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Manganese and copper ferrite nanoparticles, in the size range 3.3—10.4 nm, are prepared by a hydrothermal
coprecipitation process and peptized in aqueous solution. The thermal dependence of the high field magneti-
zation is investigated in the dilute regime and the observed properties can be attributed to individual particles.
Our results show that, at low temperatures, the structure of our nanoparticles can be seen as being made of a
monodomain ordered core and a surface shell of disordered spins, which can fluctuate freely at high tempera-
tures. Finite sizes effects have implications on the temperature dependence of the saturation magnetization myg.
Its variations are well accounted for by an effective Bloch law with an exponent larger than the bulk value for
very small mean diameter (3.5 nm) and a Bloch constant slightly size decreasing for larger ones. A sharp
increase of the high field magnetization, more marked as the size decreases, is evidenced at low temperature.
It is related to a freezing of surface spins in a disordered state below a temperature of the order of 70 K and

adjusted to a reduced exponential behavior.
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I. INTRODUCTION

Interest in magnetic properties of nanosized ferrite par-
ticles is driven by both technological applications and theo-
retical researches.!? If individually dispersed in a liquid car-
rier at room temperature, those nanoparticles lead to
magnetic liquids. They are widely used in technological de-
vices such as sensors of acceleration, tilting angle or pres-
sure, in assisted shock absorbers or as magneto-optical
modulators.>* If dispersed in a complex medium like a clay,
a liquid crystal, or a biological cell, they can be used as
nanoscaled magnetic probes in order to investigate the local
rheological properties of the carrier medium.’ They also may
be used to build new magnetoresponsive complex media
such as magnetic gels® or magnetic vesicles, the magnetic
nanoparticles being for example inserted inside a d-block
polymeric membrane.” If dispersed in a solid matrix,? their
applications essentially lie in their use in ultrahigh density
magnetic information storage.! In biology, they are currently
used as a magnetic resonance imaging (MRI) contrast
agent.” !0 Indeed, in all these applications, the static and dy-
namic magnetic behavior of the dispersed nanopaticles is of
paramount importance.

From a more fundamental point of view, the reduction of
the particle size at nanoscale raises up basic questions in
magnetism. The particle magnetization cannot be seen as
uniform through the nanomaterial. It is very probably the
result of a magnetic ordered core and of a surrounding sur-
face shell of disordered spins."!! In a dilute dispersion of
nanoparticles, it leads to a complex interplay between two
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kinds of phenomena: finite-size and interface effects. They
are both enhanced as the particle size decreases since the
surface to volume ratio becomes larger. They are both re-
sponsible for the thermal evolution of the nanoparticles mag-
netization.

Finite-size effects of the magnetic core are related to the
low number of spins linked together in a cooperative behav-
ior inside the core of the nanoparticle.!> In a bulk ordered
magnetic system and for temperatures enough below the Cu-
rie temperature (here of the order of 700 K), the temperature
dependence of the magnetization is driven by spin-wave ex-
citations. It leads to the well-known Bloch 7%> law when the
gap resulting from crystalline anisotropy and/or demagnetiz-
ing field is zero. However, at the nanoscale, significant de-
viations to this law have been predicted calculating the spin-
wave spectra of spherical Heisenberg spin clusters.!> Due to
their finite size, an effective law, function of 7%, can be de-
duced. The exponent « is size dependent, larger than the bulk
value 3/2 and found to be of the order of 2 for nanosized
iron particles of 2.0 nm and also for magnetite based
ferrofluids.'>'* Experimental determinations, available to
confirm this nanomagnetic prediction, are rather scarce.'>!°

