
Pinning effects in ceramic SmO1−xFxFeAs as revealed by microwave absorption

Nadezda Yu. Panarina,* Yurii I. Talanov, Tatyana S. Shaposhnikova, Niyaz R. Beysengulov, and Evgenia Vavilova
Zavoisky Physical-Technical Institute, Kazan 420029, Russian Federation

Günter Behr, Agnieszka Kondrat, Christian Hess, Norman Leps, Sabine Wurmehl, Rüdiger Klingeler,
Vladislav Kataev, and Bernd Büchner

Leibniz Institute for Solid State and Materials Research, IFW Dresden, D-01171 Dresden, Germany
�Received 31 December 2009; revised manuscript received 14 May 2010; published 9 June 2010�

Modulated microwave absorption �MMA� measurements have revealed strong pinning of vortices in ceramic
superconducting SmO1−xFxFeAs compounds with x=0.06, 0.08, and 0.1. Different behavior of MMA in small
and strong fields enables to discriminate between intergranular and intragranular effects. Irreversibility lines
due to the intragranular pinning exhibit a steep ascent comparable with that of the YBa2Cu3O7 ceramics which
is known to possess the highest pinning strength among cuprate high-temperature superconductors. A weak
dependence of the critical current density on the magnetic field in the underdoped samples �x=0.06,0.08�
indicates the presence of additional pinning centers. The analysis of the data together with the theoretical
modeling yields a conclusion that strong pinning in SmO1−xFxFeAs is due to nonsuperconducting regions
intermixed on a nanoscale with the superconducting phase.
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I. INTRODUCTION

The recent discovery of a new class of high-temperature
superconductors �HTSC� ReFeAsO �Re
=Sm,Nd,Pr,Ce,La� �Ref. 1� has generated considerable ex-
citement in the scientific community. The interest to oxyp-
nictides is attracted by the fact that superconductivity arises
in the planes containing iron ions but not copper as in cu-
prate HTSC materials and that the parent undoped material is
an antiferromagnetic metal and not a Mott-Hubbard insula-
tor. A comparative analysis of superconducting properties of
pnictides and cuprates may be helpful in clarifying the origin
of high-temperature superconductivity. Furthermore, under-
standing of the unusual properties of the vortex matter in
HTSC is of fundamental importance as well,2 besides its rel-
evance for technological applications. Among the pnictides
known up to date, SmO1−xFxFeAs superconductors possess
one of the highest critical temperatures Tc up to �55 K at
optimal doping.3,4 In this context, the superconducting char-
acteristics of this “record” material, such as the critical cur-
rent density jc, as well as the irreversibility line Hirr�T�,
which is the boundary between the states with zero and non-
zero critical current density, take on particular significance.
Since some of these parameters are affected by pinning, ex-
perimental insights into the origin and effectiveness of pin-
ning centers in SmO1−xFxFeAs are important. In contrast to
the La-based analog which shows a sharp first-order-like
boundary that separates the antiferromagnetic spin-density-
wave state at small fluorine doping and the superconducting
state at larger doping levels,5,6 in SmO1−xFxFeAs magnetic
order and superconductivity can coexist in a certain range of
fluorine doping �see, e.g., Ref. 7�. Depending on the particu-
lar nature and length scale of the phase mixture, coexistence
has clear implications for the pinning since inclusions of
nonsuperconducting magnetic phase can serve as centers for
vortex pinning, and one may expect the enhancement of the
pinning strength.

In the present paper pinning effects in ceramic
SmO1−xFxFeAs samples are studied with the help of the mi-

crowave absorption technique widely used before for studies
of cuprate HTSC materials. The method relies on the dissi-
pation of microwave power in superconducting samples by
vibrating vortices and can give information about the pinning
strength in the system �see, e.g., Ref. 8 and references
therein�. Our measurements of modulated microwave ab-
sorption �MMA� in the superconducting samples with differ-
ent fluorine content in a broad temperature and magnetic
field range with subsequent theoretical analysis enable the
evaluation of the relevant superconducting parameters char-
acterizing the vortex state of SmO1−xFxFeAs. Furthermore,
we find strong experimental indications for enhanced pinning
in the underdoped regime. This finding is suggestive of a
nanoscale mixing of superconducting and normal state �pos-
sibly magnetic� phases and thus corroborates the growing
evidence for the coexistence of the phases with competing
order parameters in the underdoped Sm-based iron arsenide
superconductor.

