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Abstract—We performed an extensive characterization
of Co-doped polycrystalline 122 iron pnictide samples,
������ �� �

�
As� with 	 
 
�, 0.09, 0.1, 0.12, by means

of high-field magnetization and 1st and 3rd harmonic
susceptibility response measurements. From � � loops
through the Bean model formula both the magnetic field and

dependences of the � are derived. From the 3rd harmonic
response of the susceptibility as a function of the magnetic
field up to 10 T recorded at different temperatures, we determined
the irreversibility line, using the onset criterion. From these
analyses, 7% and 9% of Co-doped samples showed the best �

performances.

Index Terms—Magnetic variables measurement, pnictide mate-
rial.

I. INTRODUCTION

T HE recent discovery of the so called iron-pnictides
superconductors has regenerated an intensive in-

terest in superconductivity triggering many investigations
on these materials. They can be mainly grouped in two
classes: the chalcogenides (such as FeTe and FeSe) and
the pnictides that in turns can be subdivided in three dif-
ferent systems represented by the general formula ,

As , where and
. All of them

are characterized by a layered crystal structure with Fe-As
planes associated to the superconductivity. In analogy with
high superconductors (HTS), superconductive state emerges
as a competing phenomenon with an antiferromagnetic phase.
It was demonstrated that superconductivity can be achieved
by both electron or hole doping with as high as 56 K in

system. For As (as for the other system, parents
compounds are not superconductors) slightly lower can be
obtained upon doping by holes through partial substitution of
atoms (Ca, Ba, or Sr) with of K or Na. Electron doping induced
superconductivity in As (122) compounds appears upon
substitution of Co for Fe [1], [2].
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First studies show that 122 materials might become inter-
esting from a technological standpoint. For instance, contrary
to HTS, they display small anisotropy, very high critical field

and larger robustness of the critical current as a function of
the magnetic field [3].

In this contribution, a set of polycrystalline samples of Co
doped As are characterized by high field magnetiza-
tion and susceptibility techniques. The samples, expressed
by the general formula As , present a different
nominal amount of Co substitution for Fe with , 0.09,
0.1, 0.12. Samples with and exhibited the
best close to 25 K as evaluated by the temperature onset of
the third harmonic real part susceptibility, . In a similar
way, by applying a background magnetic field, , a por-
tion of the irreversibility line, , was determined. Apart
from the low field region, curves showed linear behavior
for fields up to with similar slopes ( 4 T/K) re-
gardless from the doping.

The analyses of magnetization hysteresis suggest that at
low temperature the samples with and 0.09 have the
highest .

II. EXPERIMENTAL SETUP

The set of As with , 0.09, 0.1,
0.12, polycrystalline samples were synthesized at the NHFML
through the self-flux method. From hereafter, we will refer to
samples with different Co doping level , 0.09, 0.1 and
0.12 as Co7, Co9, Co10 and Co12. All the sample are small bars
with a rectangular base whose sizes range between 1 and 2
mm and height from 5 to 5.7 mm. Details regarding the sample
processing techniques can be found elsewhere [1].

Magnetization measurements have been performed by using
an Oxford Instruments Vibrating Sample Magnetometer (VSM)
equipped with a 12 T magnet and a 4 K–300 K variable temper-
ature insert. The samples were mounted on the sample holder
with the axis parallel to the background field direction. Mea-
surements were carried out with a 55 Hz sample vibration fre-
quency and 0.2 mm amplitude. The pick-up coil system was
calibrated through the saturation value of the magnetization of
a polycrystalline pure Ni standard recorded at 0.6 T and 290
K. Magnetization cycles as a function of the applied
magnetic field at fixed temperatures were recorded ramping the
magnetic field with a rate of 0.5 T/min.

For the susceptibility measurements, samples were
mounted with the dimension parallel to both the exciting
and the background field directions. The phase is adjusted
while keeping the sample in normal state, i.e., at .
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Fig. 1. Critical temperature, � , as a function of the Co nominal content for
the set of polycrystalline ����� �� � As with � 	 
�
�, 0.09, 0.1, 0.12.
The � values were determined as the � onset of the third harmonic real part
� at � 	 
 � under �� exciting field with rms amplitude � 	 �� and
frequency � 	 ���� ��.