Interface (or surface) effects are related to the lack of
coordination for the surface ions. It does induce a large num-
ber of broken exchange bonds for surface atoms, which can,
therefore, result in frustration and spin disorder. In zero field
and high temperatures (typically 7=100 K for y-Fe,0;
nanoparticles), those surface spins fluctuate. To our
knowledge,? the only direct experimental evidence of this
dynamical behavior up to now has been performed by inelas-
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tic neutron scattering.!” On the contrary, at low temperature
(T<100 K), the spin disorder is frozen and more easy to
detect.'®!° Indeed, for magnetic fields as large as a few
10—10° kA/m, which are much larger than the anisotropy
field of the nanoparticle core,! nonsaturated hysteresis loops
are sometimes observed, for example, for maghemite'8 and
for nickel ferrite'® nanoparticles. Moreover, a magnetization
much smaller than that of the bulk saturation magnetization
is frequently measured.'® Such observations have been attrib-
uted to the existence of surface canted spins.?’ This canting
is also detected by Mossbauer spectroscopy performed under
a field parallel to the direction of the incident 7y rays through
the observation of an incomplete polarized spectrum.?*?! Be-
sides this, an additional contribution, usually also attributed
to the canted surface spins, modifies the magnetization tem-
perature dependence at low temperature.”> As an example,
for ultrasmall y-Fe,O; particles, at temperatures typically
lower than 100 K, the thermal variation of magnetization
displays a steep rise, more and more pronounced as the par-
ticle size decreases.”®> A similar behavior is observed in
amorphous ferromagnetic nanoparticles.?* If often observed,
this steep rise of magnetization at low temperatures is still a
theoretical open question which has never been systemati-
cally studied experimentally. A study as a function of the size
of the nanoparticles in well-defined systems would help to
understand those surface effects by tuning the surface-to-
volume ratio in controlled conditions.

We are currently working on the synthesis of individual
nanoparticles of ferrite via a soft chemical bottom-up
route.>>2¢ Experts in the dispersion in aqueous media stan-
dardly test it by small angle neutron scattering.’->® Via a
thermodynamical size sorting at room temperature based on
a well-established phase diagram,?’ we are able to reduce the
size polydispersity of the nanoparticles and to tune their
mean diameter in aqueous solutions.?” Thanks to this pro-
cess, we have been able to accurately evidence, in our y-
Fe,0O5 nanoparticle dispersions, the size dependencies of fer-
romagnetic resonance spectra.’’ Those experiments have
demonstrated the dominating surface origin of the anisotropy
field in those nanoparticles.'>* Moreover, in high fields, and
at low T, the freezing of the badly correlated surface spins
leads to an additional unidirectional anisotropy field, as it is
observed with systems presenting a standard spin glass be-
havior in low fields.*

Following the same experimental procedure as in Ref. 29,
we propose here to investigate in detail the thermal and
nanoparticle size dependences of the high field magnetiza-
tion of colloidal dispersions of ferrite nanoparticles. The
small size of the nanoparticles indeed leads to enhanced
finite-size and surface spins effects. However, it is essential
to have nanoparticles all obtained in a well-defined and com-
parable way in order to evidence the size dependencies of
these properties. We use manganese and copper ferrite nano-
particles with a mean diameter ranging from 3.3 nm to 10.4
nm with a relative standard deviation ranging between 15%
and 30%. We explore the dilute regime of concentration
where, at T=300 K, the interparticle repulsion leads to a
system of individually dispersed nanoparticles. As it has
been previously verified in Refs. 17 and 29, such a quickly
quenched system keeps its dispersed organization at low
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temperatures. We analyze the thermal variations of magneti-
zation in high fields in terms of a modified Bloch law, ac-
counting for both finite-size effect and an extra surface con-
tribution below 7=70 K. It indeed confirms that one should
distinguish in the magnetic nanostructures of the particles the
single-domain core from the surface spins, which can fluctu-
ate freely at high temperatures.

II. EXPERIMENTAL DETAILS AND CHARACTERIZATION
A. Particle synthesis and magnetic fluid elaboration

The magnetic fluid (MF) preparation is carried out in
three basic steps:> (i) the ferrite nanoparticle synthesis, (ii)
the chemical surface treatment, and (iii) the peptization of
the particles in a stable aqueous colloidal solution. Ferrite
nanoparticles are prepared using a hydrothermal coprecipi-
tating aqueous solution of a MCl,-FeCl; (M=Mn or Cu)
mixture in alkaline medium.?' After the coprecipitation step,
the precipitate is washed in order to reduce the high ionic
strength of the medium and the particle surface is cleaned by
a (2 mol L~!) HNO; solution. Moreover, to ensure the ther-
modynamical stability of the particles, an empirical process
is used: the precipitates are boiled with a 0.5 mol L™! of
Fe(NO;); solution. Then, the particles are conveniently pep-
tized in an acidic medium by the adjustment of the ionic
strength, resulting in a stable solution. We obtain samples
with different nanoparticle mean diameters using various
procedures. In the case of manganese ferrite samples, the
nanoparticle size has been controlled during the ferrofluid
synthesis by the hydroxide concentration.>? For copper fer-
rite nanoparticles, a colloidal size sorting process? leads to
samples with different mean diameters and very low polydis-
persity.

