anisotropy depending on the doping is
qualitatively discussed. In particular, we observed that the height of the magnetic anisotropy barrier is
directly proportional to the amount of Co, while the Ni has an opposite effect. By Nuclear Magnetic
Resonance Dispersion (NMR-D) experiments, the experimental longitudinal r1 and transverse r2
relaxivity profiles were obtained, and the heuristic theory of Roch et al. was used to analyze the data
of both r1 and, for the first time, r2. While the experimental and fitting results obtained from r1 profiles
were satisfying and confirmed the anisotropy trend, the model applied to r2 hardly explains the
C 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4945026]
experimental findings. V

I. INTRODUCTION

Magnetic nanostructured materials usually display physical properties that are significantly different from the ones
of the bulk. In ferro- or ferrimagnetic nanoparticles (NPs),
the multi-domain spin arrangement typical of the bulk ferromagnets is absent, and the energy equilibrium configuration
favours a single magnetic domain. As a consequence, the
spins inside each NP are aligned along a particular direction
and give rise to a large magnetic moment, which can be
thought as a “superspin.”
Their basic properties have been studied both theoretically and experimentally since the 1950s1,2 but, in the last
two decades, the evolution of the synthesis techniques
allowed obtaining excellent quality monodispersed samples,
having a well-defined size and shape. This allowed to
explore and understand the physical phenomena at the nanoscale.3 At the same time, the possibility to coat the magnetic
nanoparticles with different kind of organic materials opens
the possibility to use them in several state-of-the-art biomedical and technological applications.
Among the magnetic materials, iron oxides, such as magnetite (Fe3O4) or maghemite (c-Fe2O3), are generally used as
magnetic core, being the only ones which have been already
approved by U.S. Food and Drug Administration (FDA) and
European Medicines Agency (EMA).4 These systems can
help in various aspects of clinical practice,5,6 working as
a)
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contrast agents in magnetic resonance imaging (MRI),7,8
drug carriers in magnetic transport,9 or therapeutic agents in
magnetic fluid hyperthermia (MFH).10 Furthermore, new perspectives are opening in the field of the multifunctional magnetic nanostructures, which can be used simultaneously for
different tasks.
Nevertheless, even if novel synthesized nanostructures
are able to successfully accomplish one or two tasks, a real
multifunctional object has not been completely realized yet.
Consequently, the research of new materials whose properties can be properly tailored is of great interest. To this aim,
the possibility to dope the iron oxide magnetic core with
transition metal ions, obtaining optimized magnetic properties, can boost the use of nanoparticles for such applications.11,12 In particular, a greater magnetization can improve
the performance in magnetic transport, a high transverse nuclear relaxation rate brings to a better image contrast, while
the kind of magnetic ion, the coating, and particularly the
size are critical parameters for all applications.
The doping of the ferrite magnetic core with high anisotropy metal ions can be a feasible strategy. Several iron oxide
nanostructures doped with cobalt, zinc, or gadolinium have
been already synthesized and investigated,13–17 but a complete and systematic study on the effect of Co and Ni doping
on the magnetic properties is still missing. In order to
address this issue, five cobalt and nickel substituted ferrite
(CoxNiyFe3xyO4) nanoparticles with fixed size were synthesized, using a step-by-step doping, from stoichiometric
Co-ferrite to stoichiometric Ni-ferrite.
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In the first part of the work, DC and AC susceptibility
measurements were performed, allowing us to determine
both static and dynamic properties. The magnetic anisotropy,
the blocking temperature, and the main parameters governing the magnetization reversal (like, e.g., the attempt time s0
and the energy barrier Eb) were explored upon the doping
level. Some literature data about undoped iron oxide nanoparticles were also taken into account and used as reference.
The second part of the work reports NMR relaxometry
data. In particular, the complete relaxivity profiles were
acquired for both longitudinal (r1) and transverse (r2) directions over a wide range of frequencies (10 kHz–255 MHz
and 10 kHz–60 MHz, respectively). The heuristic theoretical
model proposed some years ago by Roch et al. in Ref. 18
was tested for r1 and, for the first time, for r2.
II. SYNTHESIS AND EXPERIMENTAL TECHNIQUES

