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Fundamental and higher harmonics of the ac magnetic susceptibility have been measured on
LaFeAsOy ¢,F( s samples as a function of the temperature, at various amplitudes and frequencies of the ac
magnetic field, with a small superimposed dc field parallel to the ac field. The granularity of the samples has
been investigated and the intergrain and intragrain contributions have been clearly individuated looking at both
the first and the third harmonics. The vortex dynamics has been also analyzed, and a comparison with the
magnetic behavior of both the MgB, and the cuprate superconductors has been performed. Some vortex
dissipative phenomena, i.e., the thermally activated flux flow and the flux creep, have been detected in the
presented experimental data, similar to what have been obtained on YBCO. Nevertheless, although the general
behavior is similar, several differences have been also evidenced between these different classes of supercon-
ductors, mainly in the third harmonics. We infer that different vortex dynamics has to be included into the

analysis of the magnetic response in this iron-based material.
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I. INTRODUCTION

Recently, a relatively high-temperature superconductivity
with a critical temperature as high as 26 K, and with an onset
temperature at 32 K, has been observed in layered oxypnic-
tide LaFeAsO,_F, family,! provoking a deep impact in
condensed-matter physics community. Indeed, this class of
superconductors does not belong to any known categories of
high-temperature superconductors such as copper oxide
materials,? fullerenes,’ and MgB,.*

Since this family of layered superconductors contains
magnetic elements such as Fe or Ni,’ relevant questions have
been raised about the relationship between magnetism and
superconductivity, about the origin of the moderately high
T., and about the chemical and structural parameters that can
be used to tune suitable normal-state and superconducting
properties. Concerning the iron-based family, the undoped
LaFeAsO is a metal, or a degenerate semiconductor at room
temperature with no indication of superconductivity, whereas
substitution of oxygen with fluorine atoms gives rise to the
superconductivity at the F doping of x=0.03. Further doping
causes a gradual increase in superconducting transition tem-
perature up to the maximum of 26 K for x=0.11."

LaFeAsO crystallizes in a tetragonal layered structure of
the P4/nmm symmetry® (ZrCuSiAs-type structure’) made of
alternating LaO and FeAs layers stacked along the ¢ axis.
The crystal structure is therefore rather simple with a cell
containing eight atoms in 2 f.u. and two internal parameters
for the position of the La and Fe atoms. The Fe atoms are
coordinated by four As atoms in a distorted tetrahedron ge-
ometry, two different As-Fe-As bonding angles being ob-
served in the x-ray-diffraction (XRD) experiments. The lan-
thanum atoms are surrounded by four As atoms and four O
atoms in a distorted square antiprism, while the O atoms
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have four La neighbors arranged in a tetrahedron. Neverthe-
less, although the crystal structure is substantially different
from that of cuprate superconductors, both compounds share
intriguing similarities such as (i) the two-dimensional
crystal/electronic structure,®° (ii) the presence of a supercon-
ducting dome in the electronic phase diagram, where the
critical temperature 7. in Fe-based compounds is controlled
by a systematic aliovalent ion doping into the insulating
block layers,'? and (iii) a characteristic anomaly in the trans-
port property in the underdoped region.!!

However, many issues still remain open. Indeed, concern-
ing the superconducting phase, the symmetry of supercon-
ducting gap as well as the pairing mechanism is still not
known. We also mention that the determination of the actual
value of their coherence length is still an open question not
excluding that they could be promising for the developments
of applications. Moreover, the relevance of spin fluctuations
above T,, the role played by the magnetic rare-earth ele-
ments, and the effect of electronic correlations deserve more
investigation both theoretically and experimentally. In this
respect, these superconductors could offer the possibility to
better understand and investigate the mechanisms of the su-
perconductivity in a different context.

As it is well known, in all type-II superconductors a limi-
tation to their specific use is due to the dissipative phenom-
ena associated with the vortex motion inside the sample.'?
Therefore, keeping in mind this consideration, in order to
improve both the fabrication process and the application per-
spectives of these materials, a crucial point is to investigate
their flux-pinning and vortex dynamics properties. Among
the experimental techniques used in the past to investigate
these issues, one of the most efficient is certainly the ac
magnetic susceptibility. In this work we report an analysis of
the vortex dynamics starting from measurements of funda-
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mental and higher harmonics of the ac magnetic susceptibil-
ity. This technique has been often used in the past to inves-
tigate the superconducting properties,'>!# and, sometimes, it
has been also used to study the pinning properties,' the vor-
tex dynamics,'?° and the external magnetic field versus
temperature (H-T) phase diagram,?! in several type-II super-
conductors, both low T, (Ref. 21) and high T,,'18-20 as well
as MgB,."”