B. Characterization of the synthesized dispersions

The structure, morphology, and mean diameter of our
nanoparticles are determined through x-ray powder diffrac-
togram and TEM pictures.3!3> Table I lists the size charac-
teristics of the samples and allows us to compare the results
obtained by x-ray diffraction with those determined by elec-
tron microscopy. Indeed, the crystalline size dyz well match
a lognormal size distribution by using the relation dyg

:doez'SSﬁ’, where d, (defined as In dy=(In d)) and S, the stan-
dard deviation of Ind are determined from the TEM histo-
gram analysis.?? Furthermore, these data show the efficiency
of the size sorting process, since the standard deviation S,
determined for Cu-based samples typically stands between
0.15 and 0.18, values much smaller than those obtained for
Mn-based samples. In order to determine the samples com-
positions, suitable chemical titrations are performed for all
MF samples based on CuFe,0,, and MnFe,O, ferrites. Iron
(M) titration is performed by dichromatometry and copper
(I) titration by volumetric analysis with iodine. The manga-
nese (II) concentration is determined using inductively
coupled  plasma  atomic  emission spectroscopy
(ICP-AES). Table II lists the volume fraction in magnetic
nanomaterial (¢) for all samples.
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TABLE 1. Sample characteristics: dyg is the mean diameter de-
duced from x-ray powder diffractogram, d, is the characteristic size
obtained from TEM pictures, and S, is the standard deviation of
In(d).

Sample? dyr(nm)® do(nm)® sp
Mnl 9.0 8.0 0.25
Mn2 7.4 6.4 0.27
Mn3 4.2 3.3 0.3
Mn4 3.3 2.8 0.3
Cul 104 9.6 0.18
Cu2 7.5 7.0 0.16
Cu3 6.3 5.9 0.15
Cu4d 3.5 3.2 0.17

®Mn samples based on MnFe,O, and Cu samples based on
CuFe,0y.
bUncertainties of the order of 10%.

C. Magnetic measurements

The superconducting-quantum-interference-device
(SQUID) magnetometer from Groupe de Physique de
Solide—Université Pierre et Marie Curie-France is used to
perform magnetic measurements for all MF samples between
5 K and 300 K. The temperature dependence of the satura-
tion magnetization M¢(T) is obtained from two different zero
field cooled measurements: (i) hysteresis loops recorded at
various temperatures in a magnetic field (H) range —4
X 10> KA/m<H<4X10> kA/m and (ii) direct measure-
ments of Mg(T) at H=4 X 10* kA/m. In our experiments, the
carrier medium is aqueous so that below 273 K, it becomes
solid. If the freezing process is sufficiently rapid, the mag-
netic solution maintains the same state of particle dispersion
than at room temperature. Small angle neutron scattering ex-
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periments performed at 300 K and freeze fracture TEM
pictures?’ show that in our concentration range and condi-
tions of pH and of ionic strength the interparticle interaction
is negligible.?® Our experimental system is, therefore, consti-
tuted by individual nanoparticles dispersed in a solid matrix.

D. Magnetic moment distribution

At 300 K and for enough dilute solutions (for a dipolar
interaction parameter smaller than 1 at 300 K, thus typically
here for volume fractions ¢ smaller than a few percent),®
the magnetic fluid response to an applied field H results from
the progressive orientation in the field of an ensemble of
noninteracting magnetic moments, which are free to rotate in
the solvent. This giant paramagnetic behavior is well de-
scribed by the Langevin formalism taking into account a
lognormal distribution of magnetic moments u=mgV, mg be-
ing the magnetization of the nanomaterial, V the magnetic
volume of the nanoparticles

. . . . 0_

S, is the polydispersity index of In u and In u”=(In w)
(by definition §,,=3S,). Then, the magnetization of the col-
loidal solution is a superposition of the contribution of each
particle weighted by the distribution of magnetic moments. It
writes

In*(u/ )

(1)
2Si

O(u) =

—EX

I‘LS;L\'/ZW |:

" _JL[§(M,SM)]Q(M)dM
msd’_

, (2)
f O(uw)dp

where &= uouH/kgT and L(&)=coth £—1/¢ are, respectively,
the Langevin parameter and the Langevin function,® u, be-

TABLE II. Sample characteristics: ¢ is the volume fraction of nanoparticle, (u) is the mean magnetic
moment of the nanoparticles at 300 K and S, the polydispersity index of In u, both deduced from magneti-
zation measurements [see Fig. 1 and Eq. (2)], mg is the magnetization of the nanomaterial at 7=300 K and
H=4X103 kA/m, (&)= puo{u)H/kyT then corresponds to the mean Langevin parameter calculated in those T

and H conditions.

