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We investigate the vortex dynamics in two typical hole doped iron based superconductors CaKFe4As4
(CaK1144) and Ba0.6K0.4Fe2As2 (BaK122) with similar superconducting transition temperatures. It is
found that the magnetization hysteresis loop exhibits a clear second peak effect in BaK122 in wide tem-
perature region while it is absent in CaK1144. However, a second peak effect of critical current density
versus temperature is observed in CaK1144, which is however absent in BaK122. The different behaviors
of second peak effect in BaK122 and CaK1144 may suggest distinct origins of vortex pinning in different
systems. Magnetization and its relaxation have also been measured by using dynamical and conventional
relaxation methods for both systems. Analysis and comparison of the two distinct systems show that the
vortex pinning is stronger and the critical current density is higher in BaK122 system. It is found that the
Maley’s method can be used and thus the activation energy can be determined in BaK122 by using the
time dependent magnetization in wide temperature region, but this is not applicable in CaK1144 system.
Finally we present the different regimes with distinct vortex dynamics in the field-temperature diagram
for the two systems.

� 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

After the discovery of superconductivity in LaFeAsO1�xFx [1],
enormous studies have been conducted in iron-based pnictides
or chalcogenides. They are regarded as the second family of uncon-
ventional high temperature superconducting systems. The study of
vortex is very essential for iron based superconductors [2–6] since
it is directly related to the high power applications. For a type-II
superconductor, it is known that if the applied magnetic field is lar-
ger than the lower critical field Hc1, vortices will penetrate into the
superconductor and the so-called mixed state is formed. The Lor-
entz force acting on vortices given by the external current js will
drive the vortices to move, and this motion is enhanced by the
thermal fluctuations but hindered by the vortex pinning. Therefore
the Lorentz force per unit length of vortex f L = U0js, the intrinsic
pinning energy Uc or activation energy UðjÞ, the elastic energy of
vortex line or vortex bundle Eel and the thermal energy kBT play
complex roles in balancing the vortex motions, leading to very rich
physics of vortex dynamics. Until now, there have been many the-
Elsevier B.V. and Science China Pr
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oretical models to explain the motion of vortices in superconduc-
tors, while the basic one is the so-called thermally activated flux
motion model (TAFM) [7]. Concerning the activation energy for
vortex motion, the collective pinning model [8] and vortex glass
[9] theory have been widely used. Investigations on the vortex
dynamics based on above theories were carried out in many
iron-based superconductors [10–13].

Among the various phenomena of vortex dynamics, the second
peak effect of magnetization is one of the most studied one, which
seems to be quite common and shows up in many type-II super-
conductors. The basic feature is that the magnetization hysteresis
loop exhibits a second peak when the magnetic field is increased
except for the one near zero field. This phenomenon was observed
in different families of iron based superconductors, including
FeTexSe1�x(11) [14,15], LiFeAs(111) [16], PrFeAsO0:9 [17] and
SmOFeAsO1�xFx(1 111) [10], Ba1�xKxFe2As2(122) [18,19]. And there
also exist various theoretical models or pictures to explain this
phenomenon, including the transition between different vortex
structures or regimes, a crossover from elastic to plastic vortex
creep or order-disorder transition, etc. However, it is also found
that the second peak effect may disappear in some systems, or
for different doping levels in one system, such as in Co doped
BaFe2As2 [6]. It is still unclear what is the definite reason for
ess. All rights reserved.
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second peak effect, or whether there is a common reason for that in
different systems.

With regard to the 122 family, the optimized Tc � 40 K was
obtained in Ba0.6K0.4Fe2As2 (BaK122) which is hole doped. Resistive
measurements under magnetic fields show a very small anisotropy
and extremely high upper critical field Hc2 and irreversibility field
Hirr [20]. Recently a new system CaKFe4As4 (CaK1144) [21] was dis-
covered with Tc � 36 K. Experiments have shown that this system
is also dominated by hole conduction. It is thus quite interesting to
have a comparative investigation of vortex dynamics of these two
systems. In this paper, we study the vortex dynamics for these two
kinds of pnictide superconductors by measurements of magnetiza-
tion and its relaxation. Our results reveal different features of vor-
tex dynamics in these two systems.
–

–

–

–

–

–

Fig. 1. (Color online) Temperature dependence of magnetization obtained with
zero-field cooled and field cooled modes for (a) CaK1144 and (b) BaK122 at
H = 20 Oe with Hkc.
2. Experimental details

The single crystals of CaK1144 and BaK122 were grown with
the self-flux method. The growing processes of samples are the
same as that reported elsewhere [21–23]. The dimensions of two
typical samples investigated here are ð1:52� 1:40� 0:04Þmm3

