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Abstract The AC susceptibility, χ , at zero DC magnetic field of a polycrystalline
sample of LaFeAsO0.94F0.06 (Tc ≈ 24 K) has been investigated as a function of the
temperature, the amplitude of the AC magnetic field (in the range Hac = 0.003 Oe ÷
4 Oe) and the frequency (in the range f = 10 kHz ÷ 100 kHz). The χ(T ) curve
exhibits the typical two-step transition arising from the combined response of super-
conducting grains and intergranular weak-coupled medium. The intergranular part of
χ strongly depends on both the amplitude and the frequency of the AC driving field,
from few Kelvin below Tc down to T = 4.2 K. Our results show that, in the investi-
gated sample, the intergrain critical current is not determined by pinning of Josephson
vortices but by Josephson critical current across neighboring grains.
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1 Introduction

The discovery [1] of superconductivity in iron-based oxypnictides, ReFeAsO1−xFx

with Re: rare earth, has attracted much attention by the condensed-matter-physics
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community. Such compounds exhibit magnetic order and superconductivity on vary-
ing the doping; furthermore, the critical temperature strongly depends on the fluorine
content [2]. In optimally doped samples, Tc varies in the range 20 K ÷ 50 K de-
pending on the Re ion. The main reason of this interest is the similarity between
some properties of iron-based pnictides and those of cuprate superconductors, such
as the layered structure, low carrier density, magnetic order in parent (undoped) com-
pounds, possible unconventional pairing mechanism. Moreover, several studies have
highlighted that the superconducting-gap structure of iron-based pnictides resembles
that of MgB2, with multi-gap superconductivity [3–6], which could originate from
their multiple-electronic-band structures.

One of the characteristics of high-Tc cuprates is related to their granularity [7]; due
to the small value of the coherence length, grain boundaries as well as defects even
of small dimensions act as weak links, giving rise to flux penetration at low magnetic
fields [8], depression of the critical current density, nonlinear effects [9, 10]. On the
contrary, it has been extensively shown that in MgB2 only a small number of grain
boundaries act as weak links [11], giving rise to reduced nonlinear effects [12]. In this
scenario, it is of importance to explore granularity effects in iron-based oxypnictides
and compare the results with those obtained in other superconductors.

Investigation of the electromagnetic response of different polycrystalline samples
of iron-based oxypnictides have highlighted granularity effects, such as two-step
susceptibility transition [13]; different values of the global current density, flowing
through weak-coupled grains, and the local current density, inside the superconduct-
ing grains [14]; small hysteresis in DC magnetization of bulk and powdered sam-
ples [15]. However, it has not been clarified if such effects are due to intrinsic prop-
erties of the oxypnictides or are related to specific properties of the investigated sam-
ples.

Measurements of the AC susceptibility can be conveniently used to investigate
both intergrain and intragrain flux dynamics in superconductors [7, 16–22]. In partic-
ular, measurements at low DC magnetic fields as a function of the AC-field amplitude
allows to highlight possible nonlinear effects related to critical state in the intergrain
region; investigation as a function of the driving-field frequency allows to identify the
different regimes of flux motion.

In this paper, we investigate the AC susceptibility of a sample of LaFeAsO1−xFx ,
with x = 0.06, and compare the results with those obtained in ceramic cuprates.
The measurements have been performed at zero DC magnetic field as a function
of the temperature, for different values of the amplitude and the frequency of the
driving field, and at T = 4.2 K as a function of the AC-field amplitude. The results
are qualitatively discussed in the framework of the models reported in the literature
for the electrodynamic response of the intergrain region. A qualitative comparison
of the experimental χ(Hac, f ) curves with those obtained by Chen et al. [22] in
the framework of the so-called flux-flow critical-state model has highlighted that,
in the investigated sample, the intergrain critical current is not determined by pin-
ning of Josephson vortices but by Josephson critical current across neighboring
grains.
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2 Experimental apparatus and sample

The AC susceptibility, χ = χ ′ + iχ ′′, has been measured in a polycrystalline sam-
ple of LaFeAsO0.94F0.06, prepared by solid state reaction using LaAs, Fe2O3, Fe and
LaF3 as starting materials. The sample has a nearly parallelepiped shape of approx-
imate dimensions 1 × 2 × 2 mm3; details on the preparation and properties of the
sample are reported in Ref. [23]. Atomic-Force-Microscopy (AFM) analysis on the
sample surface has highlighted a high inhomogeneity; in particular, the sample seems
to consist of grains of micrometric size embedded in a finer grained matrix.

The measurements have been performed by a computer controlled mutual-
inductance susceptometer, which uses two identical secondary coils oppositely
wounded. The coils are positioned coaxially inside a long primary coil, which pro-
vides an uniform AC field at the specimen position. The sample is located at the
center of one of the secondary coils, by a sapphire holder, with the largest surface
perpendicular to the coil axis. A temperature sensor and a heater are also fixed at
the sapphire holder. The induced disbalance voltage in the secondary coils is propor-
tional to the sample susceptibility: v = αf Hacχ , where α depends on the sample and
coil geometry. The signal is detected by a lock-in amplifier that allows to separate the
real, χ ′, and the imaginary, χ ′′, components. To reduce the change of the background
disbalance signal, the coils are maintained in a liquid He bath, while sample, sensor
and heater are placed in gaseous He.

The AC susceptibility in the absence of DC magnetic field has been investigated
as a function of the temperature, the amplitude of the AC driving field (in the range
Hac ≈ 0.003 Oe ÷ 4 Oe) and the frequency (in the range f = 10 kHz ÷ 100 kHz). In
order to disregard the constant α, we have measured the χ ′ vs Hac curve at T = 4.2 K;
extrapolating the curve to Hac → 0, we have determined a constant, χ0, which has
been used to normalize all the curves here reported.

3 Experimental results

Figure 1 shows the normalized value of χ ′ and χ ′′ as a function of the temperature,
obtained at zero DC field and Hac = 0.007 Oe, at different values of the frequency
(from 10 kHz to 100 kHz). The χ ′(T ) curves show a two-step transition typical of
granular superconductors [16, 17]. In correspondence of the low-T step, the χ ′′(T )

curve shows a well-defined peak, at a characteristic temperature Tp . On increasing the
frequency, the peak intensity increases and Tp moves towards higher temperatures.
The inset shows the dependence of Tp on the driving-field frequency. On the contrary,
in correspondence of the near-Tc step we observe only a “kink”, better visible in the
figure at high frequencies.

The frequency dependence of χ reported in Fig. 1 is much more enhanced than
that reported in the literature for high-Tc cuprates [18–20, 24]. For example, Nikolo
and Goldfarb [18], investigating the frequency dependence of AC susceptibility in
ceramic YBCO, observed a shift of Tp with the frequency, from 10 Hz to 1000 Hz, of
few tenths of K at small Hac and of the order of 1 K at Hac = 10 Oe. On the contrary,
at Hac = 0.007 Oe, varying the frequency from 10 kHz to 100 kHz we observe a Tp

shift of about 4 K.
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Fig. 1 (Color online) Normalized values of χ ′ and χ ′′ as a function of the temperature, obtained at
Hac = 0.007 Oe and different values of the frequency. Inset: dependence of Tp on the driving-field fre-
quency

Figure 2 shows the temperature dependence of χ ′ and χ ′′ at the two frequencies
f = 100 kHz and f = 10 kHz, obtained at zero DC magnetic field and different
values of the AC-field amplitude. One can note a near-Tc region characterized by a
linear response (independent of Hac) and a region at lower T highlighting enhanced
nonlinear effects.