The samples were synthesized by thermal decomposition
of the metallo-organic precursors in non-coordinating high
boiling solvents with surfactant. A mixture of Fe(acac)3,
Co(acac)2H2O, Ni(acac)2, oleylamine, and oleic acid in benzyl ether was stirred for 15 min under nitrogen flux at room
temperature, then heated up to 290  C, and refluxed for 15
min. After the cooling down till room temperature, ethanol
was added, in order to allow precipitation. The solid precipitate was isolated with a magnet and washed several times
using ethanol. The obtained NPs were coated with oleic acid.
In order to disperse the NPs in water, the oleic acid of the coating was substituted with the polyacrylic acid (PAA), which is
hydrophylic and provides biocompatibility. Different amounts
of cobalt and nickel were used in order to obtain a set of five
samples of intermediate composition CoxNiyFe2xyO4, ranging from stoichiometric CoFe2O4 to stoichiometric NiFe2O4.
In the following, the samples are labeled as CoXNiY, where X
and Y denote the approximation to the first decimal digit of
the Co and Ni content x and y, respectively (Table I). The
other synthesis parameters were adjusted in order to fix the
size of the nanostructures NPs to the same value (ca. 7 nm) for
all the samples.
Average diameter and size distribution of NPs were
evaluated by Transmission Electron Microscopy (TEM),
using a CM12 Philips microscope operating at 100 kV. The
samples were prepared by drop drying a diluted suspension
of NPs in hexane onto 200 mesh carbon-coated copper grids.
The recorded images were analyzed with the ImagePro-Plus
TABLE I. Chemical composition and size analysis of the Co-Ni-ferrites.
dTEM (dmean 6dd) is the size obtained by fitting the diameter histograms from
TEM images with Eq. (1). The last two columns report the height (hAFM)
and the width (wAFM) of the particles obtained from AFM images.
Sample
Co8Ni0
Co6Ni3
Co4Ni6
Co2Ni8
Co0Ni10

Composition

dTEM (nm)

hAFM (nm)

wAFM (nm)

Co0.82Fe2.18O4
Co0.63Ni0.32Fe2.05O4
Co0.42Ni0.56Fe2.02O4
Co0.17Ni0.85Fe1.98O4
Ni1.02Fe1.96O4

7.4 6 1.5
7.0 6 1.1
6.6 6 1.0
7.0 6 1.3
7.3 6 1.9

9.1 6 1.2
9.2 6 1.2
9.8 6 1.3
10.0 6 1.3
9.6 6 1.2

12.6 6 1.2
12.6 6 1.2
13.1 6 1.4
14.4 6 1.5
12.6 6 1.2

software. The statistical analysis was carried out over
400–600 NPs.
AFM imaging was performed using a Bruker Nanoscope
Multimode IIId system operating in air in tapping-mode.
AFM images were collected using the RMS amplitude of the
cantilever as the feedback signal for the vertical sample position. The RMS free amplitude of the cantilever was approximately 15 nm and the relative set-point above 95% of the
free amplitude. Rectangular silicon probes with nominal
spring constant around 2.5 N/m (NSG01, NT-MDT) and cantilever length of 120 lm were used. The cantilever resonance
frequency was about 130 kHz.
DC and AC susceptibility measurements were performed by a MPMS-XL7 Quantum Design Superconducting
Quantum Interference Device (SQUID) magnetometer, operating in the temperature range 2–300 K and in the field range
0–5 T. Zero-field cooled (ZFC), field-cooled (FC), and
hysteresis curves were acquired on dried samples at different
applied magnetic fields. The frequency-dependence of the
sample magnetic response was investigated in the range of
frequency 10–10 000 Hz.
The NMR-Dispersion profiles were measured on water
suspensions of each sample. Longitudinal and transverse
nuclear relaxation times, T1 and T2, respectively, were evaluated over the range 10 kHz–255 MHz (limited to 60 MHz
for T2) for the 1H (proton) Larmor frequency, corresponding
to an applied magnetic field in the range 2.3  104–6.0 T.
In order to cover such a wide range, three different instruments were used: (1) a Tecmag Apollo spectrometer with an
Oxford superconducting magnet for the very high fields’
region, i.e., from 60 to 255 MHz; (2) a Stelar Spinmaster
with a standard electromagnet for the intermediate range,
10–60 MHz; and (3) a Stelar SMARtracer, working with the
Fast-Field Cycling technology, for the low and very low
fields’ range, corresponding to 10 kHz–10 MHz. In the first
two cases, standard pulse sequences were selected, that is,
Saturation Recovery for T1 and Car-Purcell-Meiboom-Gill
(CPMG) for T2. For the very low field range ( < 4 MHz for
T1 and  < 3:5 MHz for T2), ad hoc pre-polarized sequences
were used to increase the NMR proton signal.19,20
III. MORPHOLOGICAL CHARACTERIZATION

The morphological characterization was performed using
TEM micrographs, a typical example of which is reported in
Fig. 1 for Co4Ni6 sample, as representative of the all series.
As commonly reported, the diameter (d) histograms extracted
from TEM images were fitted to a lognormal law
2

½lnðdÞl
1
qðd Þ ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ e 2r2 ;
d 2pr2

(1)

where l and r are the distribution parameters. The mean
2
¼ elþr =2 , and its standard deviation is
diameter is p
dmean
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
dd ¼ elþr =2 er2  1. As requested, the mean size of prepared Co-Ni-ferrites, which appear spherical shaped, is
7 nm for all the samples (Table I).
The NPs’ morphology was also investigated by Tapping
Mode Atomic Force Microscopy (TM-AFM), which allowed
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obtained by mapping the phase angle shifts across the sample
brings information about its mechanical properties. In the
case of our NPs, soft (PAA coating) and stiff (magnetic core)
regions appear at different image contrast, and information
about the whole sample structure can be assessed. As an
example in Fig. 3, an AFM topography image and its corresponding AFM phase image of the Co8Ni0 sample on a mica
support are reported. Even if in this case a reliable quantitative evaluation of the particle size is not possible due to the
high pressure applied by the tip, a rough estimation of the
coating thickness can be done, resulting in good agreement
with the topography data.
IV. DC SUSCEPTIBILITY MEASUREMENTS