II. MATERIALS AND METHODS

Ceramic SmO1−xFxFeAs samples in the form of sintered
dense pellets were prepared using a two-step solid-state-
reaction method described elsewhere.9 The composition of
the synthesized samples was investigated by wavelength-
dispersive x-ray �WDX� spectroscopy according to which the
ratio of the actual to the nominal fluorine content is approxi-
mately 1:2.5. The doping levels x estimated by WDX amount
to 0.06, 0.08, and 0.1 for the three SmO1−xFxFeAs samples
under study. The high phase purity of the samples has been
confirmed by x-ray diffraction. The analysis of the powder
x-ray diffraction data reveals only a small amount of impu-
rity phases, SmOF and FeAs, which appear in concentrations
of about 4%. In order to determine the microstructure of the
samples, scanning electron microscopy �SEM� has been ap-
plied. As an example, the SEM image and a histogram dis-
tribution of grain lateral dimensions for SmO0.9F0.1FeAs are
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shown in Figs. 1�a� and 1�b�, respectively. The samples ex-
hibit well-connected stripelike grains of SmO1−xFxFeAs with
an average lateral dimension of about 2.5 �m and length of
5–15 �m. The morphology shown in Fig. 1 is similar for all
samples under study.

The superconducting transition temperatures Tc were de-
termined from standard resistivity, ac susceptibility and static
magnetization measurements �Figs. 2�a�–2�c�, respectively�.
All methods give very close results of the critical tempera-
ture Tc=36, 44, and 53 K as determined at the half-height of
the superconducting transition and the onset critical tempera-
ture Tc

onset=39, 49, and 55 K for the samples with the fluorine
content x=0.06, 0.08, and 0.1, respectively. Our samples
hence are in both optimal doping �x=0.1� and underdoped
�x=0.06,0.08� superconducting regimes of the phase
diagram.4 The dc susceptibility ��T� �Fig. 2�c�� has been
measured in magnetic fields of 1 mT �x=0.08 and 0.1� and 2
mT �x=0.06�, respectively, in which the M�B� curve at low-
temperature exhibits linear behavior. The data have been cor-
rected for demagnetization effects. For the lowest doping
level x=0.06, the susceptibility and resistivity �Fig. 2� dem-
onstrate a rather sharp transition without any features. Upon
further doping, at x=0.08, a step in ��T� and resistivity data
appears, and becomes even more pronounced and shifts to
higher temperatures at x=0.1. As will be discussed below,
the origin of this kink is connected with the granular struc-
ture of the sample.

Measurements of the modulated microwave absorption
have been carried out on a standard x-band electron para-

magnetic resonance �EPR� spectrometer with magnetic field
modulation �100 kHz� of small amplitude �0.05 mT� and
lock-in detection �see a brief description of the method be-
low�. In the experiment, a sealed sample was placed in a
resonance cavity and cooled down to the measurement tem-
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FIG. 1. �a� SEM image of a polycrystalline SmO0.9F0.1FeAs
sample. White stripes are the superconducting grains and black
spots are voids. �b� Histogram distribution of lateral grain dimen-
sions for the SmO0.9F0.1FeAs sample. An average lateral dimension
is 2.5 �m and the length of grains varies between 5–15 �m.
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FIG. 2. �Color online� Superconducting transition temperatures
of the SmO1−xFxFeAs samples with different fluorine doping as
determined from the temperature dependence of �a� resistivity, �b�
ac susceptibility, and �c� static magnetization. Onset critical tem-
peratures are 39, 49, and 55 K for the samples with the fluorine
content x=0.06, 0.08, and 0.1, respectively. Error bars reflect the
uncertainty of the estimation of the demagnetization factor and of
the sample volume.
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perature below the critical temperature in a remanent field of
the magnet. A helium-flow cryostat was used for obtaining
temperatures in the range of 10–60 K. At fixed temperatures,
the magnetic field was swept up from about 6 mT to the
value of about 0.7 T and then down to the initial value. The
MMA hysteresis loops were registered in a wide temperature
range and analyzed with the help of an appropriate theoreti-
cal model of microwave absorption.10

The distribution of the local magnetic field on the super-
conducting pellet surface was registered by a scanning Hall
sensor. The magnetic flux profile was registered at different
magnetic fields in the range from 3 mT to 0.2 T at tempera-
tures below Tc.

