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ABSTRACT. Two series of magnetic nanopowders were synthesized at room 
temperature starting from a mixture of iron II and III precursors, FeSO4 and 
FeCl3, respectively. Precipitation agents, as KOH and NaOH were used. While 
the concentration of the added ferrous and ferric solutions ranged between 0.1 M 
and 0.0125 M, the hydroxide solution concentration was maintained constant 
(1 M). TEM images of the samples showed that the particles shape changes 
from quasi spherical to spherical. For both series the crystallite size decreases 
with iron concentration, from 9 to 2 nm for KOH series and from 10 to 3 nm for 
NaOH series. Moessbauer Spectroscopy was signaling only Fe3+ in the final 
spinel product. BET measurements revealed the material mesoporosity and 
fractal structure of maghemite nanoparticles that explain the unusual high 
surface area, ~240 m2/g. All the samples actually exhibit superparamagnetic 
behavior at room temperature with saturation magnetization up to 73 emu/g 
value closed to those of bulk maghemite. 
 
Keywords: iron oxide nanoparticles, co-precipitation, fractal surface, 
Moessbauer Spectroscopy. 
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INTRODUCTION 
 
 The synthesis of superparamagnetic nanoparticles has been intensively 
developed because they are used in many applications, such as: magnetic 
storage media (e.g. magnetic carbon nanotubes composites [1], catalysts, 
magnetic fluids, sensors [2], as anode for lithium-ion (LIBs) [3] and sodium-ion 
(SIBs) [4] batteries, MRI contrast agent [5], tissue repair [6], detoxification 
of biological fluids, hyperthermia [7], cell and protein separation [8] and 
drug delivery [9][10][11]. 
 Several synthesis methods like co-precipitation [12], microemulsion 
[13], thermal decomposition [14], solvothermal [15], sonochemical [16] are 
commonly used to produce magnetic nanoparticles. Chemical co-precipitation 
appears to be the most promising method, due to its simplicity, productivity 
and low cost [17]. In general, precipitation of magnetite requires a Fe3+/Fe2+ratio 
of 2:1, and pH values between 8 and 14 [18]. 
 Numerous studies demonstrate that several factors like pH [19], 
temperature [20], ionic strength [21], nature of salts [22], Fe2+/Fe3+ ratio 
[23], iron concentration [24], type of the precipitant agent [25] etc. affect the 
size and size distribution of the iron oxide nanoparticles. 
 Iron ion concentration is an important parameter because it has 
influence upon size and magnetic properties of nanoparticles. According to 
LaMer theory [26], at supersaturation, a critical concentration is defined as 
the nuclei start to grow by atomic species diffusion from solution towards the 
particles surfaces.  

Fe oxide nanoparticles having a mesoporous structure are of interest 
for biomedical applications, due to the fact that the presence of mesopores 
facilitates high active agents loading [27]. Also, nanoparticles with high surface 
area can be used in catalysis [28], or as adsorbents, e.g. for heavy metal ions 
removal from waste water [29].  

The present paper proposes a simple and economic synthesis route 
to obtain mesoporous maghemite nanoparticles with high surface area, 
exhibiting superparamagnetic behavior at room temperature.  

Co-precipitation method presents advantages and disadvantages. 
Compared to other chemical methods, it is simple, low cost and environmentally 
friendly (not using organic solvents and directing agents), mild temperature 
conditions [30]. It is well known, the main requirements regarding magnetic 
nanoparticles properties with potential use in biomedical applications, such as: 
to be hydrophilic, nontoxic, biocompatible, near spherical, and mesoporous etc. 
[9][31]. Among mentioned essentials is that to be obtained in soft conditions 
(low temperature, aqueous media etc.). 
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As main disadvantage that can be mentioned was that the co-precipitation 
method does not always assures a perfect spherical shape of the particles and 
narrow particle size distribution. We agree other researchers opinion that 
sometimes it is worthless to expend time, money and effort designing definite 
particle properties (by using sophisticated preparing protocols), since co-
precipitation was able to generate suitable particles for target applications [32]. 

