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Abstract
We report the vortex dynamics of superconducting a Ca10(Pt4As8)((Fe1−xPtx)2As2)5 (x≈0.05)
single crystal with Tc= 26 K investigated by performing magnetic measurements. The field
dependence of the magnetization displays a second peak (SPM), typically related to a crossover
between elastic and plastic vortex relaxation in a weak pinning scenario. Long-time flux creep
relaxation measurements for fields smaller that of the SPM show that the vortex dynamics can be
separated in two different regions. For magnetic fields smaller than the lower end of the SPM,
glassy relaxation (with a characteristic glassy exponent μ) is observed. For magnetic fields
between the lower end and the SPM, the flux creep rate decreases systematically to values below
to the ones predicted by the collective theory. This effect can be understood by considering a
stable vortex lattice configuration. As the field position of the SPM can be adjusted by modifying
the quenched potential, our results suggest that extremely low flux creep relaxation rate may be
tuned in many other superconducting materials.

Keywords: iron based superconductors, vortex dynamics, glassy exponents

(Some figures may appear in colour only in the online journal)

1. Introduction

Among the fascinating and widely studied features of
superconductors are their time-dependent magnetic proper-
ties. In particular, information about the flux creep rate (decay
of the persistent critical current densities Jc) is highly required
from both a basic understanding and an application point of
view. The vortex motion in type-II superconductors is mainly
governed by thermal fluctuations and quenched disorder. The
strength of vortex fluctuations is related to the Ginzburg

number = g
x

⎡
⎣⎢

⎤
⎦⎥( ) ( )

Gi T

H

1

2 0 0

2
c

c
2 3 (Hc(0) is the thermodynamic

critical field at T= 0 K, Tc critical temperature, γ anisotropy,
and ξ(0) the coherence length at T= 0 K). The simplest
phenomenological parameter to describe the strength of dis-
order is the critical current–density ratio (Jc/J0) (where J0 is
the depairing current density) [1]. In conventional low-Tc
materials (LTS), Gi≈10−8 and the flux creep rate is gov-
erned by a standard Anderson–Kim process. However, the
situation is different for iron based superconductors (IBS,
with Gi≈10−5

–10−2) and for high-temperature cuprates
(HTS, with Gi>0.01), in which the short coherence length,
the large anisotropy and the high critical temperature generate
great thermal fluctuations [2, 3]. In LTS, the thermal effects
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produce an almost negligible and essentially logarithmic
temporal decay of the persistent current. In IBS and HTS,
such decay is much larger and displays non-logarithmic
behavior (which is related to the elastic nature of the flux
lines). Such behavior has been explained considering that the
decay of the persistent current with time is determined by the
current dependence of the activation energy:
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where μ>0 is the glassy exponent and U0 is the character-
istic pinning energy. The decay of J with time t is given by
the interpolation between the classical Anderson–Kim model
and the logarithmic term:

m
= +

m-⎡
⎣⎢

⎤
⎦⎥( ) ( )J J

T

U
t t1 ln , 2c

0
0

1

where t0 is a characteristic time and T is the temperature. The
normalized relaxation rate is:

m
= - =

+
=

m⎛
⎝⎜

⎞
⎠⎟

( )
( ) ( )

( )S
J

t

T

U T t t

T

U

J

J

d ln

d ln ln
. 3

c0 0 0

The condition μ>0 implies a diverging activation
energy as J→0 in equation (1), which is the consequence of
elastic creep. The glassy exponent μ is regime dependent. The
collective creep model predicts μ=1/7 for single vortex
creep, 3/2 or 5/2 for small bundles, and 7/9 for large bundles
in random point disorder regimes whereas different μ is
expected for correlated disorder in various single vortex and
collective regimes [1].