Since exposure to air is known to deteriorate the super-
conducting properties of SmO1−xFxFeAs, in order to prevent
degradation of the samples during experiments, the material
was sealed in glass ampoules with pure helium gas. When
contact with air was unavoidable during our studies of the
magnetic-flux profile on the surface, the time of air exposure
has been minimized to several minutes.

Modulated microwave absorption

The MMA method enables to study the modulated micro-
wave absorption, which is determined by the number and the
particular properties of vortices, such as viscosity of vortex
matter and pinning strength. The distribution of vortices in-
side a type-II superconductor is inhomogeneous and depends
on the number and strength of pinning centers present in the
sample. In the case of an infinitely thin stripe oriented paral-
lel to the magnetic field, the gradient of vortices can be de-
scribed by a simple Bean’s model.11 For samples with finite
dimensions in the perpendicular geometry, a more compli-
cated distribution calculated by Brandt12 is applicable. When
a 9 GHz microwave field is applied to a superconductor, the
vortices oscillate under the action of an alternating Lorentz
force induced by the microwave current. This motion results
in substantial dissipation of the microwave field power by
nonsuperconducting cores of vortices. With the low-
frequency modulation of the applied magnetic field, the in-
duced current in each point of the sample is also modulated
with the same frequency. So the absorbed power turns out to
be modulated as well. This fact is reflected in the name of the
method, modulated microwave absorption. A lock-in ampli-
fier used for the detection of the signal extracts the funda-
mental harmonic of the absorption power on the modulation
frequency. The detected signal depends on several param-
eters, such as the critical current density, the viscosity of the
vortex matter, thermal fluctuations of the vortex position,
instantaneous distributions of fields and induced currents
�see Sec. IV�. Upon reversal of the sweep direction of the
applied field, the distribution of magnetic fields �gradient of
vortices� and currents changes, and a hysteresis of the MMA
is observed.

III. RESULTS OF MICROWAVE ABSORPTION
MEASUREMENTS

MMA hysteresis loops have been measured in a wide
range of magnetic fields and at different temperatures. Se-

lected curves are shown for SmO0.9F0.1FeAs in Fig. 3. Note
that along with the MMA data, a spurious EPR signal from
the sample container is observed at the magnetic field of
around 0.16 T. The main feature in Fig. 3 is the evolution of
a MMA hysteresis, i.e., a different MMA on up-sweeping
and down-sweeping the magnetic field. The hysteresis is ob-
served below the onset critical temperature of the supercon-
ducting transition. Its shape changes drastically on decreas-
ing the temperature by a few kelvin. The MMA loops are
almost symmetrical with respect to the horizontal axis just
below Tc. In this temperature interval the irreversibility fields
Hirr at which the hysteresis loops collapse are rather small.
On further cooling the hysteresis loops become asymmetri-
cal. This asymmetry is associated with the occurrence of the
low-field peak �at magnetic fields below 0.1 T�. The irrevers-
ible regime of the superconductor continuously expands to
higher magnetic fields with decreasing temperature. Eventu-
ally, as exemplified by the data at T=50.6 K �Fig. 3�, the
irreversibility fields exceed the available magnetic fields of
0.7 T and cannot be registered anymore. It should be noted
that this technique allows a registration of only the irrevers-
ible part of absorption. The reversible part of absorption,
though present as a certain bias level, does not change upon
reversing the field sweep direction and, therefore, it does not
contribute to the MMA hysteresis. Therefore, the absolute
zero level, which includes the level of reversible absorption,
cannot be determined. A middle line is indicated in Figs. 3–5
and 7, which divides the hysteresis loop into two parts sym-
metrical at high magnetic fields and just serves as a guide to
the eye.

The characteristic shape of the MMA loops measured at
the field values well above the low-field peak differs from
those shown in Fig. 3. A shape of the loop typical for a short
sweep interval at high magnetic fields is shown in Fig. 4. The
loop was registered around the magnetic field value of 0.25 T
for the SmO0.9F0.1FeAs sample. In this experiment, the
sample was cooled down to the temperature of the measure-
ment below Tc and then a field of 0.245 T was applied. From
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FIG. 3. Hysteresis loops recorded at different temperatures be-
low Tc for a polycrystalline SmO0.9F0.1FeAs sample. Horizontal
arrows show the sweep direction. Vertical arrows indicate the loca-
tion of the irreversibility field Hirr. Dashed middle line indicates the
constant, field-independent level of absorption.
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this value the field was swept up by 15 mT and then down to
the initial point. The achievement of the initial demagnetized
state is not required for the MMA experiment since the re-
versible magnetization does not contribute to the MMA hys-
teresis loop. As one can see in Fig. 4, in this “high-field”
regime there is no peak in the beginning of the hysteresis and
the loop is symmetrical with respect to the horizontal axis.
The data hence denote that the low-field peaks of the MMA
hysteresis displayed in Fig. 3 are not related to the mecha-
nism of the hysteresis loop formation at higher fields.

The shape of MMA hysteresis depends not only on the
magnetic field but also changes with temperature. This is

shown in Fig. 5 which presents loops registered for
SmO0.94F0.06FeAs at different temperatures. The amplitude
of the low-field peak grows drastically as the measurement
temperature gradually decreases. The same tendency is ob-
served for the amplitude of the MMA hysteresis at high mag-
netic fields. The narrow-neck behavior typical for ceramics,
though in part visible in Figs. 5�a� and 5�b�, is restricted to
the low-field region, which is not covered experimentally
due to the field delay upon the down-sweep. As will be
shown below, analyzing the shape of the MMA loop, as well
as its field and temperature dependences allows one to draw
a conclusion about the pinning type �bulk or surface� domi-
nating in the system. It should be noted that, though not
shown in the figure, the MMA loops for SmO0.92F0.08FeAs
exhibit the same shape as for the other two samples and the
amplitude of the low-field peak is intermediate between
those of the two samples shown.

A spurious EPR signal at the resonance field of about 0.16
T, though undesired, enables tracking and eliminating the
technical hysteresis of the spectrometer field unit due to
magnetic field delay upon sweeping. Note, that in our high-
quality samples we do not detect any intrinsic EPR signal
related to Fe. The d electrons of these ions are delocalized in
iron pnictides. Thus their momentum scattering should yield
a very fast spin relaxation owing to a strong spin-orbit cou-
pling and consequently a huge broadening of the EPR line.
The recently reported EPR signals in La�O,F�FeAs are hence
most likely of an extrinsic origin.13

Supplementary experiments on measuring the magnetic-
flux profile on the sample surface with a scanning Hall sen-
sor were carried out for the underdoped SmO0.92F0.08FeAs.
They have shown the absence of the Bean distribution10 over
the whole of the sample. This implies that it takes place only
on the size scale of the grains. Therefore, an average lateral
dimension of individual grains, which was estimated to be
2.5 �m, was used in the calculations of the critical current
density for the three samples under study, as discussed in the
next section.

IV. DISCUSSION

The granular structure of the samples manifests itself in
all experimental data. Superconducting grains are separated
from each other by nonsuperconducting material of molecu-
lar thickness, which can form Josephson-type junctions be-
tween the grains. In particular, such weak junctions may ex-
plain the kinks in the superconducting transitions found in
susceptibility and resistivity measurements �Fig. 2�. Let us
examine the temperature dependence of the dc susceptibility
on zero-field cooling �ZFC�. At low temperatures, the weak
links between the grains contribute to superconductivity and
provide superconducting paths for the Meissner shielding
current across the whole sample. As the temperature in-
creases, the weak links start breaking down due to a reduc-
tion in the Josephson critical field and the applied magnetic
field starts to penetrate into the intergranular space of the
sample. At temperatures close to Tc, i.e., where the suscepti-
bility is above 2/3 of the complete diamagnetic signal,
shielding currents flow within separate superconducting
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FIG. 4. �Color online� MMA hysteresis loop for the
SmO0.9F0.1FeAs sample recorded in the magnetic field around 0.25
T at T=50 K: solid line, experimental loop; dashed line, simulated
loop. Long-dashed middle line indicates the constant, field-
independent level of absorption.
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FIG. 5. MMA hysteresis loops recorded for the
SmO0.94F0.06FeAs sample at different temperatures: �a� T=24.8 K,
�b� T=27.3 K, and �c� T=31.5 K. Dashed middle line indicates the
constant, field-independent level of absorption.
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grains. In case of field cooling �FC�, the kink in the transition
is also due to the establishment of intergranular links. Thus,
the steplike feature in superconducting transitions is con-
nected with a granular structure of the sample and originates
from different shielding regimes in the sample. Similar con-
clusions have been made in Refs. 14–16. The absence of the
kink in the superconducting transition for the sample with
the lowest doping level x=0.06 may be due to larger nonsu-
perconducting inclusions between the superconducting
grains, which prevent the formation of weak links. In agree-
ment with the doping dependence of the ZFC data, the
shielding signal as obtained from the FC measurements in-
creases monotonously. We note here that an influence of the
impurities on the superconducting transition is unlikely since
the amount of foreign phases in the studied crystals is very
small �see Sec. II�.