The paper is organized as follows. In Sec. II we describe
the preparation of LaFeAsOyg,F s samples (LaFeAsOF)
and illustrate the experimental setup; a motivation of the
relevance of the harmonics study is also presented. Then, we
discuss the investigation of the temperature dependence of
the first and third harmonics of the ac magnetic susceptibil-
ity, and the Cole-Cole plots, i.e., the imaginary part of the
harmonics as a function of its real part measured at the same
temperature 7. More specifically, in Sec. III the granularity
of the samples has been investigated and a direct comparison
with a granular YBCO has also been performed. The vortex
dynamics has been investigated in Secs. IV and V, looking at
the analysis of the amplitude (Sec. IV) and frequency (Sec.
V) dependences of the harmonics of the ac susceptibility.
Finally, Sec. VI is devoted to the conclusions.

II. SAMPLE PREPARATION, EXPERIMENTAL SETUP,
AND ac MAGNETIC SUSCEPTIBILITY

The polycrystalline samples were prepared by solid-state
reaction using LaAs, Fe,03, Fe, and LaF; as starting mate-
rials. Differently from the synthesis method reported by Ka-
mihara et al.,' we use Fe,0j as a source of oxygen instead of
La,0O5 due to the high stability of lanthanum oxide. Lantha-
num arsenide (LaAs) was obtained by reacting La chips and
As pieces at 500 °C for 12 h then at 850 °C for 2 h. Mix-
tures of four components were ground thoroughly and cold
pressed into pellets. The pellets were placed into Ta crucible
and sealed in quartz tube under argon atmosphere. Then they
were annealed for 50 h at a temperature of 1150 °C. The
phase purity was checked by a powder x-ray-diffraction
method using Cu Ka radiation at room temperature,'”
whereas the composition has also been checked by means of
the energy dispersive x-ray spectroscopy (EDS) performed
over different areas of the samples. Both structural (XRD)
and compositional (EDS) analyses support the good quality
of the analyzed specimens.

An extensive scanning tunneling microscopy (SEM)
analysis has been performed in order to determine the mor-
phology of our samples. In particular, the images obtained by
means of secondary electrons (SEs) and backscattered elec-
trons (BSEs) (not reported here) show a marked granular
structure with grains in form of platelets and sticks, with
average size of 10 um, oriented randomly. All the obtained
results confirm that the analyzed samples exhibit properties
similar to those of other samples known in literature.?>??

The first and third harmonics of the ac magnetic suscep-
tibility as a function of the temperature 7 have been mea-
sured on LaFeAsOF bulk samples, by using a Quantum De-
sign PPMS-6000 equipped with an ac susceptometer, at
various frequencies v and amplitudes &, of the ac magnetic
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field, in presence of a dc field (H,,=50 Oe) parallel to the ac
field. Before each measurement, the residual field trapped
inside the superconducting dc magnet is reduced to a value
Hy.<1 Oe and the sample is warmed up to a temperature
sufficiently higher than the superconducting critical tempera-
ture 7,. After that, it is first cooled in zero ac and dc fields
down to the starting temperature, remaining about 20 min at
that temperature in order to ensure the thermal homogeneity
of the sample. We want to notice that the value of the starting
temperature depends on the frequency and on the amplitude
of the ac field, and on the presence of heating effect, which
could produce some consequences on the temperature stabil-
ity of the sample. Then, the fields are turned on, and all the
harmonics data are acquired simultaneously and for increas-
ing temperature, each point being recorded by using a “five-
point” measurement mode. By means of this procedure, each
single measurement is taken first at the bottom detection coil
of the ac susceptometer insert, then at the top detection coil,
again at the bottom detection coil, and finally two times at
the center of the coil array. In this way, any spurious back-
ground signal or effect due to an eventual thermal drift or
temperature instability is canceled.