(CaK1144) and ð1:83� 1:04� 0:20Þmm3 (BaK122), respectively.
In order to check the quality of the samples, we have done X-ray
diffraction (XRD), resistivity and magnetization measurements.
The XRD measurements were performed on a Bruker D8 Advanced
diffractometer with the Cu-Ka radiation. Only the sharp (00l)
peaks were observed (not shown here), indicating the good crys-
tallinity of the samples. The DC magnetization measurements were
carried out with a SQUID-VSM-7T (Quantum Design). The resistive
measurements were done with the four-probe method on a Quan-
tum Design instrument Physical Property Measurement System
(PPMS). The magnetization-hysterisis-loops (MHLs) for two sam-
ples were measured in magnetic fields up to 7 T. We also analyzed
the vortex dynamics with the so-called dynamical [24] and con-
ventional [25] magnetization relaxation method. In the case of
conventional relaxation measurement, the sample was zero-field
cooled from above Tc to the desired temperature. After that, the
magnetic field was increased to a certain value and the time
dependence of magnetization was measured immediately after
stopping the field sweeping.
3. Results and discussion

3.1. Magnetization and critical current density

Fig. 1a and b show the temperature dependence of magnetiza-
tion of these two samples after the process of zero-field cooled
(ZFC) and field cooled (FC). The external applied magnetic field
was 20 Oe and was parallel to c-axis of samples. From these figures,
it is clearly seen that the superconducting transitions are very sharp
for both samples. The superconducting transition temperatures
determined here are about 35.0 K for CaK1144, and 37.8 K for
BaK122. Therefore the Tc values for both samples are quite close
to each other. The sharp transition also indicates the good quality
of our crystals. Estimate ofmagnetization in the ZFCmode tells a full
magnetic shielding for both samples. The tiny positive magnetiza-
tion signal in FC mode for CaK1144 may be due to the scan length
problem of our SQUID in the iterating and fitting process. Since we
mainly focus on the largemagnetizationmeasured in the ZFCmode,
this will not give the problem for our subsequent data analysis.

Since the second peak effect is a common phenomenon for
doped 122 family [6,19,26,27], it is curious to know whether it
exists also for the CaK1144 system. In order to compare the differ-
ence of vortex dynamics between CaK1144 and BaK122, we mea-
sure the MHLs for two samples with a field sweeping rate of
dH=dt ¼ 200 Oe/s. The results for CaK1144 are shown in Fig. 2a
and b. As usually observed in many superconductors, the width
of MHLs increases with decreasing temperature due to more stron-
ger pinning at low temperatures. Besides, the MHLs shown in
Fig. 2a and b are very symmetric respective to the horizontal coor-
dinate. It is known that the vortices can be pinned not only by the
impurities or defects, but also the surface of the sample. According
to the Bean critical state model [28], the former usually give rise to
a symmetric MHL in the field increasing and decreasing processes.
While the surface barrier or geometrical effect will lead to asym-
metric MHLs [29]. Thus the MHLs measured here for CaK1144
show typical examples for the bulk pining. As one can see that a
sharp peak of MðHÞ occurs near zero magnetic field at all temper-
atures. The general reason for this magnetization peak near zero
field is that, when the field is crossing zero from positive to nega-
tive, the entry and exit vortices will annihilate near the edge of
sample, leading to an expediting escape of vortices from the inte-
rior and thus a high slope of BðXÞ. This gives rise to a large current
density near the edge. In previous studies it was shown that, in the
iron based superconductors, the magnetization peak near zero is
much sharper than that in cuprates, which is attributed to the
presence of strong pinning centers [17,30]. Very surprisingly, the
MHLs in CaK1144 exhibit no clear second magnetization peak on
most of the MHLs. This is unlike most of doped 122 systems
[6,19,26,27,31]. We will show that, instead of the absence of the
second peak of magnetization versus magnetic field, a second peak
effect shows up on the curve of MHL width or critical current den-
sity versus temperature. This phenomenon will be discussed in
more details below.