In Fig. 3, we report the dependence of χ ′ and χ ′′ on the amplitude of the AC field,
obtained at T = 4.2 K and at the two frequencies: f = 100 kHz and f = 10 kHz.
Even at low temperatures, the susceptibility strongly depends on the frequency; in
particular, the AC-field value at which we observe a maximum in χ ′′(Hac) increases
of a factor of four on varying the frequency from 10 kHz to 100 kHz, and the maxi-
mum value of χ ′′/χ0 varies from ≈ 0.21 to ≈ 0.27.

By analyzing the results of Figs. 2 and 3 and other data not reported here, we have
obtained the dependence of Tp on the amplitude of the AC field; the results are shown
in Fig. 4. One can note a strong field dependence even at low Hac values; it is worth
to remark that in high-Tc cuprates Tp nearly saturates for Hac � 0.1 Oe [19, 24].

4 Discussion

Investigation carried out since the discovery of cuprate superconductors has shown
that the AC susceptibility transition, with two steps in χ ′(T ) accompanied by two
peaks in χ ′′(T ), is expected in samples consisting of superconducting grains inter-
connected by a system of weak links [16, 17]. When cooled below Tc , the grains
first become superconducting, and shielding is performed by the so-called intragrain
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Fig. 2 (Color online) Real and imaginary components of the AC susceptibility as a function of the tem-
perature, obtained at zero DC field and different value of Hac , for f = 100 kHz and f = 10 kHz. Arrows
indicate increasing Hac values

current, with density Jcg . On further decreasing the temperature, the whole sample
behaves as a homogeneous superconductor able to carry the macroscopic intergrain
current density Jcm, which is determined by the Josephson current across neighbor-
ing grains. In this case, one expects to detect in χ ′′(T ) a near-Tc peak, which occurs
when the AC field penetrates just to the center of grains, and a lower-T peak corre-
sponding to complete penetration of the AC field in the weak-link matrix. It is worth
to remark that a near-Tc peak, indicated as intrinsic peak, would occur even in the
case of reversible screening (negligible intragrain pinning); it is expected at the tem-
perature at which the AC-field penetration depth becomes comparable with the grain
size.
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Fig. 3 (Color online) χ ′ and
χ ′′ as a function of the
amplitude of the AC magnetic
field, at two different values of
the frequency

Fig. 4 (Color online)
Temperature position of the χ ′′
peak as a function of the
amplitude of the AC magnetic
field, at two different values of
the frequency. The points with
horizontal error bars have been
deduced from the data of Fig. 3

From Fig. 1, one can easily distinguish two steps in χ ′(T ); according to the above
considerations, the step near Tc is ascribable to the superconducting-grain shielding,
while that at lower T to the intergrain shielding. In correspondence of the low-T step,
we observe a well defined peak in χ ′′(T ), while the expected near-Tc peak is not well
resolved. We observe only a kink at T ≈ 22 K, better visible at high frequency; this
finding could be due to a wide grain-size distribution and/or a wide distribution of
Jcg . On the other hand, the inhomogeneity of grains does not hinder shielding inside
each grain, whose effect is well visible in χ ′(T ).

In order to understand if the near-Tc response of grains is related to reversible or
irreversible screening, it is convenient to look at the χ vs T curves for different Hac.
From Fig. 2, one can see that for T � 20 K, the χ vs T curves do not depend on
Hac (linear response), while at lower T enhanced nonlinear response is observed.
Irreversible response during the AC-field cycle gives rise to nonlinear effects, which
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manifest themselves with components of χ oscillating at harmonic frequencies of
the driving field as well as with dependence of χ ′ and χ ′′ on Hac [9, 10, 17]. The
results we obtained near Tc strongly suggest that the intragrain response is related to
reversible screening, because of weak intragrain pinning at T � 20 K.

According to Chen et al. [25], the measured sample susceptibility can be written
as the sum of the intergranular susceptibility, χm, and the grain susceptibility, χg ,
weighted by the effective volume fractions of the intergranular region and supercon-
ducting grains (excluding a shell of thickness of the order of the field penetration
depth).