In order to understand the fundamental mechanisms gov-
erning the flux lines dynamics of type-II superconductors in
the mixed state, their magnetic properties have been exten-
sively studied both using dc and ac magnetic techniques. The
results obtained show that the magnetic response of a super-
conductor could be both linear and nonlinear. The linear case
is characterized by the absence of harmonics higher than the
first one in the ac magnetic susceptibility. In particular, it is
well known that real part of the first harmonic, associated
with the screening properties of the sample, is proportional
to the time average of the magnetic energy stored in the
volume occupied by the sample, whereas the imaginary part
is proportional to the energy converted into heat during one
cycle of ac field.!3?* The shape of these two components of
the first harmonics as function of the temperature does not
substantially change if the external parameters such as the
frequency and the amplitude of the ac field or the intensity of
an eventual superimposed dc field are changed. It is found
that the real part of the susceptibility x|(7) always shows a
steplike transition, corresponding to a behavior characterized
by a peak in the imaginary part x|(7) curve, independently
of the experimental parameters that influence the width of
the two curves only. Summarizing, from the investigation of
the first-harmonic components only, it is not simple to detect
the different vortex dynamics regimes governing the ac re-
sponse of samples in different measurement conditions. On
the other hand, when a state with irreversible magnetic prop-
erties is present in the material, the current-voltage (I-V)
characteristics exhibit a nonlinear behavior. This effect in-
duces the presence of nonlinearities in the magnetic response
of the sample which are associated with the appearance of
harmonics higher than the first one. On the contrary, the only
presence of high-order harmonics does not imply an irrevers-
ibility in the magnetic properties of the sample. The physical
interpretation given to each of the higher harmonics of the ac
susceptibility is still under discussion, as well as the strong
differences in the shape of their curves measured in different
conditions still need clarifications. Nevertheless, by looking
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only at the third harmonics, both experimental and numerical
results have shown that, for a sample with given geometry
and pinning properties, the shape of the two components
x5(T) and x5(T) is much more influenced by the presence of
particular vortex dynamics regimes.!>?° So, the higher sen-
sitivity of the third harmonics to the vortex dynamics, to-
gether with the opportunity to compare the numerical simu-
lations and the experimentally measured curves, supplies a
very powerful tool to extract detailed information about the
dynamics regimes governing the ac magnetic response of
superconducting samples.

As final consideration, we stress that the plot of the imagi-
nary part as function of the real part of the harmonics (for
both the first and the third ones) measured at the same tem-
perature produces the so-called Cole-Cole plot. This kind of
representation gives additional information compared to the
plot of the separate components as function of the tempera-
ture. Indeed, an inspection of these plots allows for a com-
parison among different samples, and between the experi-
mental data on a sample and the theory, without knowing
explicitly the value of the critical current density of the con-
sidered samples. Moreover, it gives also the possibility to
clearly identify different vortex dynamics regimes. In addi-
tion, by using this approach it is possible to distinguish
among different models describing a specific flux dynamics
regime, which mainly influences the magnetic response of a
sample.?>26

III. x; AND x3: EVIDENCE OF GRANULARITY

Although the granular nature of the transport properties of
superconductors can be detected by resistivity
measurements,?’ the sensitivity of the ac susceptibility tech-
nique allows us to investigate regions of the electrical field,
in E-j characteristic, which are not easily detectable by
means of the resistivity measurements, especially in bulk
samples or powders. Nevertheless, the ac susceptibility mea-
surements have been proved to be a very effective tool to
investigate the bulk currents induced in granular
superconductors.”® We also notice that the relatively large
dimensions of our samples implies that if the resistivity mea-
surements would be used to analyze their granularity prop-
erties, a large amount of current should be needed to obtain
accurate results.

A typical behavior of the real and imaginary parts of both
the first and third harmonics is shown in Fig. 1, as measured
at v=541 Hz and h,,=10 Oe. From these measurements we
may infer the granular nature of the samples, and in particu-
lar that the contributions at high temperatures correspond to
the individual grains of the material which become supercon-
ducting (intragranular superconductivity). Practically, the ac
magnetic response is determined only by the individual
grains which are electrically disconnected from each other.
At lower temperatures, corresponding to the intergrain re-
gion, the bulk superconductivity becomes relevant. Within
this temperature range, the connections between the neigh-
boring grains become superconducting.?’ From Fig. 1, it is
possible to clearly distinguish the intergrain and the intra-
grain contributions. In particular, a double step in the real
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FIG. 1. (Color online) Real and imaginary components of [(a)
and (b)] the first and [(c) and (d)] the third harmonics of the ac
magnetic susceptibility as functions of the temperature, measured
on LaFeAsOF, at v=541 Hz, h,.=10 Oe. The intragrain and the
intergrain contributions can be detected. The inset of (b) is a mag-
nification of the area in the x/(7) around T,. The straight gray lines,
shown in (b) and in the relative inset, are the linear prolongations of
the x](T) curves after the low-temperature peak and before the
high-temperature peak (see text), used to determine the value of 7.

part of the first harmonics and a double peak in the corre-
sponding imaginary part are known features of a granular
magnetic response.?’