Further details on the susceptibility measurements and
experimental setup can be found elsewhere [4].

The irreversibility lines, , are calculated from either
measurements (closure point of the loop) or mea-

surements of the third harmonic content in the susceptibility
as a function of the temperature under different applied mag-

netic field, . In this latter case we used 1 mT fixed
exciting magnetic field amplitude at the frequency

of 167.77 Hz. Reducing the sample temperature from normal
state, as long as the magnetic behavior is reversible, the suscep-
tibility presents the fundamental harmonic only. The occurrence
of higher harmonic components is then associated to the setup
of irreversible regimes. The temperature at which irreversibility
arises is observed by monitoring the third harmonic content in
the and is defined as the irreversibility temperature for a given

.

III. RESULTS AND DISCUSSION

As expected, the introduction of Co induces changes in
values. In Fig. 1, the dependence as a function of the Co nom-
inal content is plotted. These values are obtained as the temper-
ature of the real part onset at zero field. The maximum values
are obtained for and 0.1 (named Co9 and Co10) with
24.9 K and 24.4 K, respectively. It has to be noticed that the
of the sample Co7 is markedly lower than that of Co12 (20.8 K
and 23.4 K, respectively).

All the samples exhibited a quite remarkable granular be-
havior. In the susceptibility transition, granularity is typically
manifested by the presence of steps or broad transition in the real
part of the first harmonic and two peaks in the imaginary
part [5].

Measurements of the under different applied magnetic
field conditions, , for all the investigated samples revealed
that diamagnetic responses were attained only in zero field,
while granularity features can be easily recognized once
is applied. In Fig. 2, the responses recorded in zero

field are plotted. The diamagnetic drop are spread over
a rather wide approaching the full shielded regime at low
temperatures. In the imaginary part the main peak at higher

Fig. 2. Real (left axis) and imaginary (right) part of the first harmonic of the
�� susceptibility � recorded at zero 	� background field as a function of the
temperature for the set of polycrystalline ����� �� � As : Co7 (circle),
Co9 (square), Co10 (diamond), and Co12 (triangle). The �� field frequency is
16.7 Hz for Co10, Co12, and 37.33 Hz for Co7, Co9. For a better comparison
each � �� � curve is normalized to the value attained at 9 K whereas � �� � is
normalized to the peak value.

temperature attributed to the “grain response” is a more likely a
broad band in which multiple contributions can be recognized
indicative of a inhomogeneity in or and size of grains.
As a first approximation, using the critical state model, the

value at the peak temperature can be calculated by the
ratio , being the grain size and the maximum
field amplitude. For the sample with , at about 21 K,
consistently with the data reported for single crystal of similar
level of Co substitution [3] A/cm . This
can lead to values in the range m, in agreement
with data obtained by optical images on similarly processed
bulk sample [6].

In polycrystalline oxypnictide samples, electromagnetic
granular characteristic was largely reported. In particular, it
has been shown that bulk hysteretic magnetization signal is
mainly attributed to locally circulating shielding currents [7],
[8]. In addition, magneto-optical investigations on granular
polycrystalline samples have revealed that shielding current
are confined in intergranular region [6]. As a consequence,
the measured magnetization loops, , can be used for
a direct estimation of intragranular of the present set of

As samples. The value can be calculated
through the Bean model formula for a superconducting cylinder
[9], [10]:

(1)

being the size of domain in which the magnetization currents
extend. Grain size m was assumed in (1) for all the
measured samples. The as calculated curves for

and 5 K (upper and lower panel, respectively) are plotted
in Fig. 3.