At T � Tc and for magnetic fields smaller than the lower critical field of grains it
is expected that χ ′

g = −1 and χ ′′
g = 0; so, the sample susceptibility results

χ ′ = −fg + (1 − fg)χ
′
m,

χ ′′ = (1 − fg)χ
′′
m,

where fg is the volume fraction of the grains and 1 − fg that of the intergrain region.
Looking at Figs. 2 and 3, the variations of χ at low temperatures are ascribable to

the intergrain contribution. On increasing Hac, the field penetrates the intergrain re-
gion reducing the shielding until χ ′ reaches a saturation value ascribable to the grain
shielding. Correspondingly, χ ′′ increases, reaches the maximum value when the field
penetrates, through the intergrain medium, to the center of the sample, and then de-
creases. The results we obtained for χ ′ allows to affirm that in the investigated sample
the volume fraction of the superconducting grains able to shield is less than the 20%
of the whole sample volume; the presence of grains as small as the penetration depth
reduces the shielding but contributes to the transport of the intergrain current.

Analysis of the results in the nonlinear regime can give useful information on the
processes occurring in the intergrain region. In the framework of the Bean critical-
state (CS) model, the value of Hac at which the χ ′′ peak occurs roughly coincides
with the full penetration field of the intergrain region, H ∗

m. From Fig. 3 at T = 4.2 K,
we obtain H ∗

m ≈ 0.55 Oe at f = 100 kHz and H ∗
m ≈ 0.13 Oe at f = 10 kHz. These

values are very small and should indicate low values of the intergrain critical current
density or intergrain-current path around regions much smaller than the sample di-
mension. In order to check if the latter hypothesis applies, we have coarsely crushed
a portion of the sample, obtaining a powder with fragments of dimensions ranging
from 50 µm to 500 µm. Figure 5 shows χ ′′ as a function of the AC-field amplitude in
the pristine and crushed samples, at T = 4.2 K and f = 100 kHz. One can see that
H ∗

m in the crushed sample is about one order of magnitude smaller than that obtained
in the pristine sample. Since the ratio of the two H ∗

m is of the same order of that
between the dimension of the bulk sample and the mean size of the powder grains,
we can rule out the possibility to have intergrain-current path much smaller than the
whole bulk sample (i.e. the weak-link matrix extents over the whole sample).

It is worth noting that we observe a strong frequency dependence of both the height
and the position of the χ ′′ peak, which is not expected in the mere CS. Frequency
dependence of the AC susceptibility has been discussed by different authors in the
framework of different models [19, 21, 22, 26, 27]. Muller [19] considers the granu-
lar superconductor as a regular array of Josephson junctions connecting cubic grains,
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Fig. 5 (Color online)
Comparison between the Hac

dependence of χ ′′ , obtained in
the bulk and crushed samples

and Josephson vortices are assumed to hop between adjacent pinning centers located
at the grain corners. In the framework of this model, the frequency dependence is
ascribed to effects of magnetic relaxation during the AC cycle and it is taken into
account by adding a flux-creep term to the current term in the CS equation. Other
authors [26, 27] take into account the magnetic relaxation by assuming a proper fre-
quency dependence of the intergranular critical current.

Polichetti et al. [21] have solved the nonlinear equation describing the diffusion
of the magnetic field inside the sample, hypothesizing a proper dependence of the
pinning potential on the current density, U(J ). Numerical computation of AC sus-
ceptibility using different U(J ) laws, corresponding to the linear dependence in the
Kim-Anderson model and the nonlinear ones in the vortex-glass models, has high-
lighted a way to distinguish the different vortex phases. In particular, on increasing
the frequency the height of the loss peak in the χ ′′(T ) curve is expected to increase in
the vortex-glass phase and to decrease in the Kim-Anderson case [21]. From Fig. 1,
one can see that on increasing the frequency the height of the χ ′′(T ) peak increases,
suggesting that the intergrain-vortex lattice could be in the vortex-glass phase.