The gray lines, shown in Fig. 1(b) and in the inset of same
figure, are the linear extension of the y” curves, respectively,
after the low-temperature peak and before the high-
temperature peak. The intersection of the two lines is used as
criterion to determine 7, i.e., the temperature corresponding
to the crossover between a behavior mainly governed by the
intergranular component (due to the currents flowing across
the grains) and a behavior mainly governed by the intragrain
component (due to the currents flowing only inside the
grains). The estimated temperature is 7,=17.8+0.4 K at
this amplitude and frequency.

In the corresponding third harmonics (both in the real and
in the imaginary parts) it is possible to observe some more
complex structures corresponding to the intragrain (near 7.)
and the intergrain contributions. In particular, the real part of
the third harmonics is characterized by a negative relative
minimum (valley) associated with the intragrain component
and a negative absolute minimum (peak) at lower tempera-
tures, due to the intergrain currents. Correspondingly, the
imaginary part of the third harmonics exhibits a positive
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FIG. 2. First- and third-harmonic Cole-Cole plots as measured
on LaFeAsOF from 3 to 25 K, at a fixed frequency (v=541 Hz)
and amplitude (h,,=10 Oe) of the ac magnetic field. The two-
dome-shaped curve evidences the intergrain and the intragrain con-
tributions. The open symbols indicate the values of the points y’
and x" measured above 7.

peak near T, associated with the intragrain contribution. A
further positive peak at lower temperatures is indicative of
the crossover from intragrain to intergrain component, its
maximum corresponding to the temperature 7, individuated
in the first-harmonic measurements. A further negative peak
at lower temperatures characterizes the intergrain contribu-
tion.

A better way to analyze these two distinct components is
by using the Cole-Cole plots, of both the first and third har-
monics, i.e., by plotting the imaginary part of each harmonic
as a function of its corresponding real part measured at the
same temperature. As shown in Fig. 2, the first-harmonic
Cole-Cole plot is characterized by a two-dome-shaped curve,
corresponding to the intergrain (closed symbols) and to the
intragrain (open symbols) contributions, whereas two distinct
incomplete loops are associated with the two corresponding
magnetic contributions in the third-harmonic Cole-Cole
plots.

These features are typical of a type-II granular supercon-
ductor. As a comparison, some similar measurements, per-
formed on a commercial YBCO granular sample, are re-
ported in Fig. 3. It is worth pointing out that the behavior of
the third harmonic may be discussed only once the intergrain
and the intragrain regions of the curves are identified in the
first harmonics. A qualitative comparison between the mea-
surements performed on the YBCO and the LaFeAsOF
samples suggests that the first-harmonic Cole-Cole plots be-
have in a similar way in both the superconductors, showing
two separate positive peaks, associated with the two contri-
butions. Similar behaviors are also visible in the separated
components of the first harmonics, not shown here for the
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FIG. 3. (Color online) (a) Real and (b) imaginary parts of the
third harmonics as a function of the temperature, as measured on a
granular YBCO sample, at v=107 Hz and amplitude A,.=16 Oe.
The temperature T, has been evaluated from the temperature depen-
dence of the first harmonics, not reported here; (c) first- and (d)
third-harmonic Cole-Cole plots, obtained on the same sample in the
temperature range of 78-95 K, at »=107 Hz and h,.=16 Oe. Note
that the open symbols in the Cole-Cole plots are related to the
points (x’,x") measured above T,, and arbitrary units have been
used for the susceptibility data.

YBCO sample. Although the main structures associated with
the granular behavior are evident in both the superconduct-
ors, a different shape in the third harmonics has been de-
tected. We would like to point out that the meaning of the
peaks and the valleys can be discussed with the help of nu-
merical simulations of the flux dynamic processes governing
the ac magnetic response of the sample (see Refs. 15 and 31
for details). From a comparison between the third harmonics
of the two superconductors we infer that in the xj curves: (a)
the intragrain contribution in the YBCO is characterized by
two structures, a positive peak near 7, followed by a valley
at lower temperatures, but still in the positive quadrant,
whereas just a negative valley and a further decrease have
been detected in the LaFeAsOF measurements; and (b) the
intergrain contribution is characterized for both the samples
by a negative peak at lower temperatures. On the other hand,
in ) curves there are three main peaks in both the materials:
(i) a small peak near 7. in the intragrain component, which is
positive in the LaFeAsOF and negative in the YBCO; (ii) a
positive peak in both the superconductors, which is associ-
ated with the crossover between the intergrain and the intra-
grain contributions; and (iii) a peak in the intergrain compo-
nent, which is negative in the LaFeAsOF and positive in the
YBCO sample.