Fig. 3a and b present the MHLs of BaK122 measured at several
temperatures with a sweeping rate of dH=dt ¼ 200 Oe/s. Focusing
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Fig. 2. (Color online) The isothermal MHLs of CaK1144 at (a) 2, 5, 10, 15 K, and (b)
20, 25, 30, 32 K.
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Fig. 3. (Color online) MHLs of BaK122 at various temperatures below Tc, (a) 2, 5, 10,
15, 25 K, (b) 31, 32, 33, 34, 35, 36 K.
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on the MHLs at low temperatures in the range from 2 to 5 K, we
find that there are some big steps of magnetization, which are
induced by the flux jumps for the BaK122 system. This is however
absent in CaK1144 samples. Similar phenomenon is also observed
in Ba Fe1�xCoxð Þ2As2 or BaNa122 [6,32]. We must mention that in
some cases, this flux jump is not observed in BaK122 [5]. Fig. 3b
presents the MHLs measured at temperatures close to Tc. A notice-
able second peak effect is found on the MHLs in BaK122. From the
minimum and maximum of magnetization we can determine the
magnetic fields Hon and Hp, as marked in Fig. 3b at different tem-
peratures. As for lower temperatures, the peak appears at magnetic
fields higher than the measurable field 7 T of our setup. The
appearance of second peak effect in BaK122 and absence in
CaK1144 indicate that the vortex dynamics are different in the
two systems.

From the MHLs plotted above, we can calculate the transient
critical current density Js by using the Bean critical state model
[28] for both samples. The formula for the calculation reads

Js ¼ 20
DM

að1� a=3bÞ ; ð1Þ

where DM ¼ Mþ �M�; Mþ and M� are the magnetization of the
sample with decreasing and increasing magnetic field, a and b are
the width and length of the sample (b > a). The results are shown
in Fig. 4a, b at different temperatures for CaK1144 and BaK122.
The derived Js is quite high and reaches 8� 105 A=cm2 for
CaK1144 at 2 K and 0 T, and for BaK122 at 8 K and 0 T. These values
are comparable to most of doped samples in 122 family [6,19,33].
The JsðHÞ curves in Fig. 4b show the similar behavior of
Na Fe1�xCoxð ÞAs [34] where JsðHÞ dependence can be divided into
four regimes. In the low magnetic field regime, logJsðHÞ reveals a
small plateau. In the second regime, Js drops down with magnetic
field and seems to satisfy a power law relationship Js / H�a. As
for the third regime, JsðHÞ exhibits an enhancement, which is found
in previous studies on many other superconductors [5,6,19,35].
However, in CaK1144 this second peak effect is absent or very weak.
At higher temperatures, the third regime, or the so-called second-
peak effect of JsðHÞ disappears. And compared to BaK122, Js drops
more quickly for CaK1144 with increasing temperature and mag-
netic field. Because the maximum magnetic field of our SQUID is
7 T, the fourth regime of JsðHÞ with a decreasing behavior is not
observed here for BaK122. From the variation of Js with magnetic
field for both samples, we notice that the temperature and magnetic
field play different roles in determining the vortex dynamics of the
two systems. At low temperature and magnetic field, the vortex
dynamics is within the scenario of single vortex pinning for both
samples. At high temperature and magnetic field, vortex entangle-
ment and plastic motion of vortex dislocations may occur leading
to complicated features of magnetization for BaK122. For
CaK1144, the vortex motion or pinning seem to change more
strongly versus temperature, giving rise to a non-monotonic tem-
perature dependence of JsðTÞ at a fixed magnetic field. From the
absolute values of critical current density in the two systems at
the same temperature and magnetic field, we may conclude that
the vortex pinning in BaK122 is stronger than that in CaK1144.

Fig. 5a and b present the temperature dependence of Js
extracted from the MHLs at different magnetic fields for CaK1144
and BaK122, respectively. It is clear that the temperature depen-
dence of Js in Fig. 5a and b are quite different. For BaK122, the tem-
perature dependence of Js at different magnetic fields is
monotonic. For CaK1144, however, the curve JsðTÞ initially
decreases with increasing temperature and shows a minimum at
temperature Ton, then increases and exhibits a peak at a certain
temperature Tp. There exists a second peak effect of MHL width
or critical current density Js versus temperature for CaK1144. With
increasing the magnetic field, the temperatures associated with the
peak and the minimum shift to lower values. The appearance of



Fig. 4. (Color online) Correlations of Js versus H for (a) CaK1144, and (b) BaK122 at
different temperatures with dH=dt = 200 Oe/s (dashed line) and 100 Oe/s (solid
line). The second peak effect in BaK122 leads to a nonmonotonic changing of
magnetization versus magnetic field.

Fig. 5. (Color online) Temperature dependence of Js at 0.5, 1, 2, 3, 4, 5, 6, 7 T for (a)
CaK1144, and (b) BaK122.
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second peak effect of magnetization versus temperature suggests
that the pinning force is enhanced notably at intermediate temper-
ature region for CaK1144, unlike that in BaK122. It should be
noticed that the peak effect of JsðTÞ for CaK1144 at 0.5 T is less
clear, instead it shows a strong shoulder at higher temperatures.
This is unlike the situation where the magnetic field is larger than
1 T. And we will give a qualitative explanation for the different
‘‘peak effect” for the two different systems in Section 3.4.