¢ (uy® mg(300 K)°

Sample? Symbol (%) (103 up) S, (kA/m) (&)
Mnl \Y% 0.45 17.2 1.20 375 194
Mn2 O 1.54 6.5 1.30 285 73
Mn3 O 0.45 3.3 1.40 250 37
Mn4 A 0.45 1.1 1.20 130 12
Cul @ 2.28 16 0.93 172 193
Cu2 tH 1.32 4.2 1.15 113 44
Cu3 * 1.39 3.8 1.15 105 21
Cu4 O 1.77 0.6 1.30 92 6.9

*Mn samples based on MnFe,0O, and Cu samples based on CuFe,0,.

Error of R?=0.999.
“Uncertainties of the order of 5%.
4300 K, 4 X 10> kA/m).
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FIG. 1. Room temperature magnetization for manganese ferrite
based MF (V: Mnl, O: Mn2, A: Mn4). The full lines are the best
fits obtained using Eq. (2) and the parameters of Table II. For
sample characteristics, see Tables I and II.
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ing the permeability of the vacuum and kz the Boltzmann
constant.

II1. RESULTS
A. Room temperature measurements

As an example, Fig. 1 displays the experimental magne-
tization curves of MnFe,O, samples of various diameters
(Mn1, Mn2, and Mn4). The best fits are obtained using Eq.
(2). Table II gives also the values of the mean magnetic
moment (u), the polydispersity S, deduced from the best fit,
and the mean Langevin parameter (&) calculated at 300 K
and 4 X 10° kA/m. Note in Fig. 1 that the magnetization of
sample Mn4(dyg=3.3 nm) is not fully saturated at a field as
large as 4 X 10> kA/m.

B. Low temperatures measurements

Figure 2 shows typical hysteresis loops measured at vari-
ous temperatures for manganese ferrite based samples Mn2
[Figs. 2(a) and 2(b); dyg=7.4 nm] and Mn4 [Figs. 2(c) and
2(d); dyg=3.3 nm]. A similar behavior is observed for all our

-

M/¢ (kA/m)
=

?

=200 |

=200 0
H (kA/m)

FIG. 2. (a) and (c): hysteresis loops recorded at various temperatures for samples Mn2 and Mn4, respectively. (b) and (d): opened loops

at 5 K and closed ones at 90 K.
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FIG. 3. (a) and (b) display the temperature dependence of the
magnetization mg. The inset of (b) compares in a semilogarithmic
plot the mg determination of samples Cul and Cu4 and their core
saturation (full line). For symbols, see Table II.

MFs. For samples based on the largest particles, the magne-
tization curves experimentally reach the saturation in high
fields at 300 K (see Fig. 1). However, for samples based on
the smallest ones, the magnetization does not saturate (see
Fig. 2), the nonsaturation behavior being more pronounced
as the temperature decreases. Figures 2(b) and 2(d) represent
the details of the corresponding loops at 5 K (opened loop)
and 90 K (closed loop). The experiments are zero field
cooled and we only observe symmetric loops. They are as-
sociated at 5 K to coercive field 36.8 kA/m (Mn2; dyg
=7.4 nm) and 64.0 kKA/m (Mn4; dyz=3.3 nm). At a tem-
perature of 90 K, the irreversibility no longer exists showing,
therefore, that, for both samples, the coercive field vanishes
rapidly with increasing temperature.

We call mg the magnetization measured at 4 X 103 kA/m
and normalized by the volume fraction in magnetic material.
Figures 3(a) and 3(b) display the temperature dependence of
myg for manganese-based and copper-based magnetic fluids,
respectively. In Fig. 3(a), we compare, for sample Mnl, the
direct measurements (open symbols) of mg(T) to the values
of mg obtained from the hysteresis loops (solid symbols) re-
corded at various temperatures. As it can be seen, both de-
terminations well overlap. Figures 3(a) and 3(b) exhibit a
smooth increase of mg as T is decreasing, associated to a
steeper behavior at the lowest temperatures (typically below
50 to 100 K), which is very pronounced for the smallest
particles. This steeper behavior can be assigned to the sur-
face spins contribution.”?->* In the following, we shall distin-
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guish two extreme regimes: (i) “large particles, high tem-
peratures,” which can be described by an effective Bloch
formalism, (ii) “small particles, low temperatures,” and
where an additional surface contribution, the larger for the
smaller particles, has to be taken in account.

