
PHYSICAL REVIEW B 88, 144505 (2013)

Peak effect in optimally doped p-type single-crystal Ba0.5K0.5Fe2As2 studied
by ac magnetization measurements
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We have used the ac magnetic susceptibility to investigate the vortex state in an optimally doped p-type
Ba0.5K0.5Fe2As2 single crystal under various ac and dc fields. A peak effect is observed in the temperature
dependence of the in-phase ac susceptibility, indicating an order-disorder transition on the vortex phase diagram.
The peak effect displays an anomalous history effect compared with other type-II superconductors, which we
ascribe to the strong pinning existing in the material. We observe the development of a small dissipation peak
at the temperature Tp2 slightly below the peak effect region. Similar to the peak effect boundary, Tp2 delimits a
region in the H -T phase diagram which is independent on the ac field amplitude. We argue that this small peak
may arise from the softening of the vortex lattice, leading to a collective pinning of the whole vortex lattice. This
effect assists and further enhances the peak effect occurring in the Ba0.5K0.5Fe2As2 superconductor.
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I. INTRODUCTION

In both low and high Tc superconductors, one of the most
interesting phenomena in the Abrikosov vortex state of type-
II superconductors is the nonmonotonous dependence of the
critical current Jc on temperature or/and magnetic field, which
is well known as the peak effect (PE).1 Among all possible
explanations, it has been recently proposed that the transition
from a quasiordered Bragg glass with weak random pinning
to a disordered phase with strong pinning is the responsible
for the peak effect.2–5 The study of the PE holds the key to
help us gaining insight in the subjects of vortex matter and
its dynamics in superconductors, as well as in order-disorder
transition phenomena which are found in a wide range of
materials and may have a significant impact on their properties.

The discovery of high temperature superconductivity in
iron-based superconductors has attracted extensive interest of
the researchers.6 The high upper critical field (Hc2),7 high crit-
ical current density (Jc), and relatively low anisotropy8 favor
future potential applications. The new high Tc superconductors
also provide a promising route to unveil the puzzling questions
remaining for other superconducting systems. Normally the
PE is observed only in high quality single crystals, since in
such materials it is expected that there is a small number of
defects working as strong pinning centers. In such systems
the remaining pointlike defects such as vacancies may play
an important role for the occurrence of the PE.9 However,
the iron-based superconductors have been reported to exhibit
very strong pinning strength especially in the so called 122
phase (e.g., A1−xMxFe2As2, A = alkaline-earth element, M =
alkaline metal), where the effective pinning potential reaches
a record high value.10 The vortex configuration in samples
with strong intrinsic pinning is more disordered than in a
sample with weaker pinning. Highly inhomogeneous vortex
patterns have been reported in 122 family compounds11–13

and other iron-based superconductors.14,15 Whether the vortex
matter order-disorder transition still exists in iron-based
superconductors remains an open question.

There are many different ways to reveal the PE, such
as isothermal magnetization, electrical transport, and ac
susceptibility measurements. In isothermal magnetization
measurements Jc, deduced from the magnetization hysteresis
loops, increases with the magnetic field after the first peak
of the penetration field, which is also called fishtail effect
or second magnetization peak (SMP). However, it has been
found that in some superconductors the temperature derived
from SMP is not consistent with the peak effect from electrical
transport measurements. There might be a different mech-
anism behind these two phenomena.16 In standard electrical
transport measurements, vortices undergo some type of current
induced reorganization, and therefore the original vortex
lattice configuration is not accessible. In that sense, the ac
susceptibility technique can be regarded as a special electrical
transport experiment, where the in-phase component probes
the shielding supercurrents and the out-of phase component
measures the energy dissipation due to the vortex motion.
Moreover, the higher harmonics of ac susceptibility also allow
us to study the nonlinear response of the vortex lattice.17,18

Compared with the electrical transport and isothermal mag-
netization measurements, the ac susceptibility technique has
the advantage of acquiring information in a much shorter time
window (10−5–10−1 s)19,20 which is important in the study of
vortex order-disorder transitions.

Until now the SMP have been reported from isothermal
magnetization measurements in many kinds of iron-based
superconductors21,22 and most of them are attributed to the
crossover from the elastic to the plastic pinning. However, no
PE has been observed either by electrical transport or by ac
susceptibility measurements.
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In this paper we report the observation of the PE in
an optimally doped p-type Ba0.5K0.5Fe2As2 superconductor
through ac susceptibility measurements. A history effect in
the PE regime is studied which might arise from the strong
intrinsic pinning in Ba0.5K0.5Fe2As2. By mapping out the PE
phase diagram, we found an enhanced disordered regime with
strong pinning due to increase of the shaking field.