3.2. Dynamical, conventional relaxation rate and activation energy

Magnetization relaxation is an effective way to study the vortex
dynamics in a superconductor. To study the vortex dynamics,
dynamical and conventional magnetic relaxation are generally
applied. The approach of dynamical magnetic relaxation is that
the MHLs of a sample are measured with different sweeping rates
of magnetic field at a fixed temperature. In this case one measures
the correlation of the width of MHL and the magnetic field, namely
DM vs. H with different sweeping rate dB=dt, and the dynamical
relaxation rate is defined as

Q ¼ d lnðJsÞ
d lnðdB=dtÞ ¼

d lnðDMÞ
d lnðdB=dtÞ : ð2Þ

As for the conventional magnetic relaxation, a magnetic field is
applied after the process of zero-field cooling at a constant temper-
ature, then the time dependence of magnetization is measured
immediately after stopping the sweeping of magnetic field. The
magnetization relaxation rate is determined through

S ¼ �d lnðjMjÞ
d ln t

: ð3Þ
Although these two relaxation rates are obtained by using two dis-
tinct ways, it has been shown that to some extent, Q and S are equal
to each other and provide similar information about the vortex
dynamics [36,37]. To analyze the experimental data, we adopt the
model of Anderson [7] for thermally activated vortex motion,
namely,

E ¼ v0Be exp
�UðJs; T;BeÞ

kBT

� �
; ð4Þ

here E is the electric field caused by vortex motion, v0 is the
attempting moving velocity, U is the activation energy which is also
called the barrier energy depending on the transient current density
Js, temperature T and the external magnetic field Be. Furthermore,
activation energy U is generally expressed as [38]

UðJs; T;BeÞ ¼ U0ðT;BeÞ
lðT;BeÞ

JcðT;BeÞ
JsðT;BeÞ

� �lðT;BeÞ
� 1

" #
; ð5Þ

where U0 is the intrinsic pinning energy in the absence of driving
force. The glassy exponent l can take different values for different
vortex pinning models or regimes. For example, l ¼ �1 is corre-
sponding to the linear relationship UðJsÞ ¼ Ucð1� Js=JcÞ or called
as Kim-Anderson model [7], while l ¼ 0 corresponds to the loga-
rithmic model [39]. For collective pinning or vortex glass model,
the exponent l generally takes a positive value between 0 and 2
[8,9]. Based on these basic functions and the definition of Q and S,
finally the following expressions are derived [40].

T
QðT;BeÞ ¼

U0ðT;BeÞ
kB

þ lðT;BeÞCT; ð6Þ

S ¼ kBT
U0 þ lkBT lnðt=t0Þ ; ð7Þ



Fig. 6. (Color online) Dynamical magnetization relaxation rate as a function of
magnetic field for (a) CaK1144, at 2, 5, 10, 15, 20, 25, 28 K, and (b) BaK122, at 8, 10,
15, 20, 25, 28, 32 K.

Fig. 7. (Color online) Temperature dependence of relaxation rate Q and S for (a)
CaK1144, and (b) BaK122 at different magnetic fields ranging from 1 to 6 T.
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here t0 is the characteristic relaxation time. By analyzing the data of
Q and S under different conditions, we can get the information
about the vortex motion in a superconductor.

Fig. 6a and b show dynamical relaxation rate as a function of
magnetic field for CaK1144 and BaK122, respectively. The parame-
ter Q is shown in Fig. 6 with the calculation by Eq. (2) in which Js is
measuredwith two different field sweeping rates 100 and 200 Oe/s.
For CaK1144, the QðHÞ curve shows a small peak when the mag-
netic field is lower than 1 T. In addition, the dynamical relaxation
rate Q changes slightly with magnetic field at low temperatures,
generally in the region of about 5% or less for both samples.
However, it increases obviously with magnetic field at higher tem-
peratures, for example, at 25 and 28 K for CaK1144. This suggests
that thermal activation plays the dominant role in vortex motion
at high temperatures. For BaK122, as shown in Fig. 6b, there is also
a peak of Q in the low field region. With increasing temperature,
this peak of Q shifts to lower fields. Below the magnetic field corre-
sponding to this peak, the MHL and Js both exhibit strong peaks,
indicating a strong pinning of vortices in this region [17]. The value
of Q is in a small rangewithout obvious increasewhen themagnetic
field is larger than 1 T. Furthermore, Q is less than 0.1 even at 32 K
which is close to the superconducting transition temperature. This
indicates the stronger vortex pinning at high temperatures in
BaK122, compared to CaK1144.