The subject, the present work is dealing with, apparently was a common 
task, because in time, a great number of scientist published about iron oxide 
based magnetic nanomaterials properties (crystalline structure, magnetic 
properties etc.) in relationship with preparation variables (concentration of 
iron oxide precursor, nature of base as precipitating agent). To our best 
knowledge there are relatively few references where the morpho-textural 
properties of magnetic materials were discussed in relationship with both 
synthesis parameters and desired functionalities. In literature, the morpho-
textural parameters are rarely reflected at the same level as crystallinity and 
magnetic properties. In the paper, besides crystalline and magnetic ordering, 
we mainly discussed morpho-textural properties related to synthesis conditions. 
Concerning preparation method, in order to avoid the pH local altering [33], 
we have chosen the reversed co-precipitation route, also less reported in 
iron oxide synthesis references. 

 
 

RESULTS AND DISCUSSIONS 
 
Transmission electron microscopy 
 

In Figure 1 the TEM images of samples K0.1, K0.025, K0.0125, N0.1, 
N0.025 and N0.0125 samples are shown. The TEM image of K0.1 sample shows 
particles of spherical shape and narrow size distribution (6 -15 nm), while 
the particles shape in K0.025 and K0.0125 samples changes to quasi spherical, 
and the size distribution is centered on 5 nm and 3 nm respectively. The 
TEM images of the NaOH-base samples N0.1, N0.025 and N0.0125 show the 
same particle size and distribution evolution pattern. It was observed that 
for both series, the particles size of maghemite decreases as the iron 
precursor concentration decreases. 
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(a) (b) (c) 

(d) (e) (f) 
Figure 1. TEM images of samples: (a) K0.1, (b) K0.025, (c)K0.0125, (d) N0.1, (e) N0.025 

and (f) N0.0125 (scale bar: 20 nm) 
 
X-Ray powder diffraction analysis 
 
 The XRD spectra of the samples were recorded; as visible in Figure 2, 
all the spectra exhibit the characteristic lines of the cubic spinel structure 
(PDF file no. 00-039-1346). 

 
Figure 2. XRD spectra of synthesized iron oxide nanoparticles 
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 It can be observed that the decrease of Fe concentration leads to 
diffraction peaks broadening, which indicates poor crystallization and/or 
small particle size. Also, the samples K0.1-K0.0125 samples exhibit higher 
degree of crystallinity (the Bragg peaks are narrower) compared N0.1-N0.0125 
samples. The crystallite size and lattice parameter data of the two sample 
series are summarized in Table 1. 
 

Table 1. Crystallite size and lattice parameter of the samples 
 

KOH 
series 

Average size of 
crystallite 

estimated by XRD 
[nm]* 

Lattice 
parameter 

[nm] 

NaOH 
series 

Average size of 
crystallite 

estimated by XRD 
[nm]* 

Lattice 
parameter 

[nm] 

K0.1 8.8 0.8393 N0.1 9.8 0.8393 

K0.05 6.5 0.8389 N0.05 5.7 0.8377 

K0.025 4.6 0.8384 N0.025 4.6 0.8387 

K0.0125 2.0 0.8404 N0.0125 2.7 0.8389 

   * calculated by using WPPF method 
 

 As the Fe concentration decreases from 0.1 M to 0.0125 M, the 
average crystallite size decreases from 8.8 to 2.0 nm and from 9.8 to 2.7 nm 
(Table 1), for samples synthesized with KOH and with NaOH, respectively. 
 The XRD data (crystallite size calculated with WPPF method) are 
consistent with TEM results. It can be observed that the particle size as 
visible in the TEM images is consistent with the crystallite size resulting from 
XRD data. It follows that the crystallites are slightly aggregated and a 
particle is composed by one or two agglomerated crystallites. 
 
Moessbauer Spectroscopy 
 
 Both, magnetite and maghemite (except for vacancy ordered) exhibit 
similar XRD patterns, which makes difficult their identification. To facilitate 
the differentiation of the iron ionic species, Moessbauer Spectroscopy 
measurements were carried out for samples K0.1, K0.0125, N0.1 and N0.0125. In 
Figure 3 room temperature Moessbauer spectra (MS) are shown. 
 It is common knowledge that MS showing sextet(s) belong to 
magnetically ordered phases of iron oxides [34]. Generally, in order to show 
sextet(s), the iron oxide particle dimension must be greater than its critical 
particle size having blocking temperature around room temperature. In the 
case of magnetite or maghemite, the critical particle size approximately 
corresponds to 10 nm.  
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Figure 3. Room temperature MS of (a) K0.1, (b) K0.0125, (c) N0.1 and (d) N0.0125 

 
 So, we can conclude that the samples prepared using 0.1 M iron 
precursor solutions contain larger nanoparticles (> 10 nm) whereas using 
0.0125 M solutions for the preparation leads to smaller particles (< 10 nm) 
as it was confirmed by the determination of crystallite size from XRD and 
particle size resulted from TEM. 
 

Table 2. Parameters of K0.1, K0.0125, N0.1 and N0.0125 samples obtained from 
Moessbauer measurements 

 

Sample Isomer shift 
(IS) δ [mm/s] 

Quadrupole 
splitting ∆EQ 

[mm/s] 

Hyperfine 
field BHf 

Relative area 
(%) 

Attribution 

K0.1 

 

 

(1)0.33 
(2)0.35 
(3)0.34 

(1)-0.0035 
(2)-0.0380 
(3)-0.0013 

(1)47.70 
(2)28.41 
(3)42.00 

(1)32 
(2)33 
(3)35 

maghemite 
maghemite 
maghemite 

K0.0125 (1)0.33 (1)0.6394  (1)100 maghemite 
N0.1 (1)0.33 

(2)0.16 
(3)0.35 

(1)-0.0061 
(2)0.1326 
(3)-0.0252 

(1)47.96 
(2)27.08 
(3)42.77 

(1)39 
(2)30 
(3)31 

maghemite 
maghemite 
maghemite 

N0.0125 (1)0.33 (1)0.6642  (1)100 maghemite 



FRACTAL SURFACE MAGHEMITE NANOPARTICLES PREPARED BY CO-PRECIPITATION… 
 
 

 
21 

aspS
D

ρ
6



 MS give us the information about the oxidation state of iron through 
the value of isomer shift. In the above MS, the isomer shift (IS) values are 
situated in the range of 0.2– 0.4 mm/s which are characteristic values for 
Fe3+ (see Table 2). Reference values of IS for magnetite are around 0.26 
mm/s in the case of Fe3+ in tetrahedral positions and 0.66 mm/s for Fe2+ 
and Fe3+ in octahedral sublattice. It means, that non-protected magnetite 
nanoparticles were oxidized by O2 in air either in the early stage just after 
preparation or later during the samples storage in non-inert atmosphere. 
 Magnetite (Fe3O4) and maghemite (γ-Fe2O3) are common magnetic 
iron oxides that have spinel structure. Normal spinel structure is 
represented by , where A stands for tetrahedral sites occupied 
by bivalent ions, and B stands for octahedral sites occupied by trivalent 
ions. In the case of inverse spinels, the tetrahedral positions are occupied 
by trivalent atoms. The unit cell formula of magnetite (inverse spinel) can be 
written as: . , where the valence of iron in the octahedral 
sites is Fe2.5+, due to the fast electron hopping above the Verwey transition, 
which take place around 121 K. Magnetite is sensitive to air expose, oxidizes, 
leading to nonstoichiometric magnetite, described by the formula: 
( )A[ x]B , where  denotes vacancy and are assumed to 
be located in octahedral sites in spinel structure and x ranges (0;1/3), 
where “0” stands for pure magnetite and “1/3” stands for pure maghemite. 
The fast electron hopping, which is known to be a pair-localized 
phenomenon in magnetite, results in Fe2.5+ equal amounts of octahedral 
Fe2+ and Fe3+: ( )A[ . x]B . Maghemite is fully oxidized 

magnetite, where x=0.33 and general formula is ( )A[ / 1/3]B  [35][36]. 
 
Textural analysis 
 
 Specific surface area, total pore volume, mean pore size, particle 
diameter and surface fractal dimension (Ds) are presented in Table 3 and 
Table 4 derived from N2 adsorption-desorption isotherms presented in 
Figure 4. Assuming all the particles of spherical shape and equal size, the 
particle diameter was calculated using data from adsorption-desorption 
isotherm, using the following equation [27]: 
 

(1) 
 
where Ssp is the specific surface area and ρa is the density; for all 
maghemite samples a value of 4.9 g/cm3 was considered. 
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 BET derived particle size evaluations (Eq. (1)) (see Tables 3 and 4) 
are consistent with TEM results and XRD data. 
 