IV. DISCUSSION

We discuss here our results, in the framework of a core-
shell model, taking into account both the finite-size effects in
an effective Bloch formalism and the thermal dependence of
the disordered surface contribution.

A. Finite-size effects and effective bloch law

The thermal behavior of the magnetization of ordered
magnetic systems is due to low energy collective excitations,
well known as spin waves or magnons, and results in a de-
crease in the spontaneous magnetization with increasing tem-
perature. Such a model, which leads to the Bloch %2 law
well works for infinite systems if the gap, induced in the
dispersion relation of spin waves, is zero.2 Nevertheless, the
behavior for small clusters and nanoparticles is different
from that of bulk materials since the spatial confinement re-
duces the number of degrees of freedom. It generates an
energy gap in the corresponding spin-wave spectrum.' As a
result of the existence of this energy gap in the density of
states for the spin waves, added to the lowering of the mean
number of nearest neighbors, the temperature dependence of
the magnetization of the cores of the nanoparticles can be
well described with a more general law?!3*

ms(T) = ms(0)(1 - BT®), 3)

where mg(0) is the saturation magnetization as 7 tends to
zero. Note that experimentally mg(0) has to be extrapolated,
getting rid of the additional surface contribution at low tem-
peratures. The exponent « is now size dependent and struc-
ture independent, whereas the Bloch constant B mainly de-
pends on the detailed structure of the core of the
nanoparticles. If this modified Bloch’s law holds, a double
logarithmic plot of the depression of the core magnetization
mg(0)—mg(T) as a function of T should give straight lines of
respective slopes a.!3

However, it is important to note that this model would
work only if the applied field is large enough to ensure the
saturation condition for the core of the nanoparticles in each
sample. In other words, in the whole temperature range the
magnetic energy must be much larger than the anisotropy
energy and the thermal energy (meaning a Langevin param-
eter (£)>10).

As it can be seen in Fig. 2, the closure field is always
much smaller than the maximum field used in our experi-
ments so that the first condition is always satisfied. On the
contrary, it is clear that the second condition is not fulfilled
(see Table IT) at T=300 K and H=4 X 10° kA/m for samples
labeled Mn4 and Cu4 (the samples of smallest mean diam-
eters). In order to compensate the nonsaturation for those
samples, a correction is made replacing in Eq. (3) mg(T) by
mg(T)/{L[&(T)]} where &T) is calculated at each tempera-
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TABLE III. mg(0): saturation magnetization of the nanoparticle core extrapolated at 7=0; «: the tem-
perature exponent obtained from a fit of mg(0)—mg(T) to Eq. (3), a and B being free parameters; B: Bloch
constant calculated for our samples using Eq. (3) with @=3/2; By,;: Bloch constant of the bulk material from
Ref. 26. A, (5 K): value of the surface contribution A, (5 K) from Eq. (4) taken at 5 K.

myg(0) Bk Agr/(5 K)

Sample (kA/m) a B (1073 K32) (107 K32)
Mnl 515 1.45+0.02 6.46+0.13 0.020
Mn2 430 1.60+0.03 7.10+0.14 6.33 0.043
Mn3 366 1.64+0.01 6.60+0.13 0.040
Mn4 200 2.03+0.12 0.462
Cul 228 1.40+0.03 4.81+0.09 <0.005
Cu2 157 1.59+0.03 5.00+0.10 3.46 0.012
Cu3 144 1.44+0.03 5.70+0.12 0.023
Cu4 148 2.01+0.15 0.088

ture, by using the value of the mean magnetic moment {w) of
Table II. This small correction being taken into account, the
high temperature variations of mg(T), which are associated to
the regular saturation of the grain core, are fitted with Eq.
(3). This adjustment leads to mg(0), the extrapolated values
of myg for the grain core at T=0 [see Table III and Fig. 4(a)].
As an example, the inset of Fig. 3(b) shows two semiloga-
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FIG. 4. (a) The core magnetization mg(0) extrapolated from ex-
perimental values as a function of the mean magnetic moment (w)
of the nanoparticles. (b) Depression of the core magnetization
mg(0)—mg(T) for our samples in a double logarithmic representa-
tion. The full line corresponds to the best fit using Eq. (3) and yields
the value of a. For symbols, see Table II.

rithmic representations of the experimental variation of
mg(T) and their corresponging core saturation for copper fer-
rite MF (Cul and Cu4). For the largest particles, the whole
range of temperature can be adjusted by Eq. (3); on the con-
trary, for the smallest ones, the extra surface contribution
appears clearly below roughly 70 K. This also leads to the
exponent « and the Bloch constant B (see Table III).