In Fig. 7a and b, we present the temperature dependence of
relaxation rate Q and S at different magnetic fields for CaK1144
and BaK122, respectively. At first, we discuss the dynamical mag-
netization relaxation rate Q. In Fig. 7a for CaK1144, one can see that
Q keeps a small value at low temperatures, but increases drasti-
cally when the temperature is higher than 20 K. One of the expla-
nations for this rapid increasing of Q value, as described in
BaFe2�xCoxAs2 [6], is that the plastic vortex creep is dominated in
this regime rather than the elastic vortex creep. It is the dislocation
of vortex that moves very fast leading to a rapid increasing of
relaxation rate. When focusing on data in the intermediate temper-
atures region, say from 10 to 20 K, we find that there exists a min-
imum value on each curve QðTÞ at magnetic fields above 2 T. This
results in a concave shape for the plotted curve. A closer look finds
that this minimum roughly coincides with the peak of JsðTÞ as
shown in Fig. 5a. Therefore the second temperature dependent
magnetization peak in CaK1144 is actually related to a slower
relaxation rate. We notice that the relaxation rates determined
by the conventional and dynamical ways have some differences,
for example those for Q and S at 6 T, but the general trends are sim-
ilar. In addition, the temperature of the minimum of Q or Smay not
precisely correspond to that of the maximum Js (see Fig. 5a), there
is a shift between these two temperatures. This is reasonable since
they should have quite different temperature dependence. In
Fig. 7b for BaK122, it is easy to find that Q decreases slowly with
increasing temperature. The weak temperature and magnetic field
dependence of Q in BaK122 indicate the strong pinning force for
vortices in this system. The relaxation rate determined here is in
the same scale of that reported in previous studies [2], while the
temperature dependence is a bit different for the data at different
magnetic fields. We see a diverging of the relaxation rate at a much
higher temperatures under different magnetic fields compared
with the previous data. This can be either induced by the different
pinning landscape in the two samples or the details of the mea-
surement procedures, such as the measuring time etc., are
different.

In order to further investigate the vortex dynamics in CaK1144
and BaK122, we measured the time decay of magnetization
through the method of conventional magnetization relaxation.
For each field and temperature, the measuring time was 12,000 s
for CaK1144, and 7,200 s for BaK122. Owing to the long time of this
method, we only measured the MðtÞ for various temperatures at
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two representative magnetic fields, 2 and 6 T. But it enables us to
compare the vortex dynamics between these two samples. The cor-
responding MðtÞ curves in a log-log plot are shown in Fig. 8a and b
for CaK1144 and Fig. 8c and d for BaK122. It is worth mentioning
that, since there is a weak background of the equilibrium magneti-
zation, we subtract a background signal Meq which is determined
as the middle value of magnetization measured in the field ascend-
ing and descending process. As said before, since the MHLs are
quite symmetric, this equilibrium value is actually very small com-
pared to the transient value MðtÞ. Interestingly, in a certain time
window, we find a linear relationship between lnjM �Meqj and
lnt at low temperatures. In a shorter time scale, the data deviate
slightly from this linear relationship. According to Eq. (3), we know
that the slope of curve lnjM �Meqj versus lnt in Fig. 8 represents
the value of relaxation rate S. Since the value of Meq is very small,
in the theoretical formulas of this paper, we do not write down the
Meq and rather use M to represent the corrected magnetization.
When temperature warms up to 25 K, the slope increases to a large
value for CaK1144. This result suggests clear larger relaxation rates
at 25 K in CaK1144. In Fig. 8c and d, one can see that the curves at
different temperatures are approximately parallel to each other,
indicating a similar relaxation rate. The deduced S based on the
Eq. (3) has already been presented in Fig. 7. It is clear that SðTÞ
shows the similar trend as QðTÞ. According to the Kim-Anderson
model [7], one can easily see that M is proportional to lnt. Thus,
strictly speaking, the vortex motion cannot be described precisely
by the linear activation function UðjÞ ¼ U0ð1� Js=JcÞ. It is necessary
to incorporate the collective pinning model to explain this
behavior.

Taking Eqs. (3)–(5) into account, the time dependence of mag-
netization can be derived as [25]

MðtÞ ¼ M0

1þ lkBT
U0

ln t
t0

� �h i1=l ; ð8Þ

here M0 is the magnetization at the initial measuring time scale, U0

and t0 are the intrinsic pinning energy and relaxation time, respec-
tively. The timescale of t0 is about 10�9—10�10 seconds. When we
adopted this formula to fit MðtÞ obtained by experiment, we found
that it is too hard to get credible l values by fitting to a single curve
–
–

Fig. 8. (Color online) Magnetization as a function of time on a log-log plot at various tem
ofM versus time, because the time scale is still not long enough and
many parameters are involved in the fitting. Thus we use another
way, namely the Maley’s method, to calculate l.

