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Abstract - A comparative study of the magnetic properties (magnetic moment,
magnetocrystalline anisotropy) and hyperthermia response in Co-Zn spinel nanoparticles
is presented. The CoxZni.xFe204 nanoparticles (x = 1, 0.5, 0.4, 0.3, 0.2 and 0.1) were
synthesized by co-precipitated method and the morphology and mean crystallite size
(around 10 nm) of the nanoparticles were analysed by TEM Microscopy. Regarding the
magnetic characterization (SQUID magnetometry), Co-Zn nanoparticles display at room
temperature anhysteretic magnetization curves, characteristic of the superparamagnetic
behavior. A decrease in the blocking temperature, Tg, with the Zn content is
experimentally detected that can be ascribed to the reduction in the mean nanoparticle
size as x decreases. Furthermore, the reduction in the magnetocrystalline anisotropy with
the Zn inclusion is confirmed through the analysis of Tg versus the mean volume of the
nanoparticles and the law of approach to saturation. Maximum magnetization is achieved
for x = 0.5 as a result of the cation distribution between octahedral and tetrahedral spinel
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sites, analysed by neutron diffraction studies. The occurrence of a canted spin
arrangement (Yafet-Kittel angle) is introduced to properly fit the magnetic spinel
structures. Finally, the heating capacity of these spinel ferrites is analyzed under ac
magnetic field (magnetic hyperthermia). Maximum SAR (Specific Absorption Rate)
values are achieved for x = 0.5 that should be correlated to the maximum magnetic

moment of this composition.
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1.- Introduction

Spinel ferrites (MFe2O4) with different metallic cations (M: Zn, Mn, Co, Cr, Ni)
have been widely analyzed in the literature [1, 2]. They display interesting magnetic
properties not only from a basic point of view (i.e. superparamagnetism, spin glass
behavior), but also regarding the wide range of applications in different fields such as
magnetic recording, high frequency electronic cores, biomedical applications
(hyperthermia, drug delivery, MRI or MPI contrast agents), in the catalytic field or as
optical devices [3-6]. In particular, Zn-substituted Co nanoferrites (CoxZnixFe204) have
received particular focus due to the optimization of their magnetic properties (enhanced

magnetization and low magnetocrystalline anisotropy) [7, 8].

The characteristic spinel structure of these compounds consists of a cubic compact
package of oxianions where tetrahedral and octahedral sites are occupied by the different
cations [9]. The cation distribution among octahedral (B) and tetrahedral (A) sites of the
face-centered-cubic oxygen lattice determines the magnetic response of the system. Such
a cation distribution is usually characterized by the inversion parameter y, defined as the
fraction of divalent ions on the octahedral sites. ZnFe>Oj4 is usually characterized as a
normal spinel (y = 0) where Fe3* cations occupy B sites and Zn?* ions on A sites [10].
Conversely, Co?" cations tend to occupy B sites in CoFe,O4 ferrite, leading to a
predominantly inverse structure with Fe®* ions distributed almost equally between A and
B sites (¥ =1) [11]. The antiferromagnetic response in ZnFe>Os spinel (Neel temperature,
Tn ~ 10 K) is interpreted as a consequence of the antiferromagnetic exchange coupling
between the Fe®" octahedral ions (Jgs < 0). However, in CoFe,O4 the antiferromagnetic
superexchange Jag interaction is much stronger than the ferromagnetic exchange Jaa and

Jgs. Thus, the magnetic moments of ions on the B lattice (Co?* and Fe®*") are mutually



antiparallel to the moments on the A lattice. As the octahedral B sites are twice the
tetrahedral A sites, a net uncompensated magnetic moment arises leading to a
ferrimagnetic behavior with characteristic Curie temperature around 860 K. As Zn
replaces Co (decrease of x in CoxZni.xFe204), Zn?* ions tend to occupy the tetrahedral A
positions, displacing Fe3* ions from the tetrahedral sites to the octahedral sublattice.
However, the particular inversion degree is reported to be dependent on different factors
such as synthesis procedure, thermal treatment or grain size [12-14]. In fact, it has been
widely reported the occurrence of a maximum value in the saturation magnetization as a
function of the Zn content, where the specific cation distribution between octahedral and
tetrahedral sites determine the effective magnetic moment [7, 9, 15, 16]. Furthermore, the
occurrence of noncollinear spin structures is also invoked as an additional contribution to
be taken into account in the analysis of the net magnetic moment in these spinel structures
[17]. Nevertheless, irrespectively of the particular cation distribution among the A and B
sites , the effective Curie temperature decreases with the Zn content in the spinel structure

as a consequence of the weakening in AB superexchange interaction [8, 18].