Although the above-mentioned models predict a χ ′′(T )-peak shift towards higher
temperatures with the frequency, the shift we observe is much more enhanced than
the expected one, no matter the creep exponent used. Moreover, we observe a strong
dependence of the susceptibility on both the amplitude and frequency of the AC field
even at low temperatures (see Fig. 3) where thermal activated flux-creep should be
slightly effective. So, our results cannot fully be explained by considering flux-creep
effects.

Chen et al. [28] have investigated the AC susceptibility of a sintered YBCO su-
perconductor as a function of the amplitude and frequency of the driving field at
fixed temperatures. In order to recognize the mechanisms determining the intergran-
ular critical current at the different frequencies, they have numerically calculated
χ(Hac, f ) using different E(J ) characteristics, in the different motion regimes (col-
lective flux creep, Kim-Anderson flux creep and flux flow). By using, for the flux-flow
case, E(J ) = [J − sgn(J )Jc]ρf occurring at |J | > Jc with ρf the flux-flow resistiv-
ity, the authors show that the experimental results are consistent with those obtained
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Fig. 6 (Color online) Symbols:
real and imaginary components
of the intergranular AC
susceptibility of the
LaFeAsO0.94F0.06 sample, χ ′

m
and χ ′′

m , as a function of the
amplitude of the AC magnetic
field, obtained at T = 4.2 K for
f = 10 kHz and f = 100 kHz;
the results have been obtained
from the data of Fig. 3
supposing the volume fraction
of grains to be fg = 0.14.
Continuous lines show the
results expected in the Bean CS
model with Jc = 1 × 104 A/m2

by the so-called flux-flow critical-state (FFCS) model [22]. In this model, Jcm arises
directly from the Josephson currents across weak-linked grains and the flux-flow be-
havior should be a consequence of the resistively shunted Josephson-junction net-
work.

The χ(Hac, f ) curves obtained by the FFCS model have different features with
respect to those obtained from the flux-creep models. In particular: i) the region of
the curves for Hac values smaller than the value at which χ ′′ exhibits the maximum
are slightly affected by the frequency variations; ii) on increasing the frequency, the
maximum of the χ ′′(Hac) curve shifts towards higher Hac , its value increases and
the peak broadens; iii) on increasing the frequency, χ ′(Hac) grows more slowly with
Hac , reaching its saturation value at higher Hac. In Fig. 6, we report as symbols the
susceptibility of the LaFeAsO0.94F0.06 sample as a function of log(Hac), properly
normalized to extract χm; in particular, we have set the volume fraction of the grains
fg = 0.14. Comparing these curves with those reported in Fig. 2 of Ref. [28], one
can note that χm(Hac, f ) curves we obtained are consistent with the results expected
from the FFCS model.

An important result highlighted by Chen et al. is that the intergrain susceptibility
calculated by the FFCS model in the low-frequency limit coincides with that obtained
by using the Bean CS model. Since the experimental χ ′′(Hac)-peak value at 10 kHz is
compatible with that expected in the Bean CS model, we have calculated the χm(Hac)

curves by using the Bean CS model. In order to take into account the demagnetization
effects, we have set

H
eff
ac = Hac − NMm − nMg, (1)

where N is the demagnetization factor related to the sample shape and Mm the inter-
grain magnetization; n and Mg are the demagnetization factor and the magnetization
of grains, respectively. Supposing grains have spherical shape and completely screen
the field, we have set n = 1/3 and Mg = −fgH

eff
ac .
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In order to determine χm, we have calculated the sample magnetization consider-
ing a straight-line flux-density profile of slope Jc during the AC-field cycle. The con-
tribution to H

eff
ac of the intergrain matrix has been taken into account by the following

iterative procedure. In the first step, we have calculated Mm setting H
eff
ac = Hac , with

this value of Mm and using (1) we obtain a new H
eff
ac value; the procedure is repeated

until two consecutive values of Mm differ by less than 1%. The converging value of
Mm has been used to calculate χm by