3.3. Scaling based on the Maley’s method

According to the model of thermally activated flux motion, one
can derive the following expression, which was first suggested by
Maley et al. [41].

U=kB ¼ �T ln jdM=dtj þ lnðBv0=pdÞ½ �; ð9Þ
here v0 is the attempting moving velocity, d is the dimension of the
sample. The second term in the bracket could be regarded as a con-
stant and denoted by C since it is logarithmically related to Bv0=pd.
Thus Maley et al. [41] proposed that, at a certain magnetic field B,
the UðMÞ deduced from MðtÞ measured at various temperatures
should fall onto a smooth curve when the value of C is properly cho-
sen. Once we have a UðMÞ dependence in a wide regime of M
(M / Js), and considering the Eq. (5), we are able to get the value
of l. We know that the glassy exponent l is a crucial parameter
within the collective creep theory. The values of l ¼ 1=7, 3/2 and
7/9 were predicted to correspond to the cases of vortex motion of
single vortex, small bundles and large bundles, respectively [8]. In
Figs. 9 and 10, we present the magnetization dependence of activa-
tion energy derived with Maley’s method for both samples at 2 and
6 T, respectively.

In Fig. 9a, the activation energy calculated by Eq. (9) for
CaK1144 is shown. It is evident that the Maley’s method is unappli-
cable when the temperature is larger than 8 K since the data do not
fall onto a single curve. In some cases, we have to scale UðMÞ
curves with gðT=TcÞ function (gðT=TcÞ ¼ ð1� T=TcÞn) if the activa-
tion energy at high temperatures deviates from one smooth curve
[42]. But we find that it is still unapplicable even this temperature
dependent gðtÞ is considered. In contrast to the case in CaK1144, as
shown in Fig. 9b, the UðMÞ curves for BaK122 at various tempera-
tures are clearly falling onto one smooth curve. This indicates that
the Maley’s method can work well for BaK122, but cannot for
CaK1144. The suitable C derived here for BaK122 equals to 25. In
order to know whether the collective vortex creep model is appli-
cable to both samples or not, we use the Eq. (5) to fit the resultant
–
–

peratures, (a) at 2 T and (b) at 6 T for CaK1144; (c) at 2 T and (d) at 6 T for BaK122.
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Fig. 9. (Color online) Activation energy as a function of magnetization derived with
Maley’s method at various temperatures and magnetic field of 2 T for (a) CaK1144
and (b) BaK122, Meq is the equilibrium magnetization calculated by the averaged
value of magnetization measured with increasing and decreasing magnetic fields.
The solid lines are the fitting curves with the collective pinning model.

–

–

Fig. 10. (Color online) Activation energy as a function of magnetization determined
with Maley’s method at various fixed temperatures and a magnetic field of 6 T for
(a) CaK1144 and (b) BaK122. The solid line in (b) is the fitting curve with the
collective pinning model.
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UðMÞ relations. Since the scaling for the CaK1144 sample seems to
work for only several temperatures below 8 K, we do the fitting
only with these very limited data. The value of l extracted from
the fitting is 0.77 for CaK1144 (T 65 K). However the fitting for
the BaK122 sample can be done for much wider temperatures,
we get l ¼ 0:51 for BaK122 (T 618 K) at the magnetic field of
2 T. These l values locate in the region of single vortex (l ¼ 1=2)
to small bundles (l ¼ 3=2) cases at 2 T. In Fig. 10, the similar
behavior of UðMÞ appears for the data at 6 T. It is obvious that
the data of UðMÞ at various temperatures deviate from one smooth
curve for CaK1144. However, UðMÞ curves for BaK122 at various
temperatures seem fall onto one single curve and can be perfectly
fitted by the collective pinning model. The corresponding l value
derived from the fitting is 1.34 which is close to 3/2, indicating that
small bundles of vortices dominate in this case. And it should be
noticed that the Maley’s method is valid in a wide temperature
regime ranging from 2.5 to 20 K for BaK122.