Moreover, the third-harmonic Cole-Cole plots are charac-
terized, in both the type-II superconductors, by two separate
loops, one associated with the intragrain contribution and the
other one with the intergrain contribution. In YBCO we can
easily distinguish both the loops whereas in the LaFeAsOF, it
is not possible to detect the full intragrain loop. This can be
ascribed to the fact that in the latter samples the full Meiss-
ner state is not achieved in our measurements. In both the
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FIG. 4. (Color online) Temperature behavior of the real and
imaginary parts of the first harmonics, measured on LaFeAsOF
sample at various amplitudes of the ac magnetic susceptibility, at a
fixed frequency (»=107 Hz). The dotted arrows show the T, tem-
perature evaluated on the different curves by using the criterion
described in the text. The value of the critical temperature 7. is also
indicated.

samples the intergrain loop is mainly in the left semiplane,
but in YBCO it occupies only the positive quadrant, whereas
both the positive and the negative ones are occupied by the
LaFeAsOF curves. Because of the not completely fulfilled
intragrain loop in the LaFeAsOF curves, the main differ-
ences between the intragrain contributions of the two super-
conductors cannot be clearly evidenced. Thus, although sev-
eral common features between this iron-based
superconductor and a granular YBCO sample have been de-
tected, some differences among them have been also evi-
denced, suggesting that different flux-pinning properties
and/or vortex dynamics are dominant in the LaFeAsOF com-
pared to the YBCO.

IV. AMPLITUDE DEPENDENCE OF THE HARMONICS
OF THE ac MAGNETIC SUSCEPTIBILITY

In order to analyze the vortex dynamics which mainly
influences the magnetic response of this superconductor,
measurements at various amplitudes and frequencies of the
ac magnetic field have been performed. The present section
is devoted to the amplitude dependence of the harmonics,
whereas Sec. V will contain the experimental data on the
effects of the frequency of ac magnetic field.

In Fig. 4 the real and imaginary parts of the first harmon-
ics, as a function of the temperature, are plotted at various
amplitudes of the ac magnetic field, at a fixed frequency (v
=107 Hz). Similar results (not shown here) have been ob-
tained at different frequencies. The height of the negative
bump in y;, associated with the crossover between the inter-
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FIG. 5. (Color online) Behavior of T, as a function of /., at
fixed frequency v=107 Hz. The corresponding grain critical tem-
perature 7, is independent of the amplitude of the ac field.

grain and the intragrain components, decreases for increasing
h,.. Correspondingly, in the imaginary part of the first har-
monics, the height of the peak in the intergrain component
slowly decreases with h,., whereas the peak height due to the
intragrain component is characterized by a quick decrease for
h,. increasing from 1 to 5 Oe, and an almost constant value
for the other amplitudes of the ac magnetic field. We would
like also to notice that a critical temperature 7.=24.6 K has
been inferred, looking at the first negative ' point coming
out from the noise band, evaluated as large as 1077 emu
around zero. Furthermore, we observe that the value here
found for 7. is independent of the amplitude of the ac mag-
netic field. On the contrary, the temperature 7, indicated in
Fig. 4 by the dotted arrows, decreases with a quadratic be-
havior for increasing h,., as shown in Fig. 5. For complete-
ness, in this figure the fit parameters are also reported.

In the first-harmonic Cole-Cole plots reported in Fig. 6 at
various amplitudes for given frequencies (107, 541, 1607,
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FIG. 6. (Color online) First-harmonic Cole-Cole plots as mea-
sured from 3 to 25 K, at various amplitudes of the ac magnetic field
and at a fixed frequency: (a) v=107 Hz, (b) v=541 Hz, (¢) v
=1607 Hz, and (d) »=9619 Hz.
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and 9619 Hz), the maximum in the intergrain components
decreases with increasing 4., for any frequencies chosen. A
more complex behavior is observed in the intragrain compo-
nents, depending on the frequency. These characteristics sug-
gest some indication for the analysis of the experimental
curves. In the Bean model,? both the first and third harmon-
ics are independent of the amplitude of the ac magnetic field,
for any pinning model adopted.’! Therefore, the observed
amplitude dependence in the measured Cole-Cole plots indi-
cates that vortex dissipative phenomena are occurring. In or-
der to investigate the amplitude dependence of the harmonics
of the ac magnetic susceptibility in type-II superconductors,
some numerical simulations'>-?° have been previously per-
formed, solving the nonlinear diffusion equation of the mag-
netic field inside the sample (supposing that the sample is an
infinite slab), with different I-V characteristics, assuming
also different pinning'>'® and flux creep'®?° models. In all
the simulations, a common behavior has been obtained: the
first-harmonic Cole-Cole plots are characterized by a dome-
shaped curve, whose maximum decreases with increasing
h,..'” The data obtained here for the intergrain component
are in agreement with the previously obtained simulated
curves.'>?0 Nevertheless, the behavior of the intergrain con-
tribution, when h,. is varied, is opposite to the experimental
results obtained on different type-II superconductors, such as
high 7. [YBCO (Ref. 20) and BSCCO (Ref. 29)] and
MgB,."” Namely, the first-harmonic Cole-Cole plots in these
last materials are characterized by a maximum growing with
the amplitude of the ac field. In order to reproduce the ex-
perimental results obtained on YBCO and MgB,, a further
dependence on h,. has been included into the pinning
potential,>! whereas the present measurements show that it is
not necessary to include this potential to analyze the inter-
grain behavior obtained on the LaFeAsOF samples. On the
other hand, the ac field intragrain response is very similar to
that already found on the previously analyzed materials,
thus, suggesting that the pinning properties of the LaFeAsOF
grains have strong analogies with the properties of MgB, and
high-T,. materials. Nevertheless, we would like to stress that
the analysis of the first harmonics is not enough to identify
the vortex dynamics, which may influence the magnetic re-
sponse of the samples. Indeed, this behavior is common to
all the numerical results obtained with different /-V curves
by using the standard pinning and creep models. Therefore,
in order to obtain more insight into this phenomenology it is
necessary to analyze the third-harmonic curves.

In Fig. 7, we show the real and imaginary components of
the third-harmonic ac susceptibilities, for the same choice of
the parameters adopted for the first-harmonic curves reported
in Fig. 4. A first rough comparison between Figs. 7 and 4
indicates that the granularity features can be distinguished
also in the third-harmonic components. A more detailed in-
spection at both the first- and the third-harmonic components
reveals the presence of different onset temperatures (see Fig.
8), namely, T.=24.6 K for the first and 7*=23.9 K for the
third harmonics. Furthermore, these onset temperatures are
independent of the amplitude of the ac magnetic field. This
temperature difference between 7" and 7, is indicative that a
dissipative linear phenomenon is occurring in the tempera-
ture range [T*,T,], assuming that the harmonics higher than
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FIG. 7. (Color online) The real and imaginary parts of the third
harmonics as a function of the temperature, as measured at various
hy at a fixed frequency (v=107 Hz).

the third ones are negligible with respect to the third ones.
Both the flux flow (FF) and the thermally activated flux flow
(TAFF) are nonlinear dissipative phenomena, in absence of a
dc field. Nevertheless, with a dc magnetic field higher than
the ac one the field dependence of the FF and of the TAFF
resistances disappears, generating a linear diffusion process
of the magnetic field so that no higher harmonics contribu-
tion is expected. Some numerical results previously
obtained® show that in the presence of a dc magnetic field, a
characteristic temperature may be identified such that above
it the harmonics behavior is governed by the linear TAFF
resistance. This temperature is approximately coincident
with the onset temperature of the third harmonics. Therefore,
a difference AT, between T* and T, represents the experi-
mental evidence of the presence of linear TAFF phenomena
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0.008 | \ J0.008
.
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.
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FIG. 8. Magnification of the temperature region around the tran-
sition, showing the difference between the onset temperatures of the
real part of the first harmonics (indicated with T,) and of the mod-
ule of the third-harmonic (indicated with 7*) curves as function of
T. In particular these curves are measured at =107 Hz and h,,
=1 Oe, Hy4.=50 Oe, and the difference [T,—7*] does not depend
on the amplitude of the ac magnetic field.
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FIG. 9. (Color online) Third-harmonic Cole-Cole plots as mea-
sured from 3 to 25 K, at various amplitudes of the ac magnetic field
and at a fixed frequency: (a) v=107 Hz, (b) v=541 Hz, (c) v
=1607 Hz, and (d) v=9619 Hz.

in the system under analysis. A similar result was also ob-
tained for YBCO bulk samples.!® From an analysis of the
third-harmonic curves, we observe that both in their real and
imaginary part (see Fig. 7), the negative peaks in the inter-
grain region become wider by increasing h,., although their
heights (in absolute value) stay almost constant. This ac field
independence of the peak heights is even more evident if we
look at the intergrain loops in the third harmonics Cole-Cole
plots, as shown in Fig. 9. These curves have been obtained
varying the amplitudes (1, 5, 10, and 15 Oe) and frequencies
(107, 541, 1607, and 9619 Hz) of the ac field.