These two main properties, that is, the increase in the effective magnetic moment
accompanied by a decrease in the Curie point, reinforce the magnetic hyperthermia
properties of the Co-Zn ferrites. Magnetic hyperthermia, generally ascribed to the medical
technology able to lead a temperature increase under the action of an ac magnetic field,
has been recently renewed with the employ of magnetic nanoparticles [19]. These
biomedical therapies include different approaches as thermo ablation of tumors or drug
delivery systems [20, 21]. In particular, the increase in magnetization together with the
control on the Curie point with x in CoxZnixFe204 nanoferrites, represent optimum
properties to be applied in hypherthermia applications [22]. While an increase in

magnetization has generally associated an increase in the heating efficiency, the control



of the Curie point around therapeutic temperatures (45°C) enables the design of self-
controlled temperature systems. Thus, the inversion degree and cation distribution
become the dominant factors determining the heating efficiency of the nanosized systems
for magnetic hyperthermia applications. Although Co-Zn ferrites have been widely
analyzed in the literature, a comparative study of the particular cation distribution,
magnetic properties (i.e. magnetocrystalline anisotropy) and hyperthermia response as a

function of the Zn content has been scarcely analyzed.

Accordingly, in this work the structural, magnetic and magnetic hyperthermia
properties of CoxZnixFe2O4 nanoparticles, synthesized by co-precipitated method, is
comparatively analyzed. The Co-Zn nanoparticles display at room temperature the
characteristic superparamagnetic behavior. Maximum magnetization is achieved for x =
0.5 leading to a maximum heating capacity (maximum Specific Absorption Rate, SAR).
The evolution of the saturation magnetization with x is analyzed on the basis the spinel

cation distribution estimated through neutron diffraction analysis.

2.- Experimental

CoxZnixFe204 (x =1, 0.5, 0.4, 0.3, 0.2 and 0.1) nanoparticles were prepared by
mixing stoichiometrically (Fe(NO3)3:9H20), Zn(NO)3:6H.0) and Co(NO2)3:6H20)
synthetized through co-precipitation method following the procedures similar that found
in [23]. The final pH was controlled through solution of NaOH (1 M), which was added
dropwise under constant stirring until the solution reaches pH = 13 favoring the
precipitation and complete hydrolyzation of the ions. The as-prepared precipitates were

collected by centrifugation, washed several times with distilled water, and dried at 50 °C



in an oven. After that, the precipitated material was annealed in air at temperatures at 400

°C for 6 hours.

The particle morphology, size distribution, high resolution transmission electron
microscopy (HRTEM) and scanning transmission electron microscopy with a high angle
annular dark field detector (STEM-HAADF) analysis were performed by using a FEI
Tecnai Field Emission Gun operated at 300 kV. Magnetic measurements were carried out
with a SQUID magnetometer (Quantum Design MPMS XL7). The Curie temperature was
estimated through thermogravimetry technique (HI-RES 2950 TA Instruments),
analysing sample weight changes as a function of temperature under the action of a
magnetic field gradient generated by a permanent magnet (applied magnetic field ~ 100
Oe) and an inert atmosphere (Ar) to prevent the oxidation of the nanoparticles. The
induction heating curves under an ac field (magnetic hyperthermia) were measured with
a home-made set up, composed of a RC resonant circuit connected to a 2 KW RF power
amplifier (Electronic & Innovation, mod. 1240L). The temperature, T, of the
nanoparticles (powder) as a function of the induction time, t, was measured with a fibre
optic thermometer (Neooptics, mod. T1) under an ac magnetic field (frequency 340 kHz).

Neutron diffraction measurements were performed on the D1B diffractometer, at
the Institute Laue-Langevin (Grenoble) at a wavelength of 1.28 A. The cation distribution
was determined from diffraction patterns measured at 500 K in the paramagnetic state.
The magnetic order was analyzed from neutron diffraction measurements at 200 K. The
atomic and magnetic structures were refined by the Rietveld method using the Fullprof

package programs [24].