At , the Co9 and Co10 samples assume the highest
values and exhibited the best magnetic field dependences.

values larger than A/cm are always achieved in all the mag-
netic field range up to 10–12 T. This value is similar to
data derived from magnetization in As single
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Fig. 3. � ��� dependences calculated from the ���� hysteresis loops from
equation (1) with � � ����m at � � ��� (upper panel) and � � �� (lower
panel) for the set of polycrystalline�	�
� � � As with � � �	��, 0.09,
0.1, 0.12.

crystals with for current flowing along the Fe-As planes
[3]. The similarity of the in single crystal and our polycrys-
talline randomly oriented samples may be justified by the low
anisotropy exhibited by such a class of com-
pounds [3]. It has also to be noted that while the of Co7, Co9
and Co12 monotonously decreases for increasing field strength,
Co10 exhibited after a rapid decrease at low field a broad max-
imum at about 4 T, i.e., the so called “fish tail” behavior. Despite
its lowest value, the sample Co7 has a comparable to the
other samples in the low field region. However this sample is
largely the most sensitive to the magnetic field increase as shown
by the most marked depression in .

At , apart from the low field region, all the sam-
ples exhibited a quite flat field dependence. Unexpectedly,
if compared to the calculated for , the of
Co10 resulted lower than a factor 5 6 with respect to the Co9

. In addition, for Co7 the is largely higher than the of
Co10 in all magnetic field range investigated. The two samples
with the highest values, Co7 and Co9, do not show any fish
tail feature. Both curves, after a plateau extending up to
5 T and 9 T for Co7 and Co9, respectively, show a weak field
dependence in the high field limit. In particular for the sample
Co9, is higher than A/cm up to 12 T.

In Fig. 4 the dependences at , 4 T and 8 T,
calculated from the hysteresis loops with (1) assuming

m, are plotted. As it can be seen lowering the temper-
ature Co7 and Co9 show much steeper increase of values.

From the closure point of the hysteresis cycles at a
given temperature, the has been determined. For the sample

Fig. 4. � �� � dependence calculated from the ���� hysteresis loops
from equation (1) with � � ��� �m for the set of polycrystalline
�	�
� � � As : Co7 (circle), Co9 (square), Co10 (diamond), and
Co12 (triangle) for � � � � (void symbols), 4 T (full Symbols), and 8 T
(dashed line with void symbols).

Fig. 5. Irreversibility lines, � �� �, determined as the temperature onset of
the third harmonic real part 
 (open symbols) under �� exciting field with
rms amplitude � � � �� and  � ���	�� �� for different applied ��

magnetic field, � , for the set of polycrystalline �	�
� � � As with
� � �	��, 0.09, 0.1, 0.12. Solid symbols represent the � values determined
by the closure point of the ���� hysteresis cycles for the same samples.

Co10 the direct measurement was possible only at temperatures
very close to , 22 K and 21 K, while at 20 K the closure
point was estimated by extrapolating the positive and negative
magnetization branches. At 20 K, 21 K and 22 K values
as high as 13.5 T, 9.7 T and 4.7 T, respectively, were obtained.
The rate of increase of about 4 T/K is close to the value already
reported for single crystals with similar Co content [3]. For Co7
close to 15 K, is about 11 T.

In Fig. 5, a portion of the irreversibility line, , for
the samples with different Co doping level calculated from

measurements is plotted. Co9 and Co10 exhibit the
highest values of which are undistinguishable in the
limit of the experimental error. Apart from the low field region,
all the irreversibility curves increase linearly with a quite
similar slope. In Fig. 5, the values determined by
magnetization hysteresis measurements (full symbols) are also
reported. As it can be seen obtained for Co10 sample
with susceptibility and magnetization techniques agree
quite well. Nevertheless, as far as Co7 sample is concerned,

is shifted to higher of about 0.5 K.
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IV. CONCLUSION

Magnetic characterization of a set of polycrystalline samples
of Co-doped As , with , 0.09, 0.1,
0.12 were carried out through magnetization and first
and third harmonic susceptibility measurements. These analyses
revealed a remarkable granular behavior for all the samples.

and are calculated from loops through the
Bean model formula assuming a similar grain size for all the
samples m showing better performances for sam-
ples with lower Co content ( and 0.09). Irreversibility
lines, , determined as the temperature onset of the third
harmonic real part were also reported for field up to 10 T. In
this region, while Co7 exhibited the lowest curve, and Co9 and
Co10 exhibited undistinguishable lines. Irreversibility
line points obtained from magnetization measurements are
consistent with susceptibility determined results.
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