Table 3. Results of textural data from adsorption-desorption isotherm for KOH series 
 

Sample Specific surface 
area [m2/g] 

Total pore 
volume 
[cc/g] 

Mean pore 
size [nm] 

Particle diameter 
approximated using 
specific surface area 

Ds 

K0.1 91.01 0.2302 6.62 13.5 2.50 
K0.05 120.05 0.1871 4.92 10.2 2.61 
K0.025 152.21 0.1651 3.82 8.0 2.71 
K0.0125 239.65 0.2050 3.43 5.1 2.79 

 
Table 4. Results of textural data from adsorption-desorption isotherm for NaOH series 

 
Sample Specific surface 

area [m2/g] 
Total pore 

volume 
[cc/g] 

Mean pore 
size [nm] 

Particle diameter 
approximated using 
specific surface area 

Ds 

N0.1 80.50 0.2350 6.58 15.2 2.47 
N0.05 148.75 0.4421 6.61 8.2 2.48 
N0.025 160.54 0.3263 6.60 7.6 2.55 
N0.0125 219.52 0.4070 6.49 5.6 2.56 

 

(a) (b) 
 

Figure 4. N2 adsorption-desorption isotherms of (a) K0.1, K0.05, K0.025 and K0.0125, and (b) 
N0.1, N0.05, N0.025 and N0.0125. Inset: Pore size distribution curves of the samples 

 
 With the particle size decrease, in the case of sample series K0.1-
K0.0125, the mean pore size also decrease, Table 3, and the specific surface 
area is increasing as was expected. In the case of the samples precipitated 
by NaOH, Table 4, this tendency is not so straightforward. The specific 
surface area regularly increases but the mean size of pores remains almost 
constant. So, we can see that the used basic reagents have different 
impact on the morphology of the aggregates. 
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 One can see that the specific surface area is increasing with the 
decrease of iron precursor concentration, Tables 3 and 4 leading to the 
particle size diminution. This tendency was in agreement with XRD and 
TEM results, the Sherrer derived crystallite size and particle size deduced 
from TEM also showed a decreasing trend with iron concentration. 
 The surface fractal dimension Ds was deduced by using Quantacrome 
Nova 1200e apparatus output and software, applying Frenkel-Halsey-Hill 
(FHH) equation [37]. All prepared samples contained iron oxide nanoparticles 
with apparently rough surface, having fractal structure, which can be 
characterized by surface fractal dimension, Ds. There was a clear increasing 
trend of Ds in both maghemite prepared series, specifically 2.50≤Ds≥2.79 for 
KOH series and 2.47≤Ds≥2.56, for NaOH series. A perfectly smooth surface 
has the value of surface fractal dimension Ds=2, while a highly rough 
surface has Ds=3 [38]. The obtained iron oxide particles present unusual 
high surface area that can be explained by its rugosity, well described by the 
surface fractal dimension, Ds, its evolution with iron precursor concentration 
was in perfect accord with the corresponding surface area trend. 
 The adsorption-desorption isotherms of all investigated samples 
correspond to a type IV-isotherm according to the Brunauer, Deming, Deming 
and Teller (BDDT) method, showing hysteresis [39]. The type IV isotherm was 
attributed to mono and multilayer adsorption and hysteresis loop is associated 
with capillary condensation in mesopores. These hysteresis loops are associated 
with mesoporous materials (containing pores between 2-50 nm diameter) 
[IUPAC]. In Figure 4 are presented N2 adsorption-desorption isotherms of 
the samples. Pore size distributions (calculated from desorption branch) of 
the samples are shown in Figure 4 (inset). According to IUPAC classification, 
isotherms of K0.1 and N0.05 follows a H3 hysteresis loop type, as illustrated 
in Figure 4, which is observed with non-rigid aggregates of plate-like 
particles, giving rise to slit shape pores. For K0.05 and K0.025 typical hysteresis 
loop is type H2, and this hysteresis type is typical for materials with no 
uniform pore shapes and/or size. The H2 type adsorption hysteresis is 
associated with highly interconnected pores with ink-bottle shapes [40][41]. 
H1-type hysteresis loops of N0.1, N0.025 and N0.0125 samples are associated 
with porous materials known to consisting of approximately uniform spheres 
aggregates in fairly regular array and hence to have narrow distribution of 
pore size. On the other hand K0.0125 sample isotherm exhibits H4 hysteresis 
type, which appears to be associated with narrow slit-like pores [42]. 
 A pore size distribution ranging in the mesopore domain is the main 
characteristic of all samples. It can be noted that samples from KOH series 
have a narrower pore size distribution than the samples from NaOH series.  
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 In Figure 4 inset, it can be seen that all the samples are characterized 
by mesoporous structures mainly consisting in slit-like pores. The slit-like 
pore geometry was recommended to be characterized using the concept of 
“pore width”, which value, in our case, was ranging between 2 and 15 nm 
[43]. 
 
Magnetic properties characterization 
 

Table 5. Magnetic parameters 
 

Sample Ms 
[emu/g] 

Hc 
[kOe] 

Mr 
[emu/g] 

Squareness 
ratio Mr/Ms Sample Ms 

[emu/g] 
Hc 

[kOe] 
Mr 

[emu/g] 
Squareness 
ratio Mr/Ms 

K0.1 73.3 0.053 6.1 0.08 N0.1 66.3 0.04 6.35 0.1 
K0.05 64.5 0.024 1.8 0.03 N0.05 60.7 0.005 0.27 0.004 
K0.025 43.9 0.014 0.6 0.01 N0.025 44.7 0.014 0.42 0.009 
K0.0125 30.1 0.03 0.17 0.005 N0.0125 29.9 0.015 0.16 0.005 

 
 Room temperature magnetic measurements of all synthesized iron 
oxide samples indicate that the nanoparticles exhibit superparamagnetic 
behavior; the results are summarized in Table 5, Figure 5. According to 
literature, the squareness ratio of hysteresis loop, expressed by Mr/Ms ratio, 
less than 0.1 could categorize the magnetic material as superparamagnetic 
metal oxide crystals [44]. 
 

(a) (b) 
 

Figure 5. Magnetization curves (a) KOH series and (b) NaOH series 
 

 Saturation magnetization Ms increases, as it was expected, with the 
iron concentration and crystallite size respectively (see Table 5). Specifically, in 
the case of KOH based samples, Msmax value of 73.3 emu/g was found for 
the highest iron concentration sample, K0.1, of 0.1 M in the given conditions. 
When NaOH was used, also the corresponding N0.1 sample showed the max Ms 
value of 66.3 emu/g (see Table 5). It can be noted that KOH series exhibited 
higher values of Ms comparing NaOH one. A possible explanation might be 
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because the KOH series maghemite particles present significantly better 
crystallinity. This assumption is supported by the XRD patterns features 
presented in Figure 2. 
 On account of the surface disorder and modified cationic distribution, 
smaller particles exhibit smaller values of Ms, due to the pronounced surface 
effects in nanoparticles [45][46]. The surface region of the nanoparticles is 
assumed to be composed of some canted or disordered spins that prevents 
the spins from aligning along the field direction, thus resulting a decrease of Ms 
[46][47]. The spin disorder layer increases with the decrease in crystallite 
size [48]. It cannot be neglected the contribution of the effect of dipolar 
interaction between nanoparticles [27][49] and or of the magnetic phase poor 
crystallinity [50] to the reduction of the material global magnetic moment. 
 
 
CONCLUSIONS 
 
 Spinelic magnetic nanoparticles systems were obtained by reverse 
co-precipitation (Fe2+/ Fe3+) in a large window of pH and precursors 
concentrations, by using KOH or NaOH. 
 As general conclusions, it can be noted that: pure superparamagnetic 
maghemite was obtained; the particles size of maghemite samples decreases 
with iron precursor concentration; the average crystallite size was situated 
up to 10 nm, slightly depending on the base nature too; the maghemite 
nanoparticle shape was improved from quasi spherical to spherical as Fe 
concentration increases. 
 In particular, for exclusive crystalline materials, unusual high surface 
area was obtained, of ~239 m2/g and ~219 m2/g, for K0.0125 and N0.0125 
samples, respectively. N2 adsorption – desorption isotherms data (FHH 
method) allowed to evaluate the apparent fractal character of obtained 
materials and to calculate the surface fractal dimension, Ds. Such way, by 
considering the fractal character of particle surface was possible to evaluate 
surface rugosity trend, that was consistent to corresponding surface areas and 
to be related to precursors concentrations. The lower precursor concentration 
leads to the higher rugosity and the higher surface area.  
 In spite of relatively low particle size, the prepared samples showed 
high saturation magnetization, Ms (e.g. ~73 emu/g), closed to the Ms value 
(~90 emu/g) of the bulk maghemite.  
 High surface areas and generous total pore volume of synthesized 
samples together with crystalline and magnetic properties, recommend them 
as potential candidates for catalysis domain and biomedical applications, as 
drug carriers. 
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EXPERIMENTAL SECTION 
 
Reagents 
 
 Iron (II) sulfate-7-hydrate (Sigma Aldrich >99, 5 %, extra pure), ferric 
chloride hexahydrate (Merck >99%, pro analysis), potassium hydroxide (Merck, 
pro analysis) and sodium hydroxide (LACHEMA>98%, pro analysis) were used 
for the synthesis of iron oxide nanoparticles. All chemicals were used as 
received. 
 
Synthesis 
 
 Magnetic iron oxide nanoparticles were synthesized in air, by room 
temperature co-precipitation of ferrous and ferric salts mixtures in the presence 
of KOH or NaOH 1 M solution; the reactions were carried out under stirring. In 
literature are mentioned two types of co-precipitation (I) normal co-precipitation, 
where alkali solution is dropped into the mixed metal solution (the pH value 
gradually increase), and (II) reverse co-precipitation, where mixed metal solution 
is added to alkaline solution (consequently, the pH which is a critical factor in 
synthesis could be easily controlled at high values) [31]. In order to avoid 
the pH local altering, reverse co-precipitation was chosen.  

Two series of samples, K0.1 to K0.0125 labeled as the “KOH series”, 
and N0.1 to N0.0125 labeled as the “NaOH series” were prepared, the indices 
refer to the iron concentration. Equi-molar 0.1 M (K0.1, N0.1), 0.05 M 
(K0.5,N0.5), 0.025 M (K0.025,N0.025) and 0.0125 M (K0.0125,N0.0125) aqueous 
solutions of Fe2+ and Fe3+ were separately prepared, by dissolving ferrous 
and ferric salts in distilled water (Fe2+/Fe3+  ½ molar ratio). Compared to the 
calculated Fe2+/Fe3+ molar ratio, a slight excess of Fe2+ was used in the 
synthesis. The Fe3+ solution was first added to the Fe2+ solution and stirred 
(at 400 rpm, for 10 min). Then the solution was rapidly added to the hydroxide 
solution and stirred for other 30 min. The pH values of the final solutions 
ranged from 11 to 13. The obtained iron oxide nanoparticles were separated by 
a permanent magnet, washed with distilled water and, finally, with absolute 
ethanol. The wet precipitates were dried in air, at 80°C.  
 
Characterization 
 
 For particles size and shape determination, TEM investigations 
were carried out in high contrast operation mode, at 100 kV accelerating 
voltage, on a High-Tech HT7700 (HITACHI) equipment. The samples were 
prepared by drop casting diluted nanoparticles dispersed in ethanol, on 300 
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meshes holey carbon-coated Cu grids (Ted Pella) and vacuum dried. The 
structure and phase composition of the particles was determined by XRD, 
using a Ultima IV (RIGAKU) instrument operating with Cu Kα radiation. The 
crystallite size was calculated using the WPPF method [51] and the instrument 
influence was subtracted using the diffraction pattern of a Si standard 
recorded in the same conditions. The Moessbauer spectra were recorded 
at constant acceleration in transmission mode, with 57Co diffused into an Rh 
matrix as the moving source. The spectrometer was calibrated to a α-Fe foil 
standard at 293 K, the isomer shift being expressed with respect to this; the 
NORMOS program [52] was used to fit the as-recorded spectra. The specific 
surface area of the powders was measured using the Brunauer-Emmett-Teller 
(BET) method and the pore size distribution was evaluated from nitrogen 
desorption isotherms (at 77 K), using the Barrett-Joyner-Halenda (BJH) 
method; a Nova 1200e (QUANTACHROME) device was used. The magnetic 
properties were investigated in ac (50Hz) fields of 3.5 kOe amplitude by 
means of a laboratory-manufactured induction hysteresigraph [53]; the specific 
magnetization vs applied field curves were recorded to a PC by means of a 
DT-9816A (DATA TRANSLATION) aquisition card (at 16 bit analog-to-digital 
resolution) and fitted by assuming a superposition of Langevin functions. 
The saturation magnetization (technical) was estimated from extrapolating 
to 50kOe the fitted data. 
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