Figure 4(a) plots the experimental extrapolated values of
the core magnetic saturation mg(0) as a function of the mean
magnetic moment {u) of the particles for each material. If
for nanoparticles based on MnFe,Oy,, mg(0) is always smaller
than the bulk value at 7=0 (560 kA/m), it is not the case for
CuFe,0, [m5"X(T=0)=160 kA/m]. Our copper ferrite nano-
particles, under field Mossbauer spectroscopy, have shown
that the crystalline structure corresponds to a mixed spinel
type in which the ratio of Fe’* ions at octahedral sites and
tetrahedral ones is indeed different from 1, the value ex-
pected for an ideal inverse spinel structure. It is found equal
to 1.54 independently of the size of the nanoparticles.> This
cation redistribution could, therefore, induce an increase on
the mg(0) value.

The depression of the core magnetization mg(0) —mg(T) is
plotted for a few samples in Fig. 4(b) as a function of 7. In
that log-log representation, the variations are linear with a
slope a. For samples of largest mean diameters, and both for
copper and manganese ferrite nanoparticles, the values are
found to be of the order of 1.5, in good agreement with the
expected Bloch behavior for bulk materials. On the contrary,
for the two samples based on the smallest nanoparticles, the
straight lines clearly lead to larger slopes and are, therefore,
associated to a deviation of the 7%? Bloch law with a ap-
proximately equal to 2 (see Table III). In that case, the fit
with Eq. (3) is performed for 7=70 K. Indeed, the finite size
strongly affects the exponent value only for the two samples
based on the smallest nanoparticles of mean diameter around
3.5 nm.

Table III lists the values of B (Bloch constant) obtained
when the 7%? law works and compares these values to those
deduced for bulk materials from data of Ref. 26. (i) In the
case of manganese ferrite nanoparticles, the B values are
slightly larger, but close to that of the bulk. (ii) For samples
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FIG. 5. Semilogarithmic plot of the experimental saturation
magnetization normalized by the core value at 7=0 K for samples
Mnl and Mn3. The full line is the fit using Eq. (3) with @=1.5 and
B=6.46X 107 K™¥2. The inset plots this variation for samples of
smaller sizes of Mn4 and Cu4; the full line is the corresponding fit
using Eq. (3) with @=2.0. For symbols, see Table II.

based on copper ferrite, the B values found are 40% larger
than the corresponding bulk ones. This could be related to
cation redistribution in interstitial sites of the ferrimagnetic
core.

For both manganese and copper ferrite nanoparticles, the
constant B slightly increases as dyy decreases. Let us assume
that the cation distribution is constant with size for both
kinds of ferrite nanoparticles. The observed size dependence
of B then can be related to the existence of a rather important
contribution in ferrite nanoparticles,*® coming from surface
canted spins poorly correlated to the monodomain core.®!?
Indeed at the interface, the reduction of atomic coordination
implies that surface spins are more sensitive to thermal fluc-
tuations, which favors an effective B increasing.

B. Surface spins freezing

We analyze, in the following, the deviation to the effec-
tive Bloch law observed at low temperatures [see inset of
Fig. 3(b)]. Indeed, for temperatures lower than approxi-
mately 70 K to 100 K, a sharp increase of the saturated
magnetization, more pronounced with decreasing size, is ex-
perimentally observed. It is illustrated in the inset of Fig.
3(b) and in Fig. 5, which displays, in a semilogarithmic rep-
resentation, the reduced variations of mg(T)/mg(0). As an
example, if this deviation is almost null for sample Cul, it
represents, at T=5 K, 10% of mg(0) for sample Cu4 and
46% for Mn4. Such low temperature deviations to the effec-
tive Bloch law have been already observed for ferrite
nanoparticles.’” They are usually addressed to misaligned
surface spins. However, to analyze it, no definitive theoreti-
cal model is presently available. In metallic nanoparticles,
this extra contribution is sometimes taken in account by in-
troducing a temperature dependence of the Bloch constant as
in itinerant magnets, for example.3® Such an analysis is not
adapted to ferrites. Moreover, for the smaller particles, the
experimental observations cannot be seen as small deviations