In addition to causing a steplike feature in the ac suscep-
tibility, the granularity also affects the pinning and, hence,
the MMA data. At temperatures near the onset Tc, only in-
tragranular pinning is present which results in symmetrical
MMA hysteresis loops typical for bulk pinning10 �see Fig. 3,
T=54.3 K�. The emergence of weak links of any nature
leads to the appearance of vortices �both Abrikosov vortices
and Josephson ones� that are pinned in the space between the
grains. At a certain temperature below Tc �about 2/3 of the
superconducting transition�, the intergranular pinning of a
surface type begins to contribute to the MMA hysteresis
along with the bulk pinning inside the grains. This contribu-
tion results in the appearance of the low-field peak which
renders the MMA loop asymmetrical �the absence of the
peak on down-sweeping the magnetic field is due to the in-
terruption of the magnetic field sweep at a finite field value�.
The fact that this peak is restricted to low fields results from
a decrease in the intergranular pinning on breaking up the
weak links as the magnetic field increases.17 Our assumption
of a contribution of Josephson vortices is supported by works
of Pozek et al.,18,19 where it has been shown that in ceramic
samples a MMA hysteresis at low magnetic fields can be
very well described by theoretical model involving Joseph-
son weak links. This scenario straightforwardly explains the
experimentally observed absence of the peak in the hyster-
esis loops registered in the magnetic field around 0.25 T �Fig.
4�. Note that the amplitude of the low-field peak increases
with decreasing temperature �Fig. 5�. This tendency reflects
the temperature dependence of the Josephson current be-
tween the grains, which increases at low temperatures.17

Along with the low-field peak originating from inter-
granular pinning, the MMA loop has symmetrical, slowly
narrowing part. It is characterized by a hysteresis collapse at
a certain value of the magnetic field depending on the mea-
surement temperature. Such behavior can be explained by
dependence of the MMA hysteresis on the value of the criti-
cal current density, which is a decreasing function of the
magnetic field. As the critical current density becomes zero
at some value of the magnetic field Hirr, the superconductor
passes into the reversible regime. Since the hysteresis van-
ishes at fields higher than the location of the low-field peak,
the irreversibility line of the sample Hirr�T� is defined by
pinning inside grains of the pellet.

Irreversibility fields Hirr as a function of temperature yield
the irreversibility line Hirr�T� that separates the areas with

nonzero and zero critical current density on the phase dia-
gram of magnetic fields and temperatures. The irreversibility
lines for the samples with different fluorine content are pre-
sented in Fig. 6�a�. In general, the position of irreversibility
lines for underdoped samples �x=0.06 and 0.08� and opti-
mally doped sample �x=0.1� on the plane of magnetic fields
and temperatures is defined by their critical parameters, in
particular, by the critical temperature Tc. Note that the irre-
versibility regime sets in at lower temperatures for samples
with smaller Tc �lower fluorine content�.