3. Results and discussions

3.1. Structural and magnetic characterization

Firstly, the morphology and mean crystallite size of the nanoparticles were
analyzed by TEM Microscopy. Fig. 1a-c show TEM micrographs for x = 1, 0.5, and 0.1,
respectively, together with the histograms of size distributions, where d represents the
diameter of the nanoparticls assuming spherical shape. As can be seen, low particle size
dispersion is detected with mean sizes around 10 nm. Regarding the particle size

(in(d/dp))’

distribution, the log-normal density (f(d) = d\/; e_{ 200 }; In(do): average of the
oo

logarithms of the diameter; ov. standard deviation of In(d)) represents the best
approximation (solid line in the histograms). Such a type of distributions has been
previously reported and ascribed to the particular synthesis and grain growth mechanisms
in nanoparticle systems [25-27]. Table | summarizes the fitting parameters do and o,

obtained through Origin software (Orthogonal distance regression) as a function of the
Co content (x). Furthermore, the mean value < d >= "=Tld" and the standard error of the

mean, o, are also included. A clear decrease in do and < d > is found with the Zn content
with x. Similar results are reported in the literature, indicating the role of Zn in the control
of the nanoparticle growth [28]. Regarding the size polydispersity, two index have been

evaluated: PI, = 1002—0 associated to the lognormal distribution [29] and PI = 100 i.
0

As shown in Table I, with the exception of the Co ferrite (x = 1), Pl ranges below 2%,

indicating a nearly monodisperse distribution for the Co-Zn ferrites [30].
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Fig. 1: TEM micrographs for (a) x = 1, (b) x = 0.5 and x = 0.1; (c)-(d) Size distribution

of CoxZn1xFe204 nanoparticles. Lines are lognormal fits to the data.



Table | also summarizes the evolution of the mean volume, V, of the nanoparticles,

assuming spherical shape. Considering the lognormal density, the average volume can be

do)® o%° L
. e 2 [31]. The estimation through the mean value (< V >=

calculated as V, =

~{d)?

T) is also included.

Table 1: Nanoparticle size distribution parameters as a function of the Co content (x):
lognormal fitting parameters, do, oo and polydispersity index Plo; mean nanoparticle diameter,
<d>, standard error of the mean, o, and polydispersity index, Pl; Estimated mean nanoparticle

volume considering the lognormal density , Vo, and through the mean diameter, <V>.

X do (nm) oo <d>+ o (hm) Plo(m?) PI (%) Vo(md) <V>(cmd)
1 13.040.3  0.19+0.02 14.7 +0.7 1.46 4.8 13.4x10%  16.6x101°
05 121406 0.20+0.04 13.1+0.2 1.65 1.5 11.2x10"°  11.8x10%°
04  11.440.2 0.18+0.04 11.6+0.2 1.59 1.7 9.1x101°  8.2x10%
0.3  10.6+0.2 0.26+0.01 11.140.2 2.45 1.8 8.4x101°  7.2x10%
0.2  9.79+0.2  0.12+0.02 10.0+0.2 1.23 2.0 55x10%  52x10%
0.1  86+0.2 0.12+0.02 9.4+0.2 1.39 2.1 4.0x10%°  4.3x10%

With respect to the magnetic response of the nanoparticles, typical anhysteretic
hysteresis loops are obtained for the Co-Zn nanoparticles at room temperature. However,
non zero coercivity (= 290 Oe) is found in the high magnetocrystalline CoFe204 ferrite.
The ZFC-FC magnetization curves (applied magnetic field 50 Oe) confirm the previous
magnetic characterization (see fig. 2a). For x = 1 the samples display the characteristic
curves of an assembly of superparamagnetic nanoparticles, that is, a maximum in the ZFC
magnetization at T = Tg and irreversible ZFC-FC curves for T < Tg. The maximum in the
ZFC magnetization curve can be strictly associated to the blocking temperature Tg for
non-interacting particles with narrow barrier distribution (monodisperse nanoparticles).
However, the evaluation of Tg from the maximum in the ZFC, Tmax, Should be properly
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corrected depending on the particular size distribution (T, = < Tz >; > 1) [32].
Other factors, such as nanoparticle interactions modify the position of the maximum and
effective blocking temperature [33]. Anyway, a clear increase of the blocking temperature
with x can be concluded that should be mainly ascribed to the increase in the mean volume
of the superparamagnetic particles. Considering the relationship between the thermal
energy, ksTs (ks: Boltzmann constant) and the magnetocrystalline energy barrier, KV (K:
magnetocrystalline uniaxial anisotropy constant), for dc measurements in

superparamagnetic nanoparticles, K can be estimated through the following relationship:
25kgTg = KV 1)