PHYSICAL REVIEW B 72, 184435 (2005)

6,10
@ 0,45 -AA
0,08 |
> Q A
030 [
5 $ 4
6,06 | 3
~ a
| [+3 015 [ A
T A
domfl B A
= o [=3 o0 [ TTTTTTttteRot A -
3 jm] L 1 : L " L
% [ 20 40 60 80 100 120
e B T ()
BEEE g R § jm]
6,00 %éé'a"z --------- § -------- -
.I L L
0 50 100

T(K)

FIG. 6. Thermal variations of the surface contribution Ag,,,. The
inset displays this variation for sample Mn4. For symbols, see Table
1L

to the generalized Bloch law of Eq. (3) as it would require a
negative Bloch constant! Those deviations being strongly
temperature dependent, we propose to take into account
those deviations by an additive surface contribution A,,AT)
to Eq. (3) in the following form:

mg(T)/mg(0) = (1 = BT) + A, (T). 4)

Arbitrarily, this simple phenomenological description
does not couple the temperature dependence of the core mag-
netization to that of the surface. It should be seen as a first
step to describe the magnetization contribution of this badly
known surface layer. Equation (4) should be able to retrieve
the three following experimental points we establish here.
Future rigorous theoretical models, which would restore the
coupling between the magnetic core and the external shell,
will have to recover these three points.

(i) The onset of an extra contribution to mg(T) roughly
below 70 to 100 K: Figure 6 presents the thermal variations
of the extra term Ay, (7) for all our samples. One can easily
see that A,,,(7T) is experimentally different from zero only
for temperatures lower than say 70 to 100 K and for all our
samples, except for sample Cul for which it appears null in
the whole range of 7. In this sample, the nanoparticles have
the largest mean diameter and, therefore, the smallest
surface-to-volume ratio. For Cul, the contribution Ay, A7) is
found smaller than the accuracy of the measurement.

(ii) The dependence on the nanoparticle size of this extra
contribution: The amplitude of the effect strongly depends on
the nanoparticle diameter. Table III lists the experimental
values of A, (5 K) for each sample, it increases as the
nanoparticle diameter decreases, that is, as the surface-over-
volume ratio increases.

(iii) Its strong temperature dependence: The thermal
variations of the surface contribution are strongly tempera-
ture dependent and are going to zero at high temperatures.
We thus propose an expression of the following form to ap-
proach the thermal variation of the surface term:
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FIG. 7. Variations of A,,s/A,,/(5 K) as a function of T with
T freesing=20 K and A=12A,,/5 K). The full line corresponds to
Eq. (5) with a=2.7, the mean value of a in Table II. For symbols,
see Table II.

Asurf(T) =A eXp(— T/Tfreezing) ’ (5)

where A and T, are experimental parameters which are
a priori material and nanoparticle size dependent. This phe-
nomenological law is similar to that of electron paramagnetic
resonance (EPR) linewidth in canonical bulk spin glasses,
attributed either to a broadening from a distribution of inter-
nal local fields or to a slowing down of the spin-relaxation
rate on approaching Tyeing.

Here, whatever the material (CuFe,O, or MnFe,0,) and
the nanoparticle size of the dispersion (from 3 to 10 nm), the
temperature 7., » Obtained from the fit of the data to Egs.
(4) and (5), is roughly a constant and its mean value is

<Tfreezing> =20+5 K. (6)

The parameter, which is here nanoparticle dependent, is
the coefficient A, which is found equal to

A=(12%0.1)A,,/(5 K). (7)

Figure 7 shows the reduced variation of the ratio
Al Agr(5 K) as a function of T for the whole set of in-
vestigated samples and its fit to Eq. (5). All the experimental
points, obtained for samples presenting different polydisper-
sities lie on the same master curve, showing, therefore, that
the general behavior of the surface contribution does not
seem to be strongly influenced by the size dispersion of our
samples. The value obtained for T';,, perfectly explains
why the surface contribution disappears above say 70—100
K. For a temperature of the order of 37},,.;,, (that is 60 K),
the exponential term is of the order of 5%, that is of the order
of our accuracy on A, AT). At T=80 K, the exponential
term is of the order of 2%. Moreover, we obtain an energy
KT fyeesing=(2.7%0.7) X 1072* J, which is of the same order of
magnitude as the superexchange coupling constant inside the
nanomaterial (for example, in MnFe,0, the antiferro cou-
pling energy*’ |, 5| between first neighbors is 3.0 X 10722 J).