It is interesting to compare the irreversibility line of pnic-
tides with those of cuprate high-temperature superconduct-
ors. Such a comparison of the SmO0.9F0.1FeAs sample with
YBa2Cu3O7 �YBCO�, La1.85Sr0.15CuO4 �LSCO�, and
Bi2Sr2CaCu2O8 �BSCCO� ceramics is shown in Fig. 6�b�.
Since all these compounds have different critical tempera-
tures Tc, the comparison is drawn on a reduced temperature
scale T /Tc. The samples being compared are ceramics un-
modified by doping with artificial pinning centers, which are
known to enhance pinning.20 It is seen that the slope of the
irreversibility line observed for pnictides is similar to and
even sharper than that reported for YBCO samples.21 YBCO
compound possesses the maximum pinning strength among
unmodified HTSC cuprates. Even LSCO samples22 are char-
acterized with a weaker dependence Hirr�T� while the irre-
versibility line of BSCCO ceramics23 is very flat, especially
near Tc. The revealed tendency is indicative of a strong pin-
ning in SmO1−xFxFeAs pnictides. It should be noted that
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SmO1−xFxFeAs samples reduced to the onset critical temperature:
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similarity in superconducting parameters of pnictides and
HTSC cuprates is also revealed in microwave surface imped-
ance measurements by Narduzzo et al.24

From MMA measurements one can obtain further impor-
tant characteristics of a superconductor, besides the irrevers-
ibility line. Before continuing the discussion of the data we
note that the analysis of the intergranular pinning, which to a
large extent is a sample-related property and contains little
information about bulk superconducting parameters, is out of
the scope of the present work. It yields at low fields a dis-
crepancy between experimental curves and the model of the
intragranular pinning to be discussed below. Hereafter we
concentrate on the MMA response at higher magnetic fields
which provides valuable information on the intrinsic charac-
teristics of a superconducting material.

Generally, the MMA hysteresis is a complex function of
the critical current density jc, the viscosity of the vortex sys-
tem �, the ratio of the amplitude of thermal fluctuations to
the mean distance between pinning centers �u2� /a2, and of
the distribution of fields H�r , t� and currents j�r , t�. In order
to estimate these parameters an appropriate theoretical model
is required as suggested by Kessler et al.25 and developed by
Shaposhnikova et al.10,26 Within these approaches, an expres-
sion for the power absorbed by oscillating vortices upon
sweeping the magnetic field can be obtained by solving the
equation of motion of a flux line. We have applied the results
of Refs. 10 and 26 for simulating the MMA hysteresis loops
numerically. The results are shown by dashed lines in Figs. 4
and 7 . In Fig. 4 the model curve nicely fits the experimental
data, i.e., the loop registered in a small magnetic field range
at higher fields while in Fig. 7 there is a discrepancy between
theoretical and experimental curves at low magnetic fields.
This discrepancy can be attributed to the above-mentioned
contribution of the intergranular pinning which is not consid-
ered in the theoretical model used, being valid only for bulk
intragranular pinning.

In order to estimate the unknown superconducting param-
eters numerically, the temperature dependence of the micro-
wave hysteresis amplitude L at a fixed magnetic field H
=0.2 T plotted in Fig. 8 for the samples with different fluo-
rine content has been analyzed. The amplitude of the micro-
wave absorption hysteresis was determined from experimen-

tal MMA loops as the difference between magnitudes of the
power absorbed upon sweeping the magnetic field up �Pup�
and down �Pdown�. Theoretically the MMA hysteresis ampli-
tude can be described with the following expression:26

L = Pup − Pdown = A
jc
2�H,T�

�7/2�T�
exp�−

8�2�u2�T��
a2 	

��Fup�H, j, jc� − Fdown�H, j, jc�� , �1�

�1�where A is an instrument-dependent constant, and Fup
and Fdown are the integrals accounting for instantaneous dis-
tributions of field and current. The analytical expressions for
Fup and Fdown are given in Ref. 26 while the instantaneous
distributions of the field and current used in calculations are
taken from Ref. 11. The integrals Fup and Fdown containing
the critical current density as a parameter determine the
shape of the MMA loop while the coefficient before the in-
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tegrals in square brackets define the magnitude of this loop.
The model function Eq. �1� contains three parameters de-
scribing the properties of the superconducting state: the criti-
cal current density jc, the ratio of the amplitude of thermal
fluctuations u to the mean distance a between pinning cen-
ters ��u2� /a2�, and the viscosity of the vortex matter �.