Fig. 2b shows the estimated Tg from the maximum in the ZFC curves of the Co-
Zn ferrites (x # 1) versus the mean volume nanoparticle employing the two volume
estimations displayed in table | (Vo and <V>). In both cases, a linear relationship is
obtained indicating the dominant role of the nanoparticle volume on the evolution of Tg
with x, showing a slope nearly independent on the volume estimation procedure. The
estimated value (K =~ 0.9x10° erg/cm®) is slightly lower than the reported value for bulk
CoFez04 (1.8-3.0x10° erg/cm®) [34]. Notice that the correction of the blocking
temperature taking into account the particular size distribution would give rise to a further
decrease in the estimated K value and would confirm the decrease in the anisotropy

constant upon Zn inclusion.
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Fig. 2: (a) ZFC-FC magnetization curves (applied field 50 Oe) for the CoxZn1.xFe204
nanoparticles; (b) Blocking temperature, Tg, versus the mean volume V of the nanoparticles: (0)
Voand (@) <V>.

Regarding the high field magnetization, fig. 3 shows its temperature dependence
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under an applied magnetic field @H = 6 T for the set of analysed nanoparticles. As
previously reported, the inclusion of Zn in the spinel structure promotes an increase in
the high field magnetization (increase of the effective magnetic moment) for x = 0.5 in

comparison with the Co based ferrite (x =1).

00—

I—<1—'x=|1

M(emu/qg)

_ woH (T)
10 .2|3.4|5.6|

0 50 100 150 200 250 300
T(K)

Fig. 3: High field magnetization curves (applied field goH = 6 T) for CoxZn1.xFe204
nanoparticles. Inset: Approach to saturation for x =0.5at T = 5 K (solid line: fitting according eq.
2).

However, it should be pointed out that the samples are not saturated at maximum
applied field, even though for T < Tg. In fact, a slight maximum in the magnetization
curve is detected around 30-40 K for the Co-Zn nanoparticles (x = 1), clearly visible for
the highest Zn content samples. Such a behaviour could indicate a certain degree of
magnetic frustration at low temperatures and the departure (even under high applied
magnetic field) of the characteristic spin wave (Bloch) law. This magnetic anomaly is
confirmed through the inspection of the FC curves (see fig. 2a). Instead of the

characteristic increase in the FC curves as T decreases below the blocking peak of non-
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interacting nanoparticles, a decrease or a slight dip is detected. This behaviour is
characteristic of a magnetic frustration of spin-glass state and has been previously

reported in the literature in Zn based Co ferrites [35].

In order to further analyse the low temperature magnetic state, the approach to
saturation law was applied to fit the reversible magnetization response (M-H) curves in

the range from 3to 6 T for T = 5 K (see as an example the inset in fig.3) [36]:
a b
M(T) = Mg(T) (1= 2= 2) + 7, H 2)

where Ms is the saturation magnetization and ynf the high field susceptibility resulting
from the slight linear increase in magnetization by the application of H. The term b/H? is

correlated to the effect of the magnetocrystalline anisotropy, K, that for the case of

independent grains with cubic symmetry is given by b = #’;SZ [37]. The second term

a/H is associated to the contribution of local inhomogeneities (i.e. structural defects, non-
magnetic inclusions or microstresses) and is usually disregarded in the analysis of
nanosized systems. In fact, this parameter should be fixed equal to O to properly fit the
experimental curves for the set of analysed nanoparticles. Table Il summarizes the
obtained fitting parameters, together with the estimated values of the anisotropy

magnetocrystalline constant from b parameter at 5 K.

Table I1: Magnetic parameters obtained from the approach saturation law at 5 K.

X Ms (emu/g) b (Oe?) K (erg/cmq) Tng (Oe™?)
1 75.7 1.2x108 15.3x106 0
0.5 83.7 3.7x108 9.3x108 1.3x10™
0.4 68.4 4.3x108 8.1x108 1.9x10*
0.3 62.2 4.4x108 7.5%x108 2.1x10
0.2 57.1 5.0x108 7.3x10°8 2.6x10
0.1 43.2 5.2x108 5.6x108 2.7x10

13



Firstly, the increase in Ms with the Zn substitution in the Co ferrite is confirmed for x =
0.5. A further increase in the Zn content (x < 0.5) promotes a diminution in the effective
magnetic moment of the spinel structure. It should be noted the decrease of yn with X,
displaying a null value for Co ferrite (x = 1). In fact, the reinforcement of the high field
susceptibility with the Zn content has associated the occurrence of the magnetic anomaly
at low temperatures (namely, maximum in the high field magnetization and decrease in
the FC curve below Tg). The occurrence of a canted spin arrangement (see the following
section) and its reinforcement with the Zn content could play a dominant role in the
observed phenomena. Anyway, AC magnetic susceptibility characterization is now in
progress to analyze in detail the magnetic anomaly and to check the possible spin-glass

nature in these Co-Zn nanosized systems.