Now we briefly discuss about the applicability of the Maley’s
method to these two different systems and the message of vortex
pinning. This method is based on the assumption that the temper-
ature dependence of UðMÞ is insignificant and the initial values of
jM �Meqj should decrease with increasing temperature. For
BaK122, these two conditions are satisfied so that it is a useful
way to determine the correlation of activation energy versus mag-
netization. On the contrary, for CaK1144, the initial values of
jM �Meqj reveal a non-monotonic dependence with increasing
temperature, due to the very strange second peak of magnetization
versus temperature in this system. Therefore, adjusting the UðMÞ
for data measured in a wide temperature region to a smooth curve
is impossible. If we focus only on the UðMÞ curves at low temper-
atures for CaK1144, we are still able to get the credible l values.
However, it is clear that the Maley’s method cannot work for the
CaK1144 system in a wide temperature region, indicating that
the regions of vortex dynamics may change with temperature in
CaK1144, this is also the reason for the second peak effect of mag-
netization versus temperature found for this sample.
3.4. Explanation for different behaviors of peak effect in CaK1144 and
BaK122

Here we would like to give qualitative explanations for the dif-
ferent behaviors of second peak effect of magnetization in BaK122
and CaK1144. Let us firstly discuss the system BaK122, the second
magnetization peak appears with increasing magnetic field, this
has been observed in many other systems. One commonly
accepted picture is that the vortex dynamics changes from the
elastic motion to plastic motion [43]. When the magnetic field is
enhanced, the vortices become more and more crowded and the
elastic energy as well as the shear module C66 of the vortex system
is increased. This leads to the increase of the vortex pinning force
per volume and so does the magnetization. However, to a certain
extent, the system is unbearable for a further increase of magnetic
field and the interacting energy, some dislocations will be formed
and plastic vortex motion starts to appear and gradually dominate
the vortex motion [44], this will lead to the decrease of the tran-
sient critical current density Js and also the magnetization. As
shown in Figs. 4b and 6b, we see the anti-correlation between
the field dependence of magnetization relaxation rate and magne-
tization, which gives support to this picture. For the BaK122 sys-
tem, at a certain magnetic field below the second peak field Hp,
for example 2 or 6 T, the same vortex collective pinning regime
may work at different temperatures. This allows us to see the suc-
cessful scaling based on the Maley’s method. In a previous study
[45], the magnetization was measured up to 2 T for both the iso-
valent doped sample Ba FeAs0:67P0:33ð Þ2 and other samples including



Fig. 11. (Color online) Temperature dependence of resistivity under different
magnetic fields for (a) CaK1144 and (b) BaK122. One can see that the supercon-
ducting transitions are quite sharp and the broadening of resistive transition is not
very wide for these samples.

Fig. 12. (Color online) Different regimes of vortex dynamics on the H � T panel for
(a) CaK1144 and (b) BaK122. Here Ton and Tp are taken from JðTÞ curves for
CaK1144. Hon and Hp are taken from MðHÞ curves for BaK122. The terms liquid,
plastic and elastic here represent the regimes of vortex liquid, plastic motion and
elastic motion, respectively. The dashed line is a guide to the eye.
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the optimally doped BaK122. The latter were called as the ‘‘charged
doping” samples which all exhibit the second magnetization peak.
The data show that in the iso-valent doped sample
Ba FeAs0:67P0:33ð Þ2 the magnetization shows a monotonic decay with
magnetic field, while other samples with ‘‘charged doping” show
the second peak which can be interpreted as the consequence of
the doping induced quasiparticle scattering and thus the collective
pinning model applies. The authors argue that the collective pin-
ning induced by the disorders may be the reason for the second
peak effect. This picture is certainly interesting. In our CaK1144
samples, we suppose that we do not have this ‘‘charged doping”
as the quasiparticle scattering centers. This explanation seems to
be consistent with our experimental observations.

For the system CaK1144, we do not see a clear second peak
effect on the magnetic field dependence of magnetization, but
rather on the temperature dependent curve. Naively we would
conclude that both systems are hole doped and near the optimal
doping point, so that the vortex pinning and vortex dynamics
should be similar. However, we see the difference after a closer
scrutiny on the atomic structure. For BaK122, the element K is ran-
domly doped to the Ba sites, therefore the in-plane strain or in-
plane lattice constant are uniform along c-axis. This leads to a
rather uniform electronic properties along c-axis. For CaK1144,
since the radii of elements K and Ca are quite different, that is
why we have a new phase 1144, instead of 122 [21]. We can imag-
ine that the actual doping level along c-axis may have a slight
alternation leading to a periodic distribution of charge carrier den-
sities of the electronic properties. Moreover, even the doping level
may be rather uniform due to the high mobility of the charge car-
riers, the in-plane strain should inevitably alternates along c-axis
due to the different radii of Ca and K atoms. Therefore the vortices
will exhibit different features compared with BaK122. At a certain
magnetic field, with increasing temperature, due to the c-axis
alternation of electronic properties, the vortices are easy to entan-
gle each other. When temperature is increased in the intermediate
region, the vortex entanglement will enhance the vortex pinning,
leading to an increase of the transient critical current density Js
and the remanent magnetization. While with further increase of
temperature, the elastic vortex motion cannot be sustained since
the strong entanglement of vortices would lead to the vortex cut-
ting, which produces the dislocations. The motion of these disloca-
tions will lead to the plastic vortex motion, which will prevail over
the elastic motion. The combined effect of elastic energy of
strongly entangled vortex bundle and the tilt module C44 now
plays the key role for the formation of the second peak effect of
magnetization versus temperature. As shown in Figs. 5a and 7a,
we see the anti-correlation between the temperature dependence
of magnetization relaxation rate and magnetization, which gives
support to this picture. This observation and proposed picture
are quite interesting and certainly deserve further investigation.

3.5. Different regimes of vortex dynamics on the H-T phase diagram

In Fig. 11a and b we show the temperature dependence of resis-
tivity under different magnetic fields for CaK1144 and BaK122,
respectively. One can see that the broadening of resistive transi-
tions under different magnetic fields are rather weak. This indi-
cates that the regime for flux flow is rather narrow, in contrast
with many cuprate systems [46–48]. This may be induced by
rather small anisotropy of mc=mab in present iron based supercon-
ductors, where mc and mab are the mass matrix elements along c-
axis and ab-plane. By the way the samples for the magnetization
and resistivity measurements are different, therefore their Tc
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values can be slightly different. In addition, we can see a slight
negative radioresistance feature in the normal state of the
CaK1144 sample, which may not be intrinsic, it could be induced
by the electrode configuration since the sample has a roughly
square shape which cannot allow us to make a standard four probe
configuration. By taking the criterions of 90%qn and 1%qn, we
determine the upper critical field Hc2 and irreversibility field Hirr

and show them in Fig. 12a for CaK1144, and Fig. 12b for BaK122.
For the CaK1144 system, we define the temperature Ton and Tp

as the minimum and maximum on the JsðTÞ curve. Similarly, we
define the magnetic fields Hon and Hp as the valley and the second
peak position on the MðHÞ curve for BaK122. Although the temper-
ature and magnetic field dependence of magnetization are very dif-
ferent for the two samples, the behavior of Hirr and Hc2 are quite
similar for the two systems. The slopes of Hirr and Hc2 for both sam-
ples are very steep. Since the irreversibility line usually corre-
sponds to the vortex depinning boundary, we thus can define the
region between Hirr and Hc2 as vortex liquid. For BaK122, since in
the region above the second magnetization peak, the relaxation
rate rises up gradually, we thus define the phase line HpðTÞ as
the crossover from low temperature elastic to high temperature
plastic motions. For the CaK1144, however this second peak occurs
on the curve of M versus T, and the crossover field/temperature
seem too low. We thus cannot define it as the crossover between
the elastic and plastic motions. The vortex liquid regime for flux
flow is very small, which suggests a very good potential of practical
applications of both systems. Concerning the second peak bound-
aries of TpðHÞ for CaK1144 and HpðTÞ for BaK122, one can see that
there is big difference. The TpðHÞ in CaK1144 locates at much lower
values of magnetic fields compared with HpðTÞ for BaK122. This
clearly shows that they should have very different origins.
4. Conclusions

In summary, we have measured the magnetization relaxation
and resistivity in two systems CaK1144 and BaK122 with similar
superconducting transition temperatures. By using the so-called
dynamical and conventional magnetization relaxation methods,
we have extensively studied the vortex dynamics in these two
systems. Although we find some similarities between them, such
as similar critical current density values and the phase boundaries
of Hirr and Hc2, clear distinctions are found between them. First,
the second peak effect on MðHÞ or JsðHÞ curves is present for
BaK122, but is absent for CaK1144; however a second peak effect
appears on the temperature dependence of critical current density
Js for CaK1144.We give qualitative explanations for different second
peak effect in the two different systems. Second, theMaley’smethod
seems not working for CaK1144 in wide temperature regions, but it
works perfectly for BaK122. We attribute these differences to the
distinct vortex dynamics in the two systems. Third, for BaK122,
based on the Maley’s method, the UðMÞ or UðJsÞ dependence can
be obtained inwide region of current density by using the datamea-
sured at different temperatures. A fit to the resultantUðJsÞ can lead to
the determination of glassy exponent l in BaK122. For CaK1144,
however, the vortex dynamics varies strongly with temperature,
which does not allow us to adopt the Maley’s method and use the
collective pinningmodel. Our comparative studies should be helpful
to comprehend the understanding of vortex dynamics in pnictide
superconductors. Clearly further experiments and studies are still
necessary for discerning the fundamental reasons for the different
behaviors of vortex dynamics in the two systems.
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