As can be seen from Fig. 8, the temperature dependence
of the MMA amplitude is quite different for the three
samples under study. For the SmO0.9F0.1FeAs sample, there
is a local maximum near T=45 K, which disappears with
decreasing fluorine concentration. Such behavior of L�T ,H
=const� may be described using temperature dependences of
superconducting parameters, unequally contributing to hys-
teresis in different temperature ranges. Three parameters in
Eq. �1�, jc, �, and u, depend on temperature. Their tempera-
ture dependences read as follows:

jc = jc0�1 −
T

Tc
	 , �2�

� = �0
1 − �T/Tc�2

1 + �T/Tc�2 , �3�

�u2�
a2 = CT . �4�

Here jc0 and �0 are the critical current density and viscosity
of the vortex matter at zero temperature, respectively, C is
the constant varying for different materials. The above de-
pendences are of empirical origin. Equation �2� represents
the temperature dependence of the critical current density
typical for ceramic HTSC.27 This decreasing function of tem-
perature reflects the fact of the reduction in the pinning
strength with the temperature activation of vortices. The lin-
ear temperature dependence of jc fits well the experimental
data.

Vortex viscosity defines the dissipation of Copper pairs in
the normal region of the vortex core originating upon vortex
motion and can be analytically expressed as �=�0Bc2 /�n
�Ref. 28� ��0 is the magnetic flux quantum of 2.07
�10−15 Wb and �n is the normal-state resistivity�. The tem-
perature dependence of viscosity Eq. �3� is derived from an
empirical relation for the upper critical field Bc2=�0 /2�	2

within the framework of the Ginsburg-Landau theory. It
should be noted that this theory has shown its applicability
for description of the upper critical field in pnictides.29

The equation for thermal fluctuations �u2�
=4�T
2 /�0

3/2B1/2 �Ref. 30� was initially derived in the ap-
proximation of low temperatures, where 
�T� has a weak
dependence on temperature and only slightly differs from the
value of 
�0�. Near Tc, the temperature dependence of

�T�=
�0��1− �T /Tc�1/4�−1/2 has a divergence and account
for this dependence yields nonphysical values for thermal
fluctuations. When taking the ratio �u2� /	2 as in Refs. 2 and
31, the temperature dependence of penetration depth 
 is
compensated by that of the coherence length 	 and the ratio
is directly proportional to temperature. In our case of the
ratio �u2� /a2, the dependence 
�T� is compensated by tem-
perature changes in the mean distance a between pinning

centers. Namely, with increasing temperature, potential wells
of shallow depth stop contributing to pinning and the “effec-
tive” distance between pinning centers increases. The linear
temperature dependence of �u2� /a2 as suggested in Refs. 2
and 31 was used in our calculations. As can be seen in Fig. 8,
the agreement between experimental data and theoretical
curves is rather good. So our assumption of a linear tempera-
ture dependence of �u2� /a2 is appropriate. The influence of
thermal fluctuations on the microwave absorption signal is as
follows: under the action of thermal fluctuations, the position
of a vortex in a potential well of a pinning center becomes an
arbitrary value. Therefore, the phase of the absorption signal
also becomes an arbitrary value and the amplitude of the
fundamental harmonic decreases. The higher is the tempera-
ture, the greater is the misphasing of the MMA signal.

By substituting Eqs. �2�–�4� into Eq. �1�, one may analyze
the effect of each superconducting parameter on the tempera-
ture dependence of the MMA amplitude. Since the critical
current density is a linear function of temperature for ce-
ramic samples,27 its effect leads to a gradual decrease in the
hysteresis amplitude with increasing temperature up to Tc.
The ratio ��u2� /a2� enters Eq. �1� exponentially, and as the
amplitude of thermal fluctuations ��u2��1/2 grows with tem-
perature, the hysteresis amplitude L�T� is significantly sup-
pressed near Tc. Therefore, the only parameter, which can
lead to the increase of the MMA amplitude near Tc, is the
viscosity of the vortex matter �. This denotes that the local
maximum observed for the SmO0.9F0.1FeAs sample results
from competing effects of ��T� and of jc�T� and �u2�T��.
Unfortunately, it is not possible to quantify the value of vis-
cosity �, because this parameter explicitly enters the pre-
exponential coefficient of Eq. �1�, which, in turn, depends on
the spectrometer settings �parameter A� that may vary for
different sets of experiments. Nevertheless, qualitative ex-
amination of Eqs. �1�–�4� gives some insight into the pro-
cesses contributing to the temperature behavior of the MMA
hysteresis amplitude.