With regard to the anisotropy estimation, the decrease in K with the Zn
substitution can be clearly outlined [38]. However, the estimated K values are close to
one order of magnitude higher than those obtained from Tg (eg. 1). Nevertheless, it should
be pointed out the marked temperature dependence of the anisotropy constant in this type
of ferrites [39, 40]. In fact, the magnetocrystalline anisotropy constant is reported to
markedly increase at low temperatures, displaying a strong size dependence (i.e. increase
in K as <d> decreases) [41]. Such an increase has been systematically reported in
ferromagnetic nanoparticles and usually ascribed to the surface anisotropy contribution

inherent of these nanometer systems [42].

On the other side, as previously outlined, the Zn substitution promotes a net
diminution in the Curie temperature in these Co-Zn ferrites as a consequence of the
weakening of the A-O-B interaction. Fig. 4 shows the thermogravimetric curves for the

Co-Zn ferrites samples, where Fn, (%) is calculated as the relative changes in the sample
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weight, W, under the action of the magnetic field gradient, taken the weight at 573 K,

W(573), the normalized factor (E,, (%) = %xloo ). A clear decrease in the

Curie temperature can be deduced as the Zn content increases (i.e. Tc (x = 0.5) = 440 K;;

Tc (x = 0.5) ~ 360 K). Similar values are reported in the literature [18].

F, (%)

43 473 523 573
T (K)

323 373

Fig. 4: Thermogravimetric curves for the ferrite CoxZnixFe204 nanoparticles.

3.2 Neutron diffraction analysis

Neutron diffraction measurements were carried out for CoxZni«Fe204 (x = 0.5,
0.4,0.3,0.2and 0.1) samples at 500 K and 200 K. High temperature measurements, above
magnetic ordering temperatures, allow determining the cation distribution. Once the
atomic occupation is fixed, the measurements at low temperature allow analyzing the

magnetic order. As an example, fig. 5 shows the measured (dots) and calculated neutron
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diffraction patterns (line), as well as the standard differences between the measured and

calculated profiles for the samples with x = 0.1 and x = 0.3 at 500 K and 200 K.
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Fig. 5: Experimentally measured neutron diffraction pattern (dots), the fitting of the full
measured spectrum (red line) and the standard differences between the measured and calculated
profiles (blue line) for the samples x = 0.1 and x = 0.3 at 500 K and 200 K.

The crystallographic structure and the cation distribution were determined from
neutron diffraction measurements carried out at 500 K. The structural parameters

obtained by Rietveld refinements are shown in Table II1.
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Table 111: Parameters obtained from Rietveld refinement of the Fd3m structure.

Sample

Position

Atom Occupancy (%)

COo,szn 0,5F6204
a=b=c=8.3799 (4) A
Grain Size=71.99 (7) A
R=6.31

Tetrahedral A (x=y=z=0.125)
Octahedral B (x=y=z=0.5)
Oxygen (x=y=z=0.2588)

C0-29(2)//Zn-37(1)/ Fe-34(1)
Co-10(3)/ Zn-06(2)/ Fe-84(1)
0-100

Coo,4Zno,6Fe204
a=b=c=8.3917 (4) A
Grain Size= 61.78 (5) A
R=6.76

Tetrahedral A (x=y=z=0.125)
Octahedral B (x=y=z=0.5)
Oxygen (x=y=z=0.2588)

Co-15(2)//Zn-51(1)/ Fe-34(1)
Co-13(2)//Zn-05(1)/ Fe-82(1)
0-100

Coo.3Zng.7Fe204
a=h=c=8.3988 (5) A
Grain Size= 63.56 (6) A
R=6.11

Tetrahedral A (x=y=z=0.125)
Octahedral B (x=y=z=0.5)
Oxygen (x=y=z=0.2587)

Co-11(2)//Zn-61(1)/ Fe-28(1)
Co-08(2)//Zn-09(1)/ Fe-83(1)
0-100

Co00.2ZnpsFe204
a=b=c=8.4213 (3) A
Grain Size= 64.75 (4) A
R=4.67

Tetrahedral A (x=y=z=0.125)
Octahedral B (x=y=z=0.5)
Oxygen (x=y=z=0.2584)

Co-10(2)//Zn-63(1)/ Fe-27(1)
Co-04(2)//Zn-11(1)/ Fe-85(1)
0-100

Co0.1ZnpgFe204
a=b=c=8.4314 (3) A
Grain Size= 61.24 (3) A
R=5.83

Tetrahedral A (x=y=z=0.125)
Octahedral B (x=y=z=0.5)
Oxygen (x=y=z=0.2584)