The concept of glassy relaxation governed by vortex
bundles has been largely applied to the study of different
families of Fe-based superconductors with anisotropy ranging
from low γ (i.e., FeSe) [4, 5] to high γ (i.e.,
SmFeAsO0.85F0.15) [6]. The field dependence of the magne-
tization is characterized by a second peak in the magnetiza-
tion (SPM) or fishtail [7–10]. This phenomenon was
previously found in YBa2Cu3O7−δ single crystals, and was
attributed to the elastic (vortex bundles at low fields [11]) and
plastic crossover [3]. In addition, a first order phase transition
has been noticed, which varies from an ordered (elastically
pinned) low-field vortex phase (Bragg-glass), to a high-field
disordered phase characterized by the presence of topological
defects [12]. While its origin is unclear, SPM usually appears
in superconductors with random disorder. For example, the
SPM tends to disappear after detwinnig and annealing
YBa2Cu3O7−δ single crystals [13]. Similarly, the fishtail seen
in Ba(Fe1−xCox)2As2 is strongly suppressed after anneal-
ing [14].

In this article, we report a detailed study of the vortex
creep in Ca10(Pt4As8)((Fe1−xPtx)2As2)5 (x≈0.05) single
crystals with Tc=26 K. This compound belongs to the
Ca10(PtnAs8)((Fe1−xPtx)2As2)5 family corresponding to n= 4
(10-4-8) [15–17]. Unlike other Fe-based superconductors,
superconductivity, with the highest Tc∼38 K, occurs in
10-4-8 without chemical doping [18, 19]. It is also char-
acterized by a huge upper critical field (Hc2) with relatively

high anisotropy [20]. For instance, an upper critical field of
Hc

c
2(0)∼92 T (H//c-axis), and upper critical field anisotropy

of γ T→0≈1 and γ T→Tc≈10 have been reported for sam-
ples with Tc∼26 K [20, 21]. Considering the penetration
depth λ(0)≈300 nm and ξ(0)≈2 nm [20], we can
estimate the thermodynamic critical field = =( )H T 0 Kc

plxF »( )2 2 0.38 T0 (with Φ0 the magnetic flux
quantum) and the depairing current density

pl= = » -( )J T c0 K H 3 6 55 MA cmc0
2 (where c is

the speed of the light). The temperature dependent γ intro-
duces an uncertainty in Gi. If we consider the whole range
γ=1 to 10 for this compound, Gi≈0.0001–0.02.

2. Material and methods

The Ca10(Pt4As8)((Fe1−xPtx)2As2)5 (x≈0.05) crystals were
grown by the flux method [22]. For the magnetization mea-
surements, we choose a rectangular-shaped plate with
dimensions of 0.73 (length, l)×0.7 (width, w)×0.07
(thickness, t) mm3, with c-axis parallel to t. The orientation of
the crystal was verified by x-ray diffraction (see inset
figure 1). The magnetization (M) measurements were per-
formed by using a superconducting quantum interference
device (SQUID) magnetometer with the applied magnetic
field (H) parallel to the c-axis (H||c). The Tc value (based on
magnetization data) was determined from M(T) at
μ0H=0.3 mT applied after zero-field cooling (ZFC). The Jc
was calculated from the magnetization data using the appro-
priate geometrical factor in the Bean Model. For H||c,

= D
-( )

J ,c
M

w w l

20

1 3
where ΔM is the difference in magnetization

between the top and bottom branches of the hysteresis loop
(l>w). The creep rate measurements were recorded for the
period of time from 1 to 16 h. The magnetization of the
sample holder was measured and subtracted from the data by
averaging the initial points of the time relaxation for the lower
and upper magnetic branches. Relaxation data correspond to
the upper branch of the magnetization. The initial time was
adjusted considering the best correlation factor in the log-log

Figure 1. Temperature dependence of magnetization with
μ0H=0.3 mT in the 10-4-8 crystal. The measurement was
performed with H||c- axis. Inset: x-ray diffraction pattern of the
crystal showing the (00l) reflections.
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fitting of the Jc(t) (for the first hour). The initial critical state
for each creep measurement was generated using ΔH∼4H*,
where H* is the field for full-flux penetration [23]. Long-time
flux creep relaxation measurements were fitted using the
equation (2). A standard nonlinear fit using the Levenberg–
Marquardt algorithm was applied. The fitted parameters were
U0, Jc, t0 and μ. Due to the low influence of the first term of
equation (2) in the fit, U0 and Jc are correlated.