χm = 1

πHac

∫ 2π

0
Mm(t)eiωtd(ωt). (2)

The χm vs Hac curves calculated by this procedure are shown in Fig. 6 as continuous
lines; they have been obtained with Jc = 1 × 104 A/m2 independent of Hac . As one
can see, the calculated χm(Hac) curves account quite well for the experimental ones
up to Hac ≈ 0.2 Oe. The small discrepancy at higher AC fields between the experi-
mental curves obtained at 10 kHz and the calculated ones may be due to the fact that
the low-frequency limit is not fully attained in the sample. We have also calculated
χm supposing an exponential field dependence of Jc, but it gave a worse fit. The ex-
perimental curves at 100 kHz are consistent with those obtained by Chen et al. [22,
28] by the FFCS model in the eddy-current limit, with a broad and more intense
χ ′′

m(Hac) peak and lower values of χ ′(Hac) with respect to the curves at 10 kHz.
The consistency of our experimental results with the theoretical ones obtained by

Chen et al. in the framework of the FFCS model suggests that in the investigated sam-
ple the intergrain critical current is not determined by pinning of Josephson vortices
but by the Josephson critical current across grain boundaries. This means that the
intergrain region cannot be described as a type-II superconductor in the critical state,
whose electrodynamics is governed by the fluxon pinning, but a better representation
can be done considering it as a network of resistively shunted Josephson junctions. It
would be interesting to investigate samples of LaFeAsO1−δFδ with different fluorine
content, and/or prepared by different methods, in order to understand if the intergrain
properties are related to specific properties of the investigated sample or to intrinsic
properties of iron-based oxypnictides.

5 Conclusion

We have investigated the AC susceptibility of a sample of LaFeAsO0.94F0.06, in
the absence of static magnetic field, in the range of frequency f = 10 kHz ÷ 100
kHz. The real and imaginary components of χ have been measured as a function
of the temperature, at different values of the amplitude and the frequency of the AC
field, and at T = 4.2 K as function of the AC-field amplitude, at the two frequencies
f = 10 kHz and f = 100 kHz.

The χ(T ) curves exhibit a two-step transition due to the intergranular and intra-
granular response. Measurements at different Hac have highlighted a linear response
at T � 20 K, ascribable to reversible screening of the superconducting grains. The
results obtained for lower temperatures have highlighted that the intergrain suscepti-
bility strongly depends on the amplitude and frequency of the AC field. On increasing
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Hac the intergrain shielding reduces and approaches its saturation value, correspond-
ing to the complete shielding of grains, at applied field of the order of few Oe. This
allowed us to estimate the volume fraction of the superconducting grains able to
shield the field to be roughly of 15% of the whole sample volume. This finding can
be ascribed to the presence in the sample of very small grains, as highlighted by AFM
measurements.

Analysis of the results at low temperatures have been qualitatively discussed in
the framework of models reported in the literature for the electrodynamic response of
the intergrain medium. The features of the intergranular χ(Hac, f ) curves are consis-
tent with the results obtained in the framework of the so-called flux-flow critical-state
model, developed by Chen et al. for describing the electromagnetic response of the
intergrain medium. In particular, we have shown that the χ(Hac) curves obtained at
10 kHz are in qualitative agreement with the results expected from the Bean critical-
state model, consistently with the results obtained by Chen et al. in the low-frequency
limit; the experimental results obtained at 100 kHz are consistent with those obtained,
by the same model, in the flux-flow regime. This finding strongly suggests that in the
investigated LaFeAsO0.94F0.06 sample the intergrain region can be considered as a re-
sistively shunted Josephson-junction array, in which the critical current is determined
by the maximum Josephson current across neighboring grains but not by pinning of
Josephson vortices.
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