FIG. 1. TEM image of the sample Co4Ni6 (scale bar ¼ 100 nm), the corresponding magnetic core diameter histogram (bars), and the best fit curve to a
lognormal distribution (line).

the evaluation of the overall size of the NPs, namely, that of
the magnetic core plus its PAA coating. Besides the presence
of NPs agglomerates of different sizes, AFM can distinguish
single NPs, as shown in the topography image of Fig. 2. The
analysis of several AFM topography images allowed to estimate the NPs’ average size, measuring both the height and
the width: Fig. 2 and Table I summarize the results. In particular, the NPs’ average height obtained by AFM is greater
than the size estimated from TEM data, due to the presence
of the PAA coating, which results of the order of 2 nm for all
the samples. On the other hand, the particle width is overestimated, possibly due to: (i) the sample-AFM tip convolution
effect; (ii) the pressure applied by the AFM tip on the soft
NPs’ coating during the sample scan and induced by the capillary forces.
In TM-AFM, the sample is scanned by an oscillating
cantilever whose oscillation parameters (amplitude and
phase) are sensitive to both topography and mechanical
properties of the sample surface. In particular, a shift of the
phase results from a different visco-elastic interaction
between the sample and the AFM tip. Thus, a phase image

FIG. 2. On the left, the topography of the sample Co8Ni0 is shown. Single
NPs as well as small NPs clusters are visible (scan area ¼ 500  500 nm2).
The corresponding AFM histograms of the height and the width of the NPs
for the same sample are reported on the right.

Iron oxide nanoparticles are single domain nanoparticles
characterized by a high value of the single particle magnetic
moment lSP and by an uniaxial magnetic anisotropy.21 Using
a first order approximation, the expression of the anisotropy
energy is EA ðhÞ ¼ Kef f V sin2 h, where Keff is the effective anisotropy constant, V is the particle volume, and h is the angle
between the particle magnetization M and the anisotropy axis.
The two equilibrium positions, corresponding to h ¼ 0 and
h ¼ p, are separated by the energy barrier Eb ¼ Kef f V. If
kB T ⲏ Eb , the flip of the magnetization between the two minima is allowed (superparamagnetic regime). In case of noninteracting particles, the characteristic relaxation time, known
as Neel relaxation time sN, is given by an Arrhenius-like
expression:1,2 sN ¼ s0 expðkEBbT Þ, where s0 is the “attempt
time.” The external magnetic field at enough high temperature
easily drives the magnetization of an ensemble of single domain nanoparticles, which thus behaves like a paramagnetic
system. As a consequence, the M vs. H curves collected at
room temperature (300 K) do not show open hysteresis, being
HC ¼ 0, as shown in Fig. 4. Furthermore, as can be noticed
from the same figure, the saturation magnetization MS scales
up with the Co-doping, being the highest for stoichiometric
Co-ferrite (MS ¼ 83 A m2/kg for Co8Ni0) and the smallest for
stoichiometric Ni-ferrite (MS ¼ 49 A m2/kg for Co0Ni10).
This is in agreement with the values reported in the literature,
both for bulk ferrites22,23 and nanoparticles.24

FIG. 3. AFM topography image (left) and corresponding AFM phase image
(right), collected simultaneously on the same area, of Co8Ni0 on mica support. The phase image allows the visualization of the NPs PAA coating
(white rings) as well as the NPs magnetic core (dark circles). The scan area
is 300  300 nm2.

Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP: 134.76.223.157 On: Mon, 09 May
2016 10:55:22

134301-4

Orlando et al.

J. Appl. Phys. 119, 134301 (2016)

FIG. 4. M vs. H curves at T ¼ 300 K.

The fluctuation rate 1/sN of the magnetization between
the energy minima slows down when the temperature
decreases. At a certain temperature TB, defined as blocking
temperature, the Neel relaxation time sN becomes comparable
to the experimental measuring time sm. The separation
between superparamagnetic and blocked regimes occurs in
correspondence to the blocking temperature TB, which in the
region of validity of the Arrhenius law is given by
TB ¼ Eb =ðkB lnðsm =s0 ÞÞ.
For an ensemble of single domain NPs, a distinctive
peak is expected in the ZFC curve when T ¼ TMAX ,26 while
the FC one should increase monotonously when the temperature decreases. Assuming the simple relation Eb / V, taking
into account an ensemble of non-interacting nanoparticles
and their lognormal size distribution, as a first approximation
a lognormal distribution qðEb Þ can be associated to the
energy barrier as well, i.e., qðEb Þ ¼