C0-03(2)//Zn-68(1)/ Fe-29(1)
C0-03(3)//Zn-11(2)/ Fe-86(1)
0-100

Experimental patterns can be very well fitted assuming a single cubic spinel

structure, (Fd3m) space group. In the refinement procedure the scale factor, 26 zero
position, background, peak profile function, cell parameter and the oxygen position, with
x=y=z (Wyckoff position 32e), were taken as adjustable parameters. The cation positions
were fixed by assuming two available crystallographic sites, tetrahedral A site
(x=y=z=0.125, Wyckoff position 8a) and octahedral B site (x=y=z=0.5, Wyckoff
position 16d). Concerning the atomic distribution, only the cation occupancy in both
sublattices (tetrahedral and octahedral) were refined, by assuming the distribution of Co,
Fe and Zn on the two available crystallographic sites within the constraints of full site
occupancy.

The cell parameter linearly decreases with increasing Co concentration (see fig.
6) in agreement with the substitution of Zn?* (0.74 A ionic radius) by the smaller Co?*

ions (0.65 A ionic radius) ions [12, 43-45]. This linear behavior is also in agreement with
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the Vegard rule [46] and confirms that Co is going into the spinel structure. The a values
lie within the range of lattice constants 0.837 A (for CoFe204) and 0.84 A (for ZnFe;0q)
[47]. The lattice parameter of mixed CoxZnixFe204 ferrites often shows a linear behavior
between both extreme values in the complete range of compositions (x = 0 - 1) [43-45,
48]. In any case, discrepancies and deviations from the Vegard rule may appear due to
the presence of vacancies and differences in the cation distribution due to the different
methods of nanoparticle synthesis [49]. The contrast of neutron scattering lengths of Co
(2.49 fm), Fe (9.45 fm), and Zn (5.68 fm) allows determining the cation distribution in
both the tetrahedral and octahedral sites, see Table IV. Compositions determined from
Rietveld refinement are in agreement with stoichiometric ones showing a slight deviation
except for samples with x = 0.3 and 0.4 which show an excess of Zn. CoFe;04 ferrites
revealed an inverse spinel structure, in which Co ions preferentially occupy the B sites
and Fe ions are distributed between both, A and B sites. Conversely, in ZnFe;O4 ferrites
the Zn ions have a strong preference to occupy the A sites showing a normal spinel
structure. For the CoxZn1xFe2O;4 ferrites the Rietveld refinements determine that Co, Fe
and Zn atoms occupy both sites showing a mixed ferrite character, table V. The inversion
parametery, defined as the fraction of divalent ions on the octahedral sites, shows a
slightly increase with Co content from y=0.28 to y=0.32. Concerning the occupancy of
A sites by divalent metal ions, M?*, 80% of the M?* are Zn ions in the case of the
Coo.1ZnooFe204 ferrite. The mixed character evolves with increasing Co content in such
away that 62% of the M?* ions in tetrahedral positions are Co ions for the Coo5Zno sFe204

ferrite.
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Table 1V. Cation distribution determined from neutron diffraction; nJ (uz), theoretical

Sample Cationic distribution nN(ug) n(ug) 6w(°) m(ug) =mp(ug) —my(up)
Coo05ZNnosFe20s  (C00.20ZNg 37F€0.34)A[ CO0.20ZN0.12F€1.68]8 Os 6.5 3.61 47.8 1.98=3.58(26)-1.60(18)
Co04ZNnosFe20s  (C0o.15ZN0 51F€0.34)A[CO0.26ZN0.10F€1.64]8 Os 6.7 2.97 55.3 1.45=2.96(38) -1.51(25)
C003ZN07Fe:0s  (C0011ZN061F€028)a[CO016ZN0 18F€166]8 Os 7.0 2.70 59.9 1.31=2.60(32)-1.29(22)
Co02ZnosFe20s  (C0o.10ZN0.63F€0.27)A[CO0.08ZN0.22F€1.70]8 Os 7.1 2.48 62.2 1.15=2.10(34)-0.95(24)
Co001ZnogFe204  (C00.03ZN0.68F€0.29)A[ CO0.06ZN0.22F€1.72]8 Os 7.2 1.87 67.2 0.81=1.81 (26)-1.00(18)

magnetic moment per f.u.; n¥ (ug), experimental magnetic moments per f.u. determined from
magnetic measurements; Gv,Yafet and Kittel angle; m(ug), collinear components of the

magnetic moments per f.u. determined from neutron diffraction.