The presence of the intergrain negative peak in the real
part of the third harmonics, at a temperature lower than that
where the peak in the imaginary part of the first harmonics
appears, indicates the existence of a pronounced flux creep
governing the bulk magnetic response of our samples, simi-
lar to what happens in measurements previously performed
on YBCO samples.'® The behavior of the intragrain compo-
nent as function of A, reported in Fig. 10 shows that the real
part of the third harmonics maintains its general shape, both
the relative and the absolute minima moving toward lower
temperatures for increasing amplitudes. This behavior indi-
cates that, at least for the used ac field range, no modification
of the vortex dynamics regime is produced. In the imaginary
part )3, the positive peak tends to become wider and to move
toward lower temperatures, whereas a negative peak near 7,
tends to become more evident at higher h,., in agreement
with the results obtained for YBCO samples.

V. FREQUENCY DEPENDENCE OF THE HARMONICS OF
THE ac MAGNETIC SUSCEPTIBILITY

In Fig. 11 both the real and the imaginary parts of the first
harmonics as a function of the temperature are shown, at
various frequencies for a fixed amplitude (h,,=1 Oe) of the
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FIG. 10. (Color online) Enlargement of Fig. 7 in the temperature
window corresponding to the intragrain contribution.

ac magnetic field. Looking at this figure, we observe that the
curves depend on the frequency only in the temperature
range of 9-24 K, and the critical temperature 7, is still 24.6
K, independently of the frequency. Moreover, the tempera-
ture 7, again individuated with the same criterion discussed
previously, is independent of the frequency within the ex-
perimental errors (Tg=20.5i0.4 K), and this behavior is
even more evident if the amplitude of the ac field is in-
creased. Nevertheless, both in the intergrain and in the intra-

T
0.0 -—=—v=107Hz
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FIG. 11. (Color online) Temperature behavior of the first har-
monics of the ac magnetic susceptibility for a fixed amplitude
(h,e=1 Oe) at various frequencies of the ac magnetic field. The
dotted line identifies the temperature 7, in all the curves.
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FIG. 12. (Color online) First-harmonic Cole-Cole plots, as mea-
sured from 3 to 25 K, at various frequencies of the ac magnetic field
and at ;=1 Oe. The open symbols are the (x',x”) points mea-
sured above T,, which is represented by the isothermal dotted line
in the figure

grain components, a similar behavior with the frequency can
be deduced. In particular both the peaks in the imaginary part
of the first harmonics, associated with the intergrain and the
intragrain contributions, shift toward higher temperatures
with a growing height for increasing frequencies. This com-
mon behavior in the intergrain and the intragrain first-
harmonic components with the frequency of the ac magnetic
field is representative that a vortex dynamical phenomenon
with a similar frequency dependence is occurring both inside
and outside the grains. This is also supported by the first-
harmonic Cole-Cole plots shown in Fig. 12, where the inter-
grain and the intragrain contributions can be separately ob-
served: in both these contributions, the peak height of the
dome-shaped curves grows for increasing frequencies.

A growing height with the frequency both in the peak of
the imaginary part of the first harmonics and in the maxi-
mum of the first-harmonic Cole-Cole plots is indicative of a
vortex glass phase, characterized by a collective flux creep,®
being this behavior opposite to that in the curves simulated
by using the Kim-Anderson flux creep model.>* Neverthe-
less, for a clear identification of the vortex glass phase, it is
also necessary to perform the analysis of the third-harmonic
curves, which in our case results in a quite complex task. In
Fig. 13, the real and the imaginary parts of the third harmon-
ics are shown at various frequencies. An enlargement of Fig.
13 on the intragrain component is reported in Fig. 14. The
corresponding third-harmonic Cole-Cole plots are reported
in Fig. 15. The real part of the third harmonics (see Fig. 13)
is characterized by two peaks, corresponding to the inter-
grain and the intragrain contributions. The intergrain part of
the curves exhibits a negative peak at lower frequencies. For
higher frequencies the peak height (in the absolute value)
decreases and a positive peak appears at frequencies higher
than 1600 Hz. Nevertheless, in the intragrain real part of the
third harmonics (shown in Fig. 14) no changes in the general
shape are present, being this shape characterized by a nega-
tive peak with a minimum height which decreases for in-
creasing frequencies.