Eb

p1ﬃﬃﬃﬃﬃﬃﬃ2ﬃ e
2prE

ðlnEb lE Þ2
2r2
E



. The

width of the ZFC peak is directly related to qðEb Þ. In particular, using the formula described in Refs. 27 and 28, the magnetization can be written as
!
ð
ð1
l0 HMS2 1 Elim 2
Eb qðEb ÞdEb þ
Eb qðEb ÞdEb ;
MZFC ¼
3Kef2 f kB T 0
Elim
(2)

where the first integral represents the contribution of
unblocked particles, while the second integral corresponds to
that of the blocked ones. Beside the assumption of uniaxial
anisotropy, the previous model holds for low applied magnetic fields, i.e., when the linear response is still valid, and
for non-interacting particles. The first condition can be satisfied by taking into account very low field magnetization
measurements, i.e., the ZFC curves collected at H ¼ 50 Oe.
On the contrary, the interparticle interactions are not completely negligible in the experimental practice, especially for
powder samples. However, the problem of the interaction
among NPs is still a matter of debate in the literature, and no
universal model has been formulated, although some papers
report good agreement between the experimental data and
the theory.29–39 For this reason, we will keep the present discussion at the simpler level of non-interacting NPs, having
well in mind that the conclusions that will be traced regarding the estimated values of the main physical quantities (Eb,
Keff, s0, etc.) remain a mean to give their qualitative trends as
a function of doping.
The ZFC data are presented in Fig. 5(a). At a first glance,
the behaviour of the TMAX as a function of the doping is clear:
starting from Co0Ni10, which displays TMAX ¼ 44 K, the
progressive doping with cobalt produces a continuous
increase of the peak temperature position, till Co8Ni0, for
which TMAX ¼ 226 K. From now on, for the reasons outlined
above, we will identify TMAX with TB, the “blocking temperature” revealed by the ZFC magnetization curve maximum,
occurs, being 1=sZFC
 2p  0:1 Hz the
where 1=sN  1=sZFC
m
m
typical measuring time of a SQUID magnetometer in DC
mode.
To extract the general trend of Eb, Keff, and s0 as a function of doping, the ZFC curve in the peak region was fitted
using Eq. (2), assuming a log-normal distribution for energy
barriers. The best fit curves are shown as continuous lines in
Fig. 5(a), while the best parameters are reported in Table II.
The fitting procedure was applied in the temperature region
strictly around the peak, whose position and width are satisfactorily reproduced. The fitting is not accurate on the
queues of the distribution, a discrepancy mainly due to the
limited validity of the model, which does not take into

FIG. 5. (a) ZFC curves (circles) collected at 50 Oe and normalized with respect to the maximum. The continuous line is the best fit curve to Eq. (2) in a temperature range of 100 K around the maximum of M. (b) The obtained log-normal energy barrier distributions, whose mean (Emean) and standard deviations (dE)
are reported in Table II. (c) Keff evaluated using the approximated relation Kef f ¼ Eb =Vmean , where Eb ¼ Emean and Vmean is the average particle volume. The
error bars represent the absolute error obtained taking into account the standard deviation of both the energy barrier distribution and the volume distribution.
The results are plotted as a function of the doping. An undoped iron oxide sample of comparable size and labeled MG25 was also considered.
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TABLE II. Blocking temperature at 50 Oe, the mean energy Emean and its
standard deviation dE obtained by the fit of ZFC at 50 Oe with Eq. (2), and
the effective anisotropy constant Keff.

Sample
Co8Ni0
Co6Ni3
Co4Ni6
Co2Ni8
Co0Ni10

MS
(A m2/kg)

TB50 Oe
(K)

Emean
(K)

dE
(K)

Keff
(J/m3)

87
62
47
54
49

226
165
120
109
44

2510
1748
1238
1065
131

623
467
308
352
230

1.63  105
1.35  105
1.14  105
8.21  105
8.90  103

account, e.g., the interactions between the particles. From
this simplified model, it was possible to obtain an approximate estimation of the energy barrier (mean and width of the
distribution). In Fig. 5(b), the log-normal distributions of the
energy barriers calculated using the best-fit parameters
extracted from ZFC curves (Table II) are shown.
To compare different kind of samples and to highlight
more clearly the influence of the doping on the anisotropy
barrier, the effective anisotropy constant Keff was evaluated
using the relation Kef f ¼ Eb =Vmean , where Eb ¼ Emean , and
Vmean is the volume calculated using the mean size estimated
by TEM images analysis and considering a spherical shape.
The results are shown in Fig. 5(c). A maghemite sample of
comparable size was also considered,25 as reference compound characterizing the undoped behaviour. As expected,
cobalt doped NPs exhibit a magnetic anisotropy higher than
the one of the undoped iron oxide particles. Furthermore, a
clear trend is easy to identify: the greater is the amount of
Co doping, the higher is the effective anisotropy constant.40
On the contrary, Ni doping seems to produce the opposite
effect, since Keff of Co0Ni10 is lower than that of undoped
iron oxide NPs.
When an external magnetic field is applied, the energy
barrier is reduced.41 As a consequence, the blocking temperature moves to lower values and eventually disappears for
high fields. This trend of TB as a function of H can be easily
recognized in Fig. 6(a), where the ZFC/FC curves collected
at different magnetic fields are reported for Co4Ni6 as typical example. The relation between TB and H can be approximately described by a power law