In order to study the magnetic ordering with respect to Zn concentration, the
magnetic moment values were estimated by considering the cation distribution and
magnetic moments of individual ions. The magnetization depends on the cation
distribution among A and B sites. According to Néel’s two-sublattice model of
ferrimagnetism, the magnetic moments of ions on the tetrahedral (A) and octahedral (B)
sites couple antiferromagnetically in a collinear structure, leading to a net magnetic
moment per formula unitat 0 K that is simply the numerical difference between sublattice
magnetizations [50]. Thus, the magnetic moment per formula unit is n} (ug) = Mz — My,
where My and M, are the B and A sublattice magnetic moment, respectively.
n} (ug) values were calculated using the cation distribution determined from neutron
diffraction and the ionic magnetic moments of Fe3* and Zn?* as 5 uz and 0 p, respectively.
Co?" exhibits an important orbital contribution to the magnetic moment [51, 52]. In this
way, the experimental value, due to the spin-orbit coupling, differs from the S-pure value

of 3 ug, being usually smaller [51, 52]. Then, we have considered a value of 2.1
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ug for Co?* in our calculations. It can be seen that n (uz) increases with Zn content (table
IV). To compare with experimental results, the magnetic moments per formula unit,
nf (ug), shown in Table IV, were calculated from the following formula: nf(up) =
{molecular weight /5585}xM, Where, M, is the saturation magnetization obtained from
magnetic measurements at 5 K taken from table Il. On the contrary that in the case of the
theoretical magnetic moment, the experimental one diminishes with the content in Zn.
This discrepancy can be explained on the basis of the three-sublattice model proposed by
Yafet and Kittel (Y-K model) [53]. According to this model there is a canted spin
arrangement where the B lattice can be divided into two sublattices each having magnetic
moments equal in magnitude and oppositely canted at the same angle, @, relative to the
moment of the A lattice. The &« angle can be estimated from nf (ug) = Mg cos Oy —
M, where nk (up) is the experimental magnetic moment and My and M, are the B and A
sublattice magnetic moment, respectively. The observed decrease of the &« angle with
increasing Co content (see fig. 7) is in agreement with previous results [44], and suggests

a strengthening of the B-B interaction, decreasing the A-B interactions.

Y —
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Fig. 6: Variation of the cell parameter, a, with Co content, x
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Neutron diffraction measurements at 200 K were carried out in order to obtain
experimental insight into the spin arrangement. Rietveld refinements were performed
considering a simple model with a collinear ordering of magnetic moments for the A and
B sites [39]. Owing to the limited number of magnetic refection, we refined two average
magnetic moments, one for cations at tetrahedral positions and the other one for cations
at octahedral positions. The cell parameter and oxygen position were also taken as
adjustable parameters, fixing the cation distribution obtained in paramagnetic state. Table
IV summarizes the results of the magnetic refinement, being m(ug) = mg(ug) — m,(ug)
the net moment in the collinear arrangement. The net magnetic moment m(ug) shows the
same dependence on Co content than the moments determined by magnetometry
measurements but lower values. Although the magnetic moments are less than the
theoretical moments (and those obtained by other techniques), the moments of the
respective sites give reasonable values. The values obtained by neutron diffraction are
usually lower because they have been measured without applied magnetic field and at
higher temperature and because they only reflect the long-range ordered moment, not
accounting for the disordered moment (mainly at the shell of the particles [29, 54, 55])
that gets instead polarized in in-field techniques [39]. A rough estimation of the Y-K angle
can also be made from the magnetic moment at the B sites mg obtained by neutron
diffraction and the magnetic moment Mg calculated using the cation distribution and the
ionic magnetic moments. Since cos(0%x) = mpz/Mj , it can be obtained a similar trend

with the Zn content than the values estimated from the magnetic measurements.
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Fig. 7: Variation of the Y-K angle with Co content obtained from magnetic measurement at 5 K.