II. EXPERIMENTS

The studied single crystal Ba0.5K0.5Fe2As2 was prepared
using a high-pressure technique as been reported in Ref. 23.
Compared with the normal preparation method, the high-
pressure technique provides the highest quality single crystals.
The sample, with sizes of ∼1 × 1.3 × 0.5 mm3, is character-
ized by a Tc = 38.2 K and �Tc = 0.4 K (10%–90% criterion).
The ac susceptibility measurements were performed using a
Quantum Design PPMS with an external dc field up to 9 T and
an ac field with an amplitude range of hac = 0.2–12 Oe. Both
dc and ac fields are perpendicular to the sample surface (ab

plane) in all the measurements.

III. RESULTS AND DISCUSSION

Figure 1 shows the in-phase χ ′(T ) and the out-of-phase
χ ′′(T ) ac susceptibility as a function of temperature and
dc magnetic field. The in-phase signal is related to the
shielding capabilities of the sample, and at low dc fields the
χ ′(T ) exhibits a steplike diamagnetic response just below
Tc, indicating the onset of superconductivity. Similarly, the
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FIG. 1. (Color online) (a) In-phase and (b) out-of-phase of the
ac susceptibility as a function of temperature and dc magnetic field.
The bright red color (dark blue) in (a) and (b) indicates low (high)
shielding of the magnetic field and high (low) dissipation of the
vortex lattice, respectively. (c) and (d) present the typical curves of the
χ ′(T ) and χ ′′(T ) measured below and above the threshold field Hthr,
respectively. All the measurements were done through field-cooling
process with hac = 1 Oe at f = 1333 Hz. The inset shows the χ ′′(Tirr)
value as a function of magnetic field, where Hthr is defined as the
minimum of χ ′′(Tirr) at H = 0.3 T. The lines in (a) and (b) indicate
the positions of Tc, Tonset, Tpeak, and Tirr.

out-of-phase signal arises due to the dissipative ac losses
within the superconductor. χ ′′(T ) displays an obvious peak
at the temperature Tirr coinciding with the drop in χ ′(T ), this
peak signals the onset of dissipation caused by the vortex
motion close to Tc due to the melting of the vortex glass.
Therefore, Tirr is usually defined as the crossover between a
glass phase (irreversible magnetization) and a liquid phase
(reversible magnetization).24–26 With increasing dc field, both
Tc and Tirr shift to lower temperatures. Above the threshold
field Hthr = 0.3 T, a kink at the temperature Tpeak starts to
develop on the in-phase curve [Fig. 1(c)], at the same time,
on the out-of-phase curve a corresponding dip emerges with
a broad peak appearing at temperature of Tp3 [Fig. 1(d)].
With further increasing fields, the kink on the χ ′(T ) curve
becomes more pronounced and gradually transforms into a
distinct dip, which is well known as the peak effect.4,27,28

It is clear from Fig. 1(a) that there exists an area around
Tpeak with higher shielding compared with the area around
Tonset and below. Correspondingly, in Fig. 1(b), around the
same area the vortex lattice exhibits lower dissipation, there
indicates a stronger pinning in that temperature regime. It has
been proposed that Tonset (the onset of the PE) signals the
crossover from an ordered-weak pinning vortex phase to a
disordered-strong pinning vortex phase.2–4 It is worth noticing
that the broad peak occurring in χ ′′, which emerges at Tp3, was
also observed in high Tc cuprates, where it is believed to be a
signal for the onset of weak bulk pinning when vortices form
a lattice.26 We have identified that the threshold field (Hthr)
above which the PE appears depends on the amplitude of the
shaking field hac. A similar effect has also been observed in
other superconductors such as MgB2,28 Nb,29 and binary alloy
V-21 at. %Ti.4 The reason why the PE only appears above
Hthr is still unclear. It has been suggested that the appearance
of a PE in a type-II superconductor may be correlated with a
multicritical point (MCP) on the vortex phase diagram where
the third critical field, upper critical field, and PE boundaries
meet at the same point.29 In our crystal, no sign of surface
superconductivity is observed. However, we do observe that
below Hthr the out-of-phase peak height at Tirr decreases with
increasing dc field, while above it, χ ′′(Tirr) increases with the
field. The field dependence of χ ′′(Tirr) is displayed in the inset
of Fig. 1(b), from which the Hthr can be defined as the curve’s
minimum. Although the mechanism behind it is still not clear,
the same behavior for χ ′′ has been reported in YBa2Cu3O7.26

We suggest that the the decrease of χ ′′(T ) with increasing
Hdc might be due to the precursor of the PE where strong
pinning evolves. This might provide an easier way to estimate
the Hthr compared with the progressive emergence of PE on
the in-phase curves.