TB
H 2=3  1  50Oe ;
(3)
TB
where TB50Oe is the blocking temperature at the lowest applied
field.42 This relation, known as the Almeida-Thouless law,
originally foreseen for describing spin glass behaviour, can
hold true also for superparamagnetic systems,43,44 under the
assumption lSP  H  Eb . A deviation from AlmeidaThouless regime can thus occur when the energy associated
to the magnetic field is comparable to or higher than the anisotropy energy barrier, i.e., lSP  H Eb . In Fig. 6(b), Eq.
2=3
(3) is represented
in the

 usual linear form, plotting H as a
function of 1  T 50TBOe for all the samples. The slope of the
B

line is proportional to the height of the anisotropy barrier.
All the samples containing cobalt show no deviation from

FIG. 6. (a) ZFC/FC curves collected at different external magnetic fields for
Co4Ni6, shown as representative of the behavior of all samples. (b) The
blocking temperatures TB obtained at different fields H reported as H2=3 vs
ð1  TB =TB50Oe Þ. The dashed lines are guides for eyes.

linearity, and for weak fields ( 1000 Oe), the blocking temperature is constant, being the anisotropy barrier so high that
it is not affected by the field. On the other hand, the stoichiometric Ni-ferrite (Co0Ni10), having a lower anisotropy
barrier, shows a different behaviour, and the onset of a
non-linear regime is observed for H 2=3  62 Oe2=3 (i.e.,
HT  500 Oe).
V. AC SUSCEPTIBILITY MEASUREMENTS

The spin dynamics of the systems can be described by
the two susceptibility components observed when an alternating magnetic field is applied: an in-phase, or real, component v0 , and an out-of-phase, or imaginary, component v00 .
The latter indicates dissipative processes and, in case of
superparamagnetic systems, displays a peak at the so-called
blocking temperature TBAC ðÞ, occurring when the measuring
(of the applied alternating field) frequency xAC ¼ 2pAC
matches a typical correlation frequency of the system 1=sc
(e.g., the Neel reversal frequency), such that xAC  sc  1.
In Fig. 7(a), the evolution upon temperature of the AC
susceptibility components acquired at log-spaced frequency
intervals in the range 10–10 000 Hz is reported for Co2Ni8,
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FIG. 7. (a) The in-phase v0 (open circles) and the out-of-phase v00 (solid circles) AC susceptibility components are reported for different frequencies of the
alternating magnetic field ( AC) for Co4Ni6 sample. The arrows indicate the increasing frequencies. (b) The blocking temperatures obtained from v00 curves fitted using the Vogel-Fulcher model (Eq. (4)), represented as a continuous line, in the form: lnðsm Þ ¼ lnðs0 Þ þ Eb =ðT  T0 Þ. (c) Doping dependence of T0 and
s0 estimated from AC susceptibility measurements. Data obtained on the undoped compound (MG from Ref. 25) are also shown as reference.

as representative example. Collecting TBAC ðÞ, the dynamics
of the system can be investigated by means of the Arrhenius
law (non interacting NPs) or the phenomenological VogelFulcher (VF) model, which includes a heuristic correction
for interparticle interactions introducing in the relaxation
time expression a phenomenological parameter T0 as
follows:
 AC 
Eb
sN ¼ s0 exp
:
(4)
T  T0
The results of the fitting procedure are shown in Fig.
7(b), while the values of the best-fit parameters s0 and T0 are
reported in Table III and, graphically, in Fig. 7(c). In order
to avoid high errors on the fit parameters (in principle three
of them are free in Eq. (4)) due to the small range of frequencies explored by the technique, the energy barrier EAC
b has
been fixed equal to the value Emean estimated by DC susceptibility measurements (Table II).
The behaviour of the phenomenological parameter T0
as a function of cobalt doping is related to the dipolar interparticle interactions Edd , the energy of which depends on
the single particle magnetic moment lSP and on the interparticle distance D as45 Edd  l2SP =D3 . Assuming that the
distance is of the same order of magnitude for all the samples, as it depends mainly on the coating, the T0 value is
driven by the magnetic moment of the particle. The T0
behaviour as a function of the doping level is consistent
with the one observed for MS. The obtained attempt time s0
is within the range 1012–109 s, typical for superparamagnetic particles. The shortening of s0 with increasing the Co
content can be qualitatively ascribed to the increased interparticle interactions.46,47
TABLE III. Parameters of the Vogel-Fulcher model (Eq. (4)), i.e., attempt
time s0 and threshold temperature T0.
Sample
Co8Ni0
Co6Ni3
Co4Ni6
Co2Ni8
Co0Ni10

s0 (s)

T0 (K)

5:8ð3:6Þ  1012
1:4ð0:3Þ  1011
8:3ð5:3Þ  1011
4:9ð2:7Þ  1010
8:7ð2:8Þ  107

87(4)
54(1)
45(5)
39(2)
13(1)