On the contrary, in the imaginary part of the third harmon-
ics, the intergrain component has always the same shape,
with a minimum height decreasing for growing v, whereas
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FIG. 13. (Color online) Temperature behavior of the real and
imaginary parts of the third harmonics measured at various frequen-
cies of the ac field at fixed h,.=1 Oe.

the intragrain behavior, shown in Fig. 14, is characterized by
a modification of the shape of the curves. Namely, for in-
creasing frequencies the positive peak near 7, decreases,
changing its temperature; then it becomes a negative relative
minimum, and finally merges into the intergrain contribution.
By taking into account both the frequency and amplitude
dependences of the harmonics, we conclude that the vortices
moving inside the grains react to the application of the ac
field in different dynamical ways with respect to those mov-
ing across the grains. Finally, the third-harmonic Cole-Cole
plots (Fig. 15) are almost completely in the left half plane at
the lowest frequency (107 Hz). For increasing frequencies,
they tend to the right half plane and their area decreases. We
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FIG. 14. (Color online) A magnification of Fig. 13 in a window
where the intragrain behavior can be easily seen. The arrow across
the two plots indicates the temperature 7.
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FIG. 15. (Color online) Third-harmonic Cole-Cole plots, as
measured from 3 K to 25 K, at various frequencies of the ac mag-
netic field and at h,.=1 Oe.

would like to notice that the curves at high frequencies cor-
respond to a tendency toward the Bean curves, which are
closed loops all staying in the right half plane. These behav-
iors cannot be interpreted in terms of a standard vortex glass
phase and are also opposite to the measured YBCO third-
harmonic Cole-Cole plots,33 which, on the contrary, tend to
occupy the left half plane for increasing frequencies, with an
almost constant area.

VI. CONCLUSIONS

The first and third harmonics of the ac magnetic suscep-
tibility have been measured on LaFeAsOF granular samples
as functions of the temperature, at various amplitudes and
frequencies of the ac applied magnetic field. A detailed com-
parison between the obtained results and the magnetic be-
havior of the cuprate superconductors, as well as the MgB,,
has been performed. Some fundamental differences have
been revealed between the magnetic response of LaFeAsOF
when compared to the above-mentioned superconductors,
and they can be mainly ascribed to different flux-pinning
and/or vortex dynamical properties. In particular, the differ-
ent dependence on the ac field amplitude in the intergrain
component of the first-harmonic Cole-Cole plots implies that
the standard pinning and flux creep are appropriate enough to
analyze the ac magnetic response coming from the bulk cur-
rents flowing across the grains in this iron-based material.
On the other side, a further amplitude dependence has to be
included in the pinning potential to interpret the curves re-
lated to the ac magnetic response of the separated grains.
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The dissipative phenomena due to the vortex motion have
been also investigated. In particular, by the experimental ob-
servation of different onset temperatures in the first and third
harmonics, the linear TAFF has been detected. Moreover, a
combined analysis of the first and the third harmonics allows
for the identification of the nonlinear flux creep in the inter-
grain component. The frequency dependence observed in the
imaginary part of the first harmonics, as a function of the
temperature, as well as in the corresponding first-harmonic
Cole-Cole plots may give some indication about the exis-
tence of a vortex glass phase.

The difficulties of detecting a vortex dynamical regime,
which may influence the full magnetic response of the ana-
lyzed superconductor, are mainly due to the granular nature
of the samples. In particular, the analysis of the amplitude
and frequency dependences in the intergrain and intragrain
components shows that the vortex dynamics occurring inside
the grains is different from that produced between the grains.
Moreover, a shape change in the imaginary part of the third
harmonics in the intragrain component, both with the ampli-
tude and the frequency of the ac magnetic field, together with
a shape modification of the real part of the third harmonics
with the frequency in the intergrain component, is indicative
that the vortex dynamics is changing with the external pa-
rameters. This last consideration suggests that the experi-
mental data cannot be reproduced by numerical simulations
obtained using the same flux creep model in all the curves,
but a more complex analysis is needed to individuate the
suitable model to be used when different external magnetic
conditions are involved.

Finally it is worth underlying that a preliminary analysis,
similar to the one reported in the present work, has been
carried out also on other polycrystalline samples with differ-
ent doping. The results obtained show that no substantial
difference exists with the results reported in this paper, at
least when the detection and the behavior of the different flux
dynamics regimes is concerned. In particular, no clear indi-
cation of a possible correlation between the vortex dynamics
and the oxygen content has been found. However, the avail-
ability of good quality single crystals, with different doping
levels, is needed to investigate the complete vortex phase
diagram and to infer possible effects related to the different
doping.
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