As mentioned above, for low temperatures, such a steep
rise of the magnetization has been already evidenced for fer-
rite nanoparticles, but never carefully followed as a function
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of the nanoparticle size. It has been attributed to misaligned
surface spins due to broken exchange bonds. Those spins do
fluctuate more freely at high temperatures than the ones from
the core and freeze progressively at low temperatures in a
disordered structure.!”!* Such a progressive freezing of the
disordered surface has already been observed in maghemite
nanoparticles using ac susceptibilities measurements*! or
quasielastic neutron scattering.!” It has been attributed to
fluctuations of surface spins that become frozen, in zero and
low field, in a “spin-glasslike” structure.'®?%42 The thermal
behavior of the surface contribution of our investigated
nanoparticles which follows the exponential law of Eq. (6)
could be related to a corresponding transition in large fields.
The energy kT, ing is then intimately related to the super-
exchange interactions, which pin the interacting spins in the
frozen disordered layer.

In this paper, we have tested the size and thermal depen-
dences of the surface contribution to the high field magneti-
zation at low temperatures. The experimental investigation is
here driven at rather low polydispersity in nanoparticle size
and similar synthesizing conditions. In the future, it would be
interesting to check, tuning different synthesizing conditions,
if it could be possible to enhance or reduce this magnetic
surface disorder and its contribution to the high field magne-
tization.

Let us finally note that, in low fields, a glassy state, which
is mainly due to interparticle interactions, has been observed
in powder samples based on various kinds of
nanoparticles.’®**! We are dealing here with very dilute
samples of completely opposite spatial organization. The ex-
change interparticle interaction is here negligible and the di-
polar interparticle interaction, even if large at 5 K, is how-
ever very weak in front of uyuH. This dipolar interparticle
interaction, nevertheless, penalizes the possibility to observe
a pure effect of surface freezing at low T on the field cooled
(FC) low field susceptibility as in Ref. 18.

V. SUMMARY AND PERSPECTIVES

Using a soft chemical method, we successfully synthesize
magnetic nanoparticles of controlled size, based on manga-
nese and copper ferrite. Their temperature dependent mag-
netic behavior is here investigated as a function of the nano-
particle size in dilute magnetic fluids. The nanoparticles are
here individually dispersed with a large interparticle distance
(larger than four times the particle diameter). Magnetization
measurements have shown that the magnetic properties at
300 K are well described by a single domain configuration; a
simple Langevin model leading to the magnetic moments
distribution.

At low temperatures, the explored thermodynamic prop-
erties are strongly affected by finite size and surface effects.
(i) For both kinds of ferrite, magnetic fluid samples based on
particles of smallest mean diameters (close to 3.5 nm)
present a significant deviation from the Bloch T2 law for
the temperature dependence of the saturation magnetization.
An effective exponent around 2 is found experimentally in-
stead of 1.5. (ii) For all other samples, and typically for T
>70 K, the observed behavior is similar to that of bulk ma-

184435-8



MAGNETIZATION TEMPERATURE DEPENDENCE AND...

terials with a Bloch 7%? law and a Bloch constant slightly
increasing as the nanoparticle size is decreasing. It could be
due to the surface disorder. If in the case of manganese fer-
rite nanoparticles B is close to its bulk value, for copper-
ferrite-based samples, the smallest Bloch constant is 40%
larger than the bulk one. We ascribe it to a cation redistribu-
tion in the nanoparticle core evidenced by Mossbauer spec-
troscopy.

At temperatures lower than 70-100 K, an additional con-
tribution to the high field magnetization is observed. It is
ascribed to surface spins misaligned with those of the or-
dered core, which freezes in a disordered structure at lower
temperatures. This extra contribution is more pronounced as
the mean diameter decreases; it can reach 30% of the low
temperature magnetization for nanoparticles of diameter of
the order of 3 nm. The extra contribution also presents ex-
ponential variations as a function of 7' below roughly 70 K
and for any sample is proportional to the exp(=T/Tcezing)»
the energy kT fyeezing=~2.720.7 X 10722 J being of the order of
the superexchange constant inside the nanoparticle material.

PHYSICAL REVIEW B 72, 184435 (2005)

It would be interesting to extend the exploration of those
high field finite-size and surface effects to individually dis-
persed nanoparticles of different structure, metallic ones, for
example, and to other various controlled states of dispersion
such as dilute aggregated solutions or concentrated dispersed
solutions.
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