VI. NMR RELAXOMETRY
1

H-NMR measurements were performed on water
dispersions of nanoparticles having the PAA as stabilizing
coating. The nuclear longitudinal (r1) and transverse (r2)
relaxivities were evaluated
ri ¼

ð1=Ti Þmeas  ð1=Ti Þmatrix
;
C

i ¼ 1; 2;

(5)

where Ti; meas is the measured nuclear relaxation time of the
sample, while Ti; matrix is the nuclear relaxation time of the
diamagnetic matrix (water in this case) without the magnetic
nanoparticles dispersed in; C is the magnetic ion concentration: for the measured samples, C was in the range 0:51:5
mM. The usual units for the relaxivities are s1 mM1.
The longitudinal (r1) and transverse (r2) relaxivities for
all the investigated samples are shown in Figs. 8(a) and 8(b),
respectively. The longitudinal relaxivity follows the typical
behaviour of superparamagnetic nanoparticles, where one
can distinguish: (i) a low frequencies plateau, due to the contribution of the Neel relaxation, related to the anisotropy
energy; (ii) a maximum at intermediate frequencies whose
position is strictly related to the size of the nanoparticle:8 in
our case, the maxima of the r1 curves fall around 6 MHz,
reflecting the fact that all the samples have the same core
size within few tenths of nanometer (d  7 nm); and (iii) a
rapid decrease at high frequencies as a consequence of the
so-called Curie relaxation, where the contribution of the proton diffusion correlation time sD relative to the nanoparticles
dominates. A scaling of the r1 values with the doping is
observed over the whole frequency range. In particular, the
stoichiometric Co-ferrite (Co8Ni0) has the highest r1, and
the stoichiometric Ni-ferrite (Co0Ni10) has the lowest, while
the other samples have intermediate values, according with
the doping percentage. This is mainly a consequence of the
magnetic moment of the particles, being the relaxation rate
proportional to the single particle magnetic moment,18 as
detailed in Sec. VII.
Furthermore, the effect of doping can be pointed out
by looking at the evolution of the shape of the low field part
of the curve. In particular, the stoichiometric Ni-ferrite
(Co0Ni10) is characterized by a marked maximum and a
smoothed low field dispersion (the dip between 0.1 MHz and
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samples display a value of r2 in the range 85–125 s1mM1
for both frequencies, except Co2Ni8, which exhibits a higher
value, being r2 ¼ 262 s1mM1. In all cases, these values are
comparable or higher to the ones of Endorem, a former clinical contrast agent often taken as reference compounds, which
has r2  90 s1mM1 at clinical frequencies.
VII. DATA ANALYSIS

Roch et al. proposed in Ref. 18 an heuristic model for
the relaxation rates 1/T1 and 1/T2, which is a linear combination of the relaxation rates in the limit of large anisotropy
(Eb ! 1) and zero anisotropy (Eb ¼ 0)


1
32p 2 2 NA C
L ð xÞ F
7P
l c
J ðx S Þ
¼
T1 135000 SP I D rd
x



L ð xÞ
2LðxÞ
2
þ 3 1  L ð xÞ 
þ 7ð1  PÞ
x
x
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 J F ðxI Þ þ 3L2 ð xÞJ A
2xI sD ;
(6)


1
16p 2 2 NA C
Lð xÞ F
13P
l c
J ðx S Þ
¼
T2 135000 SP I D rd
x
Lð xÞ F
Lð xÞ F
J ðxI Þ þ 6ð1  PÞ
J ð0Þ
þ 7 ð1  P Þ
x
x

i
2LðxÞ h F
 3J ðxI Þ þ 4J F ð0Þ
þ 1  L2 ðxÞ 
x
h pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
i
2xH sD þ 4J A ð0Þ :
þ L2 ð xÞ 3J A

FIG. 8. Longitudinal (a) and transverse (b) relaxivity profiles of Co-Ni-ferrites. The evolution of the low field behaviour of r1 from stoichiometric Coferrite (Co8Ni0, in red) to stoichiometric Ni-ferrite (Co0Ni10, in dark blue)
is easy to follow.

1 MHz), which is a typical feature of low magnetic anisotropy barrier. Increasing the amount of cobalt, at first the low
field dispersion disappears, then the maximum becomes less
and less evident. In the limit case of stoichiometric
Co-ferrite (Co8Ni0), r1 appears flat at low frequencies, i.e.,
 < 8 MHz, and then drops rapidly at higher frequencies.
Indeed, in this case, the high magnetic anisotropy suppresses
the reorientation of the nanoparticles magnetic moment lSP
(Neel relaxation) even at low fields, increasing the relaxation
rate.
A similar scaling effect cannot be seen for the transverse
relaxivity (r2) (Fig. 8(b)). However, the complete profile,
acquired over the range 10 kHz–60 MHz, qualitatively reproduces the theoretical one, predicted by Roch et al. in Ref. 18.
The transverse relaxivity values allow the evaluation of the efficiency as contrast agents for magnetic resonance imaging,
because the higher the r2, the better the image contrast. Since
the final goal is the clinical application of such nanostructures,
we focused our attention on the values of the transverse relaxivity assumed in correspondence of the magnetic field commonly used by MRI scanner, i.e., H ¼ 0.5 and 1.5 T,
corresponding to  ¼ 21 and 64 MHz for the proton. All the