3. Results and discussion

Figure 1 shows the temperature dependence of the magneti-
zation (normalized with M at 5 K) under μ0H=0.3 mT after
ZFC. The Tc∼26 K corresponds to the onset of the mag-
netization. The maximum decay of the magnetization occurs
at ≈21.5 K, in agreement with zero resistance in transport
measurements (not shown).

Figure 2(a) shows the field dependence of Jc obtained
from the Bean critical state mode at different temperatures.
The self-field Jc at 1.8 K is around 0.42MA cm−2, which
corresponds to ∼0.7% of the J0 (T=0 K). Similar (Jc/J0)
ratio is usually observed in pristine single crystals of other
IBS such as FeSe (≈0.6%) [5] and Co-doped BaFe2As2
(≈1%) [2, 24]. Low Jc/J0 is expected for vortex pinning
dominated by random disorder [1]. The hysteresis loops for
temperatures between 1.8 and 17.5 K display a SPM (see the
inset of figure 2(a)), which moves towards lower fields as
temperature increases. As mentioned above, the SPM is
usually attributed to weak pinning [2, 3, 11]. A distinctive
feature of the Jc(H) at different temperatures is the strong
enhancement in Jc below 5 K, which takes place in the same
range of temperature where a reduction in γ from 2 to 1 is
observed [20]. More detailed information of Jc (T) for dif-
ferent fields is shown in figure 2(b). Note that Jc increases
dramatically below 5 K. For example, Jc at μ0H=0.1 T
increases by about three times when the temperature is
decreased from 5 K (T/Tc≈0.2) to 1.8 K (T/Tc≈0.072).
This suggests that the increment in Hc2 and the reduction in γ

at T<5 K produce an increment in Jc(T).
Figure 3(a) shows a comparison between Jc(H) and S(H)

for T=1.8 K and T=7.5 K. The S is obtained by measure-
ments during the first 1 h. The S(H) displays a maximum
around the lower end of the fishtail (the minimum in Jc(H)),
then decays as Jc(H) increases, and finally increases rapidly
above the SPM. The latest regime corresponds to plastic
relaxation (related to fast creep) [2, 3]. Below the SPM, the
Jc(H) modulation can be explained by considering crossover
between a single vortex regime (SVR) (negligible inter-vortex
interaction) and vortex bundles in a week pinning scenario
[11]. In addition, mixed pinning landscapes (including a low
density of nanoparticles and random disorder) have been
considered [25]. Continuous evolution in μ(H) (instead of
discrete values) is commonly observed [2, 26]. The value of
magnetic relaxation rate S varies from values as larger as 0.06
(at low fields) to S≈0.02 (at the SPM), which are consistent
with previous observation in other IBS such as Ba1−xKxFe2As2
and Co-doped BaFe2As2 [8, 9, 24, 27]. Figure 3(b) shows the

temperature dependence of the flux creep rate S at fields of
μ0H=0.1, 0.3 and 1 T. Measurements were performed over
1 h duration. The S(T) at the different fields displays a mod-
ulation that can be attributed to evolution in the vortex-bundle
size due to the reduction of field for the SPM. Although non-
negligible S is expected at T→0 K from quantum creep [28],
it can be masked in small fields by self-field effects [11]. For
10-4-8 superconductor, noticeable large S is observed even at
temperatures as low as 1.8 K. This fact reflects very small
pinning energy U (see equation (3)). The crossover to fast
creep (related to plastic creep) is evidenced at high tempera-
tures (see arrows in figure 3(b)) [14].