In order to find the magnetic field dependence of the criti-
cal current density, the procedure of fitting the theoretical
curve L�T ,H=const� to the experimental data was repeated
at several values of the magnetic field. Figure 9 shows the
critical current density calculated at T=25 K as a function of
the magnetic field. The following tendency has been re-
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FIG. 9. �Color online� Magnetic field dependence of the critical
current density jc at T=25 K for SmO1−xFxFeAs samples with dif-
ferent fluorine doping: circles, x=0.06; diamonds, x=0.08; and
squares, x=0.1.
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vealed: the lower the concentration of fluorine in the sample
is, the weaker appears the field dependence of the critical
current density. This observation indicates that the samples
with smaller fluorine concentration of 0.06 and 0.08 contain
a larger number of pinning centers compared to the optimally
doped sample with x=0.1. One can conjecture that nanoscale
inclusions of a nonsuperconducting �possibly magnetic�
phase might act as such centers. The nonmonotonous depen-
dence of the critical current density on the fluorine content,
i.e., that jc for SmO0.92F0.08FeAs is slightly smaller than that
for SmO0.94F0.06FeAs, may be explained by the change in the
ratio of sizes of nonsuperconducting inclusions and vortex
cores. Apparently, the sizes of nonsuperconducting inclu-
sions are maximal at the lowest fluorine concentration and
shrink as doping tends to the optimal level. As a result, the
effectiveness of pinning centers also decreases with increas-
ing fluorine content.

The assumption of bigger nonsuperconducting inclusions
at the lowest fluorine content is supported by estimates of the
parameter ��u2� /a2�1/2. The ratio of the amplitude of thermal
fluctuations ��u2��1/2 to the mean distance between pinning
centers a has been obtained at T=25 K for the samples with
fluorine content of 0.06, 0.08, and 0.1, respectively:
��u2� /a2�1/2=0.36, 0.16, and 0.19. Obviously u and a do not
depend on the applied magnetic field. Indeed, the values of
��u2� /a2�1/2 obtained from the simulation at different values
of the magnetic field scatter within the limits of calculation
error ��0.03� only, which indicates the correct determination
of this parameter by the simulation procedure. If the param-
eter ��u2��1/2 is not changing significantly with fluorine con-
centration, then the increase in the ratio ��u2� /a2�1/2 for the
sample with minimal fluorine content, as compared with
those for other samples, can be explained by a smaller dis-
tance between pinning centers, and as a result, either by a
larger number of pinning centers or by their bigger sizes.

The stronger field dependence of the critical current den-
sity for the optimally doped sample �x=0.1� points to weaker
pinning centers as compared to underdoped samples. A
higher absolute value of the critical current density for this
sample �x=0.1� is due to the higher critical temperature of
the optimally doped sample.

V. CONCLUSION

A series of ceramic SmO1−xFxFeAs samples with fluorine
doping levels x=0.06, 0.08, and 0.1 was studied by the
MMA method. A granular structure of the samples manifests
itself in MMA and also ac susceptibility and resistivity mea-
surements. However, the intergranular pinning is confined to
the low-field regime, whereas the bulk intragranular pinning
dominates at higher magnetic fields and defines the boundary
of the irreversible and reversible behavior of magnetic char-
acteristics of a superconductor. The superconducting param-
eters determined from MMA measurements both directly and
by simulation reveal a strong pinning of vortices inside the
grains in all samples. In particular, irreversibility lines are
characterized with a steep ascent comparable with that of
YBCO ceramics which is known to be a representative of the
ReBa2Cu3Oy class, possessing the highest pinning strength
among HTSC cuprates. A theoretical analysis of MMA loops
has enabled a quantitative estimate of the superconducting
critical current density. Fluorine underdoped samples demon-
strate weaker dependence of the critical current density on
the magnetic field than an optimally doped sample. Such a
remarkable effect may be due to the occurrence of nanoscale,
possibly magnetic, nonsuperconducting inclusions coexisting
with the superconducting phase, which serve as effective
pinning centers for magnetic flux lines. This finding corrobo-
rates the growing evidence for the coexistence of the phases
with competing order parameters in the underdoped Sm-
based iron arsenide superconductor.
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