(7)

The factor P can vary in the range 0 P 1 and represents the coefficient of the linear combination: in particular,
for P ¼ 0 one obtains the infinite anisotropy term, while for
P ¼ 1 the zero anisotropy one. L(x) is the Langevin function
LðxÞ ¼ cotanhðxÞ  1=x and describes the particle magnetization as a function of the applied magnetic field. Its argument
is x ¼ l0 lSP H = kB T. This function is used to properly weigh
the low field contribution, described by JF, the Freed density
function, and the high field contribution, described by the
Ayant density function JA. In particular, JF and JA are48
9
8
1=2
>
>
X
>
>
>
>
=
<
1þ
F
4
;
(8)
J ðxÞ ¼ Re
3=2 >
>
4X
X
>
>
1=2
>
>1 þ X þ
þ
;
:
9
9
where X ¼ ðix þ 1=sN Þ  sD , and
5  z z2
þ
8
8
;
(9)
J A ðzÞ ¼
z2 z3 4  z4 z5
z6
þ þ
1þzþ þ þ
2
6
81
81 648
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
where the argument is z ¼ 2xI sD , xI being the nuclear
Larmor frequency.
The fit was performed considering four parameters: (i)
the magnetic core size rNMR, which is necessary to calculate
lSP and was constrained within the variability range of dTEM
(Table I); (ii) the Neel relaxation time sN without variability
1þ
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constraints; (iii) the factor P, which due to the large magnetic
anisotropy of our samples, was set to P ¼ 0 in all cases,
except for the Co0Ni10, for which was chosen P ¼ 0.15 to
properly fit the low field profile; and (iv) the minimum
approach distance rd, i.e., the distance between the center of
the ferrite nanoparticle and the closest diffusing water molecule. This parameter is crucial in determining the characteristic diffusion time sD of the water relatively to the
nanoparticle, that is expressed as sD ¼ rd2 =D, where D
¼ 2:3  109 m2/s is the water self diffusion coefficient.
Since the coating has a fundamental role in rd estimation, the
variability range was assessed by AFM results, taking the
height value as minimum and the width as maximum.
The longitudinal relaxivity model is nowadays wellestablished and successfully used in r1 data analysis for
particles having a core diameter d ⱗ 20 nm. On the contrary,
the transverse relaxometry measurements are not so commonly reported in the literature, and complete experimental
relaxometry profiles are missing. Indeed, r2 is generally
measured only at specific fields, which usually match the
ones of the clinical MRI machines (typically 0.5, 1.5, and 3
T), in order to verify the efficiency of the analyzed compound as contrast agent. For these reasons, the Roch model
has not been completely verified yet.
Since both the longitudinal and the transverse relaxivities were deduced within the same theoretical framework,
the r1 and r2 curves are strongly connected. In particular, the
same set of parameters that is used to fit the longitudinal
relaxometry data should fit (within the experimental error)
the transverse relaxivity ones. However, a simultaneous fit of
both the curves was not successful. As a consequence, first
we fitted the r1 data, being this procedure well-known and
reliable, and then we used the obtained parameters to

J. Appl. Phys. 119, 134301 (2016)

simulate the transverse relaxivity curve with Eq. (7) in order
to compare it to the experimental data.
The results of this procedure are shown in Fig. 9, while
the numerical values of the parameters obtained from the r1
fit (and then used in r2 calculation) are summarized in Table
IV. The quality of the r1 fit is rather good, and the curves
reproduce the experimental relaxometry profiles, both when
the maximum is well-defined (Co0Ni10) and when there is
the typical high anisotropy plateau (Co8Ni0). On the contrary, the r2 calculated profiles are far from the experimental
data: as can be seen at a first glance, although for  < 1 MHz
the condition r1 ¼ r2 requested by the theory is experimentally verified, the r2 theoretical predictions do not reproduce
the experimental data in the high frequency region (i.e.,  >
110 MHz). In particular, the calculated r2 value is lower
than the experimental one. This discrepancy could be an
indication of the fact that some relaxation mechanisms which
introduce a transverse dephasing are neglected in the theoretical model. A possible explanation could be related to the
existence of a sort of first coordination sphere in the surroundings of the magnetic particle, where the waters’ protons
stay (on average) for a time longer than sD, as usually happens for Gd-compounds.49,50
The order of magnitude of the Neel relaxation time
, is in the typical
obtained by NMR measurements, sNMR
N
range for superparamagnetic systems’ reversal time, i.e.,
is compared to sAC
1010–107 s. In Fig. 10, sNMR
N
N obtained
from AC susceptibility measurements using the experimental
parameters of Table III in Eq. (4) and considering T ¼ 300 K.
results lower than sAC
For all the samples, sNMR
N
N . Part of this
difference has to be ascribed to the different intensity of the
interparticle interactions in the two cases.51 Indeed, the powder samples (where NPs are in close contact) were used for

FIG. 9. Best-fits of the longitudinal relaxivity profiles r1 and predictions of the transverse relaxivity. The heuristic version of the Roch model,18 i.e., Eqs. (6)
and (7), was used.
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TABLE IV. Best-fit parameters rNMR, rd, and sNMR
obtained applying Eq. (6) to r1 profiles. The standard error given by the algorithm is reported in brackets.
N
Numerical values of MS (used to calculate lSP), rTEM, and rAFM previously discussed and used as input data for fitting procedure (see text for details) are here
, and P were introduced in Eq. (7) to predict the transverse relaxivity r2.
reported for clarity. The same values of rNMR, rd, sNMR
N
NMR fitting parameters
Sample
Co8Ni0
Co6Ni3
Co4Ni6
Co2Ni8
Co0Ni10

MS (A m2/kg)

rTEM (nm)

rAFM (nm)

rNMR (nm)

rd (nm)

sNMR
(s)
N

P

87
62
47
54
49

3.7 6 0.7
3.5 6 0.6
3.3 6 0.5
3.5 6 0.6
3.7 6 0.8

4:0  6:9
4:0  6:9
4:3  7:3
4:4  7:5
4:2  6:9

4.3(1.7)
4.0(0.2)
4.0(0.2)
4.1(0.1)
4.5(0.2)

5.0(0.1)
4.8(0.1)
6.9(0.4)
6.8(0.4)
6.9(0.4)

4.7(1.2)  108
4.9(0.3)  109
1.7(0.2)  109
2.9(0.3)  109
1.7(0.2)  109

0
0
0
0
0.15

AC susceptibility measurements, while the NMR relaxometry measurements were performed on water dispersions,
where dipolar interactions among the particles are weaker
than in powders. Furthermore, it should be noticed that AC
susceptibility is a bulk technique that provides results averaged over the whole sample volume, while NMR is a local
probe and so it has a different sensitivity to the effects of
long-range dipolar interparticle interactions in solution:52
the diffusional motions of the particles generally average
the short-range interaction to zero and the long-range interactions to a negligible amount.53 However, even if a great
discrepancy is present for Co0Ni10, the general behaviour
of the reversal time as a function of the doping is the same
for both techniques. A minimum of the Neel relaxation
time is observed when the amount of both Ni and Co is
0.5. This behaviour is difficult to interpret with simple
arguments referring to the evolution of the magnetic properties, and it will deserve more attention in future
investigations.
VIII. CONCLUSION

The effect of metal doping in iron oxide nanoparticles was
systematically studied using a series of five CoxNiyFe3xyO4
samples having similar size and following a step by step doping, going from stoichiometric Co-ferrite to stoichiometric
Ni-ferrite. The mean diameter of the magnetic core was for all

FIG. 10. Neel relaxation time sN evaluated with two different techniques:
AC susceptibility (open symbols) and NMR relaxometry (solid symbols).
The dashed line is for the eyes.

the samples 7 nm with a narrow size distribution, as observed
by TEM images. Besides this standard technique, the tapping
mode AFM was used to study the particle morphology and
revealed itself as a useful tool for the characterization of coated
NPs, being sensitive to both the core and the coating.
Combining topography and phase measurements, a coating
thickness of 2 nm was evaluated.
The magnetic properties were investigated by means of
DC and AC susceptibility measurements. In particular, the
effective magnetic anisotropy was evaluated by using the anisotropy barrier value roughly estimated from the fit of the
low field ZFC curves (approximating the systems as a collection of non-interacting nanoparticles). A qualitative trend of
the magnetic anisotropy as a function of the doping was disclosed, singled out to be proportional to the amount of
cobalt. On the contrary, the nickel doping has an opposite
effect, as revealed from the fact that the stoichiometric Niferrite exhibits an anisotropy even lower than the undoped
ferrite taken as reference. The AC measurements allowed us
to explore the Neel relaxation of the particles magnetization
by evaluating the characteristic relaxation time sN, which
ranges between 109 s and 107 s at 300 K. Furthermore, sN
shows a trend having a minimum in correspondence to doping Co 0.5 and Ni 0.5.
The longitudinal (r1) and transverse (r2) relaxometry
measurements were performed in water suspensions. The
anisotropy doping dependence is confirmed by the r1 profiles as a function of doping. The well-known Roch
model was successfully used to fit the r1 data, taking into
account the morphological results from TEM and AFM as
variability constrains for the magnetic core and the coating layer sizes. The qualitative behaviour of the Neel
relaxation time estimated by NMR is consistent with the
one obtained from AC susceptibility. The r2 expression
resulting from the Roch’s model was tested for the first
time over a wide range of frequencies using the best-fit
parameters obtained for r1 profiles. The agreement with
the experimental data is very poor, especially in the high
frequency region. Being the measured r2 values always
higher than the predicted ones, it is reasonable to assume
the existence of a further relaxation mechanism neglected
by the theory and possibly related to the presence of an
inner sphere around the nanoparticle, where the protons
strongly interact with the magnetic moment of the
particle.
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