Figure 2. (a) Critical current density (Jc) versus magnetic field (H) at
different temperatures (1.8, 5, 7.5, 10, 15 and 17.5 K). (b)Magnetization
loops (positive magnetic fields) at several temperatures (the SPM is
indicated by arrows). (c) Critical current density (Jc) versus temperature
(T) at different magnetic fields (0.01, 0.1, 0.5, 0.75 and 1 T). All the
measurement were performed with
H||c-axis.
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The characteristic glassy exponent μ at different regimes
is usually estimated from Maley’s method [29]. However,
for samples with a SPM, it is expected to depend on the field
and temperature (μ(H, T)). We can obtain μ values through
equation (2) in the glassy regime [11]. Relaxations for
temperatures between 1.8 and 10 K were recorded over the
period up to 16 h. In figures 4(a) and (c) we plot data as J
versus t for T=5 K and T=7.5 K, respectively. Our
results show that below the SPM (where elastic creep it is
expected) the relaxation can be divided into two different
regions. Region I corresponds to the field range where μ can
be obtained by fitting data to equation (2) (fields smaller
than the lower end of the SPM). Region II corresponds to the
field range where the equation (2) is no longer valid (fields
larger than the lower end and the SPM). In the latter regime,
noticeable suppression in the long-time flux creep relaxation
is observed. This phenomenon occurs in the field range
where S(H) reaches the minimum (see figure 3(a)), and it is
usually attributed to small bundles with μ close to 3/2 [11].

Figures 4(b) and (d) show the field dependence of Jc and
the corresponding μ values. Our results at low fields (Region I)
are similar to those previously published in YBCO [11]. The μ
value varies from 0.35 to more than 1 (i.e. μ=1.22 for
T=7.5 K and μ0H=1 T). The parameter t0 obtained in the
different fits is in the range 10−8

–10−10 [23]. Usually μ values
which ranges between 0.7 and ≈1.6 are observed in pristine
single crystals of different IBS, which include FeSe [4, 5],
FeTe0.6Se0.4 [30] and Co-doped BaFe2As2 [14], among others.
At low fields, μ is larger than that predicted for the SVR

(μ=1/7), but comparable with that obtained in YBCO single
crystals [11]. Single-vortex collective pinning is expected as
long as γ Lc<inter-vortex distance (a0) (Lc is the Larkin

length g x= - ( ) /Lc
c J

J
1

1 2

c

0 ). Above γ Lc≈a0, an increment in μ

slows the relaxation down and the vortices begin to interact,
leading to the first crossover to small bundles is expected
(μ=3/2–5/2), then the second crossover to large bundles
(μ=7/9) [1]. Similar analysis (including elastic and plastic
regimes) has been applied to many superconducting systems in
which the maximum at the SPM is considered as a crossover
from elastic to plastic relaxation [2, 3, 8–11, 31–33]. The
crossover between SVR and small vortex bundles (in aniso-
tropic superconductors with H||c) is expected at

b=B H ,J

J csb sb 2
c

0
with b » 5.sb Considering Jc/J0≈0.007 for

Hc2(0)≈90 T [20], the SVR for 10-4-8 superconductor should
be extended to μ0H≈3 T at 0 K. When temperature is
increased, the SVR is expected to be strongly suppressed by
thermal fluctuations.

We now turn to Region II. This regime appears above 2 T
at 1.8 K and is reduced with increasing temperature (i.e.
μ0H≈1 T is observed at 10 K). The outstanding feature is a
temporal and gradual reduction in the S(t) outside the pre-
dicted collective creep model. To determine the temporal
variation in S, Jc(t) is divided in fragments of 1 h and S is
calculated within each fragment. Figure 5 shows the obtained
result. A strong reduction in S(t) is observed. This decay
cannot be explained by considering the temporal evolution of
ln(t/t0). For example, considering t0≈10−6

–10−10 [23] and
μ=1–2, in the limit mU T t tln0 0 (maximum temporal
dependence), variation is expected to be smaller than 10%
(see figure 5). However, our experimental results evidence
changes over 50% in most cases. It is worth noting that S
lower than 0.005 is observed at particular field and temper-
ature (i.e. 3 T and 5 K) for period longer than 10 h.