The PE often shows metastability and history effects in
both low and high-Tc superconductors when measuring by
using different thermomagnetic processes.16,27,30,31 Figure 2
plots the in-phase ac susceptibility data obtained in different
measuring processes: (1) field-cooled cooling down (FCC), (2)
field-cooled warming up (FCW-#), where # is the temperature
to which the sample has been cooled down, and (3) field-cooled
warming up after cooling with the ac field on (FCW-ac). It
is clearly observed that above the characteristic temperature
T ∗, as indicated by the dashed line, all the curves merge
while below T ∗, χ ′ displays a strong history effect, with Tpeak
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FIG. 2. (Color online) In-phase of the ac susceptibility recorded
in various cooling and warming processes at Hdc = 1.5 T and hac =
1 Oe. Inset shows the enlargement of the main panel at the peak effect
region. The arrows show the direction of temperature variation. The
vertical arrows show the position of T on

p and Tpeak. The dashed circles
indicate the kink of FCW-5 K curve in the PE region due to low
temperature spontaneous ordering.

and Tonset slightly depending on the magnetic history. When
performing FCW from low temperatures, the χ ′ curves exhibit
very weak PE (FCW-5 K) or even no trace of PE (FCW-15 K
and FCW-25 K). As the PE is a signature of an order-
disorder transition, the disappearing of the PE through field
cooling in the absence of an ac field indicates that the vortex
lattice remains in a metastable disordered and strongly pinned
configuration. Contrary to what have been reported in FCW
experiments in a conventional superconductor NbSe2,27 where
a spontaneous ordering occurs at low temperature; the overlap
of FCW-15 K and FCW-25 K curves might arise from the
strong intrinsic pinning in Ba0.5K0.5Fe2As2 single crystals.32

As illustrated by the inset of Fig. 2, only at low enough
temperatures (FCW-5 K), the elastic force between vortices
can partially overcome the interaction between vortices and
pinning potentials, reconfiguring the vortex lattice into a more
ordered state. Indeed, the FCW-5 K curve does exhibit a
small peak and slight kink around the PE region, which may
hint towards a spontaneous ordering of vortex lattice at low
enough temperatures. In the Ba0.5K0.5Fe2As2 single crystal
superconductor we find that the most ordered state is obtained
by performing a FCW with an ac field on (FCW-ac), as
demonstrated by the black circles in Fig. 2. This is reasonable
since in the nonlinear regime (close to Tc), when cooling with
and ac field on, the vortex lattice experiences a transition
towards a more ordered (lower pinning) configuration as
displayed by the FCC curve. Following this path, the system
warms up (FCW-ac) in a lower pinning potential as compared
to the FCW-# experiments. Therefore, the hysteresis displayed
by the FCC and FCW-ac curves supports the hypothesis
of a spontaneous vortex lattice reordering occurring as the
temperature is decreased. When the vortex lattice is cooled
under a reduced pinning landscape (FCC), the elastic vortex-
vortex interaction is able to overcome the vortex pinning
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FIG. 3. (Color online) Contour plot of the (a) out-of-phase and
(b) in-phase of the ac susceptibility as a function of temperature, for
hac varying from 0.2 to 12 Oe (f = 1333 Hz) at Hdc = 0.025 T. Inset
shows the log-log plot of hac vs (1 − tirr), where tirr = T/Tc.

interaction further reordering the lattice, the fact that shows
up on the FCW-ac curve as an enhanced PE. Since the
thermomagnetic history plays an important role in determining
the PE and mapping out the vortex matter phase diagram,
for the remaining of the paper we concentrate on the FCC
measurements for mutual comparisons of the ac susceptibility.

As discussed above, there exists a threshold field Hthr

above which the PE appears. We have studied if there is any
difference in vortex behavior above and below Hthr. Figure 3
presents the ac susceptibility as a function of the temperature
at Hdc = 0.025 T and hac varying from 0.2 to 12 Oe. No
PE is observed even at hac = 12 Oe. With increasing hac, the
low temperature part of χ ′ shifts downward corresponding to
an increase in the screening current. At the same time, the
χ ′′ peak becomes broader, shifts to lower temperature, and
its height increases. All these features support a scenario of
nonlinear response of the sample, which is well predicted by
the critical state model.33 It has been proposed within the
Ginzburg-Landau theory and the collective pinning activation
energy framework34 that, at constant dc field (Hdc � hac) and
frequency, the ln(hac) follows a straight line dependence with
ln(1 − tