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a b s t r a c t

A combination of Langevin and hyperbolic tangent functions weighted by a log-normal particle size dis-
tributions were used to fit the magnetization curves of Fe10Ag90 granular alloys, produced by a sol–gel
process under different chemical conditions. The fitting technique allows one to get both the superpara-
magnetic and the blocked particle size distributions. The average size of the Fe particles obtained from
the fit were in good agreement with those obtained by X-ray diffraction. The correlation between the
coercive field and the particle distribution was also investigated. Zero-field cooling dc magnetic suscep-
tibility measurements were fitted using a similar technique to that used for fitting the magnetization
curves. The saturation magnetization and mean Fe particle size values obtained from the two fittings
were in good agreement.

� 2008 Published by Elsevier B.V.
1. Introduction

Granular magnetic materials composed of magnetic nanoparti-
cles embedded in a non-magnetic matrix show interesting physical
properties such as superparamagnetism, giant magnetoresistance
and giant magnetoimpedance [1–3]. Moreover, they have impor-
tant technological applications in magnetic recording, in optical
devices and in sensors [4]. Such materials have been produced as
films by sputtering, as ribbons by melt-spinning, and in power
form by sol–gel methods [5,6] and by mechanical alloying [7].
The samples produced in these processes can present different par-
ticle size distributions.

The shape of both the magnetic susceptibility and the magneti-
zation curves for powder samples are strongly dependent on the
sample particle size distribution. Finding the correct distribution
is therefore necessary to help the interpretation of some magnetic
properties [8–12]. For some materials, the magnetization curves
have been fitted with the aid of a log-normal (LN) particle size dis-
tribution. In these cases, a distribution of Langevin functions [8],
weighted by the LN distribution, is enough to fit the data, indicat-
ing a superparamagnetic (SPM) behavior. In other cases, when one
has SPM and blocked (BL) particles, the data have been fitted using
a combination of weighted Langevin and hyperbolic tangent func-
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tions [10]. In this work, we analyze magnetization curves using a
log-normal distribution in which the particles fall into two distinct
regimes: (1) up to a certain limiting diameter are the SPM particles
and (2) above it are the BL particles. Langevin and hyberbolic tan-
gent functions weighted by the log-normal distribution are used to
fit the experimental magnetization curves yielding parameters that
are in good agreement with the values obtained using other
techniques.
2. Experimental

Fe10Ag90 granular alloys were produced by a sol–gel method.
The start solution was prepared from an aqueous solution of
nitrates with five nitric acid concentrations (Vac): 0.25, 0.50, 0.75,
1.00 and 1.25 ml (samples A, B, C, D, and E, respectively) in
300 ml of mixture, as detailed in Ref. [13]. This procedure yielded
particles with different diameters. The powder obtained was re-
duced in an hydrogen atmosphere for 45 min at a temperature of
400 �C. The crystalline structure of the sample was investigated
by X-ray diffraction using a Rigaku diffractometer and Mo Ka radi-
ation. The samples were also analyzed by transmission electronic
microscopy (TEM). Dc magnetization was measured using a vibrat-
ing sample magnetometer in the temperature range 300–800 K
and fields of up to 1 T. Zero-field-cooled (ZFC) dc magnetic suscep-
tibility was measured in a magnetic field of 100 Oe whilst heating
the sample from room temperature up to 730 K. The field-cooled
(FC) dc magnetic susceptibility was measured during the cooling
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Fig. 3. Room temperature hysteresis curve for sample C.
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of the sample. Mössbauer spectra were obtained using a constant
acceleration spectrometer with a 57Co source in a rhodium matrix.

3. Results

Fig. 1 shows the X-ray diffractometry patterns of Fe10Ag90 gran-
ular alloy reduced at temperature of 400 �C. It is shows that the
iron in the Fe10Ag90 is b.c.c. structure and the silver is f.c.c. struc-
ture; there are also some low intensity reflections from Fe3O4.
The inset of Fig. 1 shows details of the X-ray spectra around the
Ag(222) and Fe(211) Bragg peaks. The solid lines were fitted using
two Pseudo-Voigt functions. Applying Scherrer’s formula, we ob-
tain the average Fe particle sizes Dm from the (211) linewidth
for the nitric acid concentrations Vac. It was observed that Dm in-
creases with Vac up to 0.75 mL decreasing after that. Fig. 2 shows
the TEM micrographs for the sample A. The image shows the mor-
phology of both the Fe and Ag particles, and that the particle size
distribution is somewhat larger.