The presence of the unexpected long-time relaxation in
Region II can be understood by considering a stable vortex
lattice configuration. As mentioned above, the SPM is related
to an order–disorder transition (ODT) in the vortex lattice and
the coexistence of ordered–disordered vortex structure
[12, 34]. The coexistence of plastic (dislocation movement)
and elastic motion should give rise to a stable vortex lattice
configuration with better adjustment to the quenched disorder
(random point defects). This scenario is consistent with pre-
vious results obtained in YBa2Cu3O7−δ single crystals, in
which a more disordered pinned state can be induced by
shaking the vortex lattice with asymmetric AC fields [35].
The ODT may occur in the SVR or in the bundle pinning
depending on the strength of the pinning potential and the
magnitude of the thermal fluctuations (determined by the
feasibility to generate dislocations in the vortex lattice) [12].
Considering that the root–mean square thermal fluctuation of
the vortex lattice can be estimated by á ñ =u c aL

2 2 2 (where a is
the inter-vortex distance and cL is the phenomenological
Lindeman constant ≈0.2) and a parameter x g= ( ) ( )D L0 0 ,c

the ODT takes place within the SVR if D>cL, and above the
SVR if D<cL [12]. For the studied system, D≈0.08<0.2
(small disorder), which is in agreement with the SPM above

Figure 3. (a) Magnetic field dependence of Jc and the creep rate (S)
at 1.8 and 7.5 K. (b) Creep rate (S) versus temperature (T) with
μ0H=0.1, 0.3 and 1 T. All the measurements were performed with
H||c-axis.
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the SVR. It is important to mention that the anomalous Hc2(T)
dependence observed in the Ca10(Pt4As8)((Fe1−xPtx)2As2)5
[20] should have a relevant contribution to the ODT temp-
erature dependence [12].

Through the above investigation, we demonstrate that the
vortex dynamics of Ca10(Pt4As8)((Fe1−xPtx)2As2)5 can be
well described by weak collective pinning. Small U is
expected from the high flux creep rate observed at low tem-
peratures (manifested as huge flux creep rate). According to
equation (3), Uc≈10–20 K using S1.8K.,1T=0.038,
μ1.8K.,1 T=0.8 and ln (t/t0)≈30. The Jc(H) shows the
typical S(H) modulation, attributable to relaxation by vortex

bundles and a crossover to fast creep (plastic relaxation). The
flux creep rate below the SPM can be divided into two
regions: (I) is at low and intermediate fields, where the rate is
well described considering glassy relaxation with character-
istic μ exponent that varies between 0.35 (at low fields) to
values higher than 1 (at fields slightly larger than the mini-
mum in Jc); (II) is at high fields (between the minimum and
the SPM), where the relaxation cannot be analyzed by the
collective creep model considering the equation (2). We
observe small flux creep rate with S<0.01, which could be
related to the coexistence of elastic and plastic motion con-
tributing to a stable disordered vortex lattice configuration in
a pinning landscape dominated by random disorder. Con-
sidering that the field position of the SPM can be adjusted by
modifying the quenched potential (i.e. modifying (Jc/J0) by
irradiation), our results suggest that extremely low flux creep
relaxation rate can be tuned.

4. Conclusions

We have studied the vortex dynamics of Ca10(Pt4As8)
((Fe1−xPtx)2As2)5 single crystals with Tc=26 K by per-
forming magnetization measurements. The field dependence
of the magnetization displays a SPM, which is associated with
weak pinning produced by random disorder and chemical
inhomogeneities. A state with strong reduction in the flux
creep rate is observed (between the minimum and the SPM).
Considering that the field position of the SPM can be adjusted

Figure 4. (a) and (c) Long-term relaxations on the 10-4-8 crystal at 5 K and 7.5 K, respectively. (b) and (d) Magnetic field dependence of Jc
and the μ values at 1.8 K and 7.5 K, respectively. Region I corresponds to the field range where equation (2) is valid. Region II corresponds
to the field range where equation (2) cannot be applied.

Figure 5. Flux creep rate (S) obtained in interval of 1 h for time
between 1 and 16 h. The S(t) dependence predicted by equation (2)
as S≈[1/μ ln (t/t0)] are also included.
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by modifying the quenched potential (i.e. modifying (Jc/J0)
by irradiation), our results suggest that extremely low flux
creep relaxation rate may be tuned in many other super-
conducting materials.
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