3.3 Magnetic hyperthermia

Fig. 8 displays the temperature, T, versus time t, for the set of magnetic
nanoparticles under an ac applied magnetic field of amplitude Hac = 288 Oe. Due to the
non adiabatic experimental conditions, a nearly constant maximum temperature is
achieved as a consequence of the energy heat balance between the heat generated by the
magnetic nanoparticles and heat losses. Higher maximum temperatures, Tmax, are
achieved for those samples with higher magnetization, in particular for the Co-Zn ferrite
with x = 0.5 (see fig. 9a) where ATmax = Tmax— To (To: initial sample temperature) is plotted

as a function of x for different sample masses, Mmne.
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Fig. 8: Temperature, T, versus induction time, t, for the CoxZni«Fe;O4 nanoparticles

(mmne = 28 mQ).
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Fig. 9: (a) Maximum temperature, ATmax, Versus Co content x, for the CoxZnixFe204
nanoparticles for different nanoparticle mass, mwne; (b) slope (A%) as function of the applied

Hac field for x = 1 and x = 0.5 (mmne = 28 mg).
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The sharp temperature decreases for t ~ 1125 s takes place as a consequence of
the switch off of Hac and the quick heat dissipation due to the non adiabatic conditions
and the thermal interaction with the environment. Under this isoperibol conditions, where
the temperature of the sample varies but the temperature of its environment remains
constant, the specific absorption rate, SAR, can be estimated through initial slope method
[56]:

c dr(t)

mynp dt 0

SAR = 3)

where C is the heat capacity of the system (measured in J K™). The experimental
exponential increase (heating) or decrease (cooling) in T can be analyzed taking into
account a linear temperature dependence of the heat power losses (P, (T) = L[T(t) — T,],
L a constant). Accordingly, the following expressions are usually employed to describe
T(t) under non adiabatic conditions: T(t) = Ty + ATpax (1 — e7%%) and T(£) = Ty +
ATy, (e7/7) for heating and cooling, respectively, where 7 represents time constant

given by = = C/L. Thus, SAR can be calculated under these non-adiabatic isoperibol
conditions as:
_C ATm

SAR = 3)

mmnp T

Since the samples are in powder form, C = ¢ mwne (c: specific heat measured in Jg* K?)

and the estimated SAR according this initial slope method should not depend on mmne.
Fig. 9b shows the estimated slope (A%) as function of the applied Hac field for those
samples displaying higher heating efficiency (x = 1 and x = 0.5). Again, maximum SAR
values should be expected for x = 0.5. In this case, a clear enhancement is observed in the
heating capacity of the sample as Hac increases as widely reported in different nanosized
systems [57, 58]. Considering ¢ ~ 0.6 Jg™ K™ as reported in similar spinel ferrites [59],

maximum SAR around 10 W/g are obtained for x = 0.5, similar to those reported for Co-
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Zn [22] and other nanoferrites systems [58]. Nevertheless, the self-regulation properties
of these nanoparticle systems is not clearly demonstrated due to the non-adiabatic
experimental conditions. The maximum heating temperature is always below the
effective Curie point as a consequence of large heat loss contributions. Furthermore, in a
typical hyperthermia experiment, the heat transmission from the magnetic nanoparticles
to the solution where they are immersed, modifies the actual mean temperature and
accordingly the SAR estimation. These effects should be taken into account in the analysis
of the self-regulation properties of these nanosized systems. New measurements are now
in progress, reducing heat dissipation, in order to verify the self-regulated properties of

these Co-Zn nanoparticles, that is, control of Tmax by the paramagnetic state of the ferrite

(Tmax ~ TC)-

4. Conclusions

A comparative analysis of the structural, magnetic and magnetic hyperthermia
properties of CoxZnixFe204 (x = 1, 0.5, 0.4, 0.3, 0.2, 01) nanoferrites, prepared by co-
precipitation method, is presented. The structure evolution, characterized through TEM
microscopy and neutron diffraction, shows a decrease in the mean grain size of the
nanoparticles and the cell parameter with Zn content in the samples. Regarding the
magnetic response, Co-Zn nanoparticles display at room temperature the characteristic
anhysteretic magnetic response of superparamagnetic nanoparticles. The blocking
temperatures, characterized through the ZFC-FC magnetization curves, decrease with the
Zn content as a result of the decrease in the mean nanoparticle volume. The Zn inclusion
in the spinel structure promotes a reduction in the magnetocrystalline anisotropy in
comparison with the highly anisotropic CoFe2O4 ferrite. The neutron diffraction analysis

clearly confirms the dominant role of cation distribution between the octahedral and
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tetrahedral sites in the evolution of the effective magnetic moment and the achievement
of a maximum in the saturation magnetization for x = 0.5. However, the occurrence of
canted spin arrangement is introduced to properly describe the magnetic spinel structures,
increasing the characteristic Yafet-Kittel angle with the Zn content. Finally, optimum
heating capacities are obtained for those samples with highest magnetization (x = 0.5).
The control of the Curie point with the Zn content around therapeutic temperatures enable
the design of self-controlled temperature hyperthermia agents based on these Co-Zn

nanosized ferrites.
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