Fig. 3 shows the room temperature magnetic hysteresis curve.
The coercive field for this sample is 434 Oe. This is a much higher va-
lue than that obtained for bulk iron, indicating the presence of sin-
Fig. 1. X-ray diffractogram of sample C. The inset shows Ag(222) and Fe(211)
X-ray peaks for this sample. The solid lines are fitted using two Pseudo-Voigt
functions.

Fig. 2. TEM image for the sample A.
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Fig. 4. ZFC (open circles) and FC (closed circles) dc magnetic susceptibility curves
for sample A and H = 100 Oe.

Fig. 5. Mössbauer spectrum showing singlet and sextet subspectra derived from
the overall fit.
gle-domain particles. The ZFC and FC magnetic susceptibility curves
are shown in Fig. 4, indicating a system of single-domain particles
that do not orient themselves spontaneously in the absence of an



a

b

Fig. 6. (a) Experimental (triangles) and fitted (continuous line) curves of magne-
tization versus applied field for sample A and (b) fitted particle size distribution.
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external field, displaying spin glass behavior. The irreversibility in
the susceptibility is associated with a transition from a blocked state
to a superparamagnetic state. The transition is broad in temperature
going from below room temperature up to 600 K. The ZFC and FC
curves confirm the presence of both BL and SPM particles at room
temperature.

Fig. 5 shows the Mössbauer spectrum for the sample B. One can
observe that the spectrum consists of two components: a singlet,
characteristic of SPM a-Fe particles, and a sextet corresponding
to the blocked particles. It is interesting to note that SPM particles
are seen even though the measurement time window for the
Mössbauer effect is of the order of 10�8 s.

4. Discussion

The set of experimental results shows that the magnetization of
the Fe10Ag90 samples originates from two contributions: one due to
the SPM particles and the other due to the BL particles. Thus, it is
reasonable to assume that the log-normal particle size distribution
can be divided into two regimes. For a diameter D < Dl, where Dl is
a limiting diameter, the particles are SPM, whereas for D > Dl they
are BL. SPM particles can be well described by Langevin functions
while BL particles are described by hyberbolic tangent functions.
Therefore, the modified log-normal distribution will weight the
Langevin functions from a minimum particle size up to Dl and
the hyperbolic tangent functions from Dl up a maximum particle
size. Using this assumption, the magnetization curve can be de-
scribed by

MðHÞ¼MSPM

Z V l

Vmin

L
lSPMH

kBT

� �
f ðVÞdVþMBL

Z Vmax

V l

tanh
lBLH
kBT

� �
f ðVÞdV ;

ð1Þ

where L lH
kBT

� �
is the Langevin function, kB is the Boltzman constant, T

is the temperature, lSPM and lBL are the magnetic moments of the
SPM and BL particles, respectively, MSPM and MBL are the magnetiza-
tions due to the two particle types, V ¼ p

6 D3 is the volume of the
particles assuming that they are spherical, and f(V) is the log-nor-
mal distribution function. For spherical particles, the diameter dis-
tribution function f(D) can be written as:

f ðDÞ ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2p lnr
p exp �ðln D� ln D0Þ2

2ln2r

( )
; ð2Þ

where r and D0 are the width of the distribution and the statistical
mean, respectively. The mean diameter of the particle Dm can be
calculated from the equation,

Dm ¼
R Dmax

Dmin
f ðDÞDdDR Dmax

Dmin
f ðDÞdD

; ð3Þ

where Dmin and Dmax are the lower and the upper limit of the distri-
bution, respectively. A Fortran routine was written to obtain a best
fit of Eq. (1) to the magnetization data using a least-squares proce-
dure [14]. The integrals were numerically calculated by Gaussian
quadratures. Fig. 6(a) shows the magnetization data and the best
fit result while Fig. 6(b) shows the particle size distributions ob-
tained using the parameters yielded by the fit. One can see that
the distribution width is fairly narrow with r approximately equal
to one and particle sizes ranging from 15 to 30 nm. However, when
the nitric acid volume is 0.75 ml, the distribution width is wider,
with r = 1.67, and particle sizes varying from 5 to 90 nm. When
the acid volume is increased further the distribution width becomes
narrower, with r = 1.24. Therefore, the nitric acid concentration in
the start solution directly affects the Fe particle size distribution.

The overall limiting diameter obtained was Dl = 18 nm, with a
maximum deviation of 3%. This Dl value is very near to that calcu-
lated for a spherical Fe particle with room temperature anisotropy
constant K = 4.8 � 104 J/m3 (Dl = 16 nm) [15].

The ZFC and FC dc magnetic susceptibilities can also be used to
extract the parameters of the particle size distribution, as consid-
ered by Hansen and Morup [11] following the work done by
Wohlfarth [16]. In order to compare the method used by Hansen
and Morup to fit the dc magnetic susceptibility curves for single-
domain particles with the method presented in this work, we cal-
culate an expression for the ZFC dc mangnetic susceptibility from
Eq. (1):

vZFC

25 K
/ M2

SPM

3

Z T=TBm

0

TBm

T
f ðyÞdyþM2

BL

Z 1

T=TBm

TBm

T
yf ðyÞdy; ð4Þ

where TBm � KV0/25kB, K is the anisotropy constant, y = V/V0 and
V0 ¼ p

6 D3
0.

Fig. 7 shows the fit of the calculated vZFC(T) curve to the ZFC
curve for the sample A. The value obtained for TBm using Eq. (4)
is 449 K. This value agrees with that obtained using the method
of Hansen and Morup (not shown in the figure), TBm = 447 K. The
values of r and D0 also agree exactly with those obtained from
Fig. 6(b). The particle size distribution obtained from the fit of
the magnetization and dc susceptibility data are very close show-
ing a good agreement of the proposed phenomenological model
with the experimental data. Moreover, the above results show that
the method considered here for fitting vZFC(T) can be applied to
systems composed of single-domain particles as is the case for
Fe10Ag90 granular alloys.

Table 1 shows the values of the parameters r, MSPM, MBL and Dm

obtained from the fitting, and of Hc and Dm determined from X-ray
diffraction of the all samples. We can see a clear correlation be-
tween the experimental values and the fitting parameters. For the
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Fig. 7. Experimental (circles) and fitted (continuous lines) ZFC dc magnetic
susceptibility versus temperature for sample A and H = 100 Oe.

Table 1
Coercive field (Hc), particle distribution width (r), saturation magnetization of SPM
(MSPM) and BL (MBL) particles, Fe mean particle diameter obtained from X-ray
diffraction (DRX) and particle size distribution (Dm) for samples A, B, C, D, and E.

Hc (Oe) r
(adimensional)

MSPM(emu/g) MBL (emu/g) DRX (nm) Dm (nm)

A 354 ± 4 1.14 ± 0.02 7.01 ± 0.10 1.37 ± 0.02 24.5 ± 0.8 21.3 ± 1.1
B 397 ± 5 1.36 ± 0.04 6.00 ± 0.08 1.70 ± 0.04 28.0 ± 1.1 25.8 ± 1.3
C 434 ± 5 1.67 ± 0.05 5.15 ± 0.07 1.59 ± 0.03 28.6 ± 1.1 26.3 ± 1.3
D 403 ± 4 1.40 ± 0.03 5.80 ± 0.08 2.23 ± 0.04 26.2 ± 0.8 23.0 ± 1.2
E 376 ± 4 1.24 ± 0.03 7.25 ± 0.10 2.45 ± 0.05 25.3 ± 0.7 22.5 ± 1.1
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sample A we obtain the narrower distribution width r = 1.14, a high
value of the SPM magnetization MSPM = 7 emu/g, and, as expected, a
smaller coercive field Hc = 354 Oe. However, in the sample C, a high-
er value for r = 1.67 and a stronger contribution from BL particles to
the overall magnetization are obtained. This result is in perfect
agreement with the high measured value for the coercivity,
Hc = 434 Oe. Thus, since the Hc value depends directly on the num-
ber of blocked particles in the distribution, the coercive field has a
strong dependence on the distribution width. The results of the sat-
uration magnetization of the BL particles obtained from the fits are
also in agreement with the values for the remanent magnetization
Mr, considering Stoner–Wohlfarth particle assemblies [17]. Another
confirmation of the efficiency of this method is found from the com-
parison between the mean particle diameter calculated using Eq. 3
and the diameter obtained from X-ray diffraction. The calculated
values of Dm vary in the same way as those measured by X-ray dif-
fraction. Note that, although the nitric acid concentration consider-
ably influences the particle size distribution, it does not alter Dm

significantly. One only sees a small increase in Dm as the acid con-
centration is increased up to 0.75 ml, followed by a gradual de-
crease for higher concentrations.

5. Conclusion

Samples of Fe10Ag90 granular alloys were produced in various
concentrations of nitric acid. This procedure allowed us to vary
the diameter of the particles in a controlled way. Magnetic mea-
surements showed the presence of both SPM and BL particles in
the particle size distribution. Assuming a single-domain particle
size distribution consisting of two components, one SPM and other
BL, a method for fitting the magnetization curves to a size distribu-
tion was proposed. Although the model ignores dipolar interac-
tions and surface effects, the mean diameters of iron particles
calculated using this method agree well with those obtained from
X-ray diffraction. The results show that there is a strong correlation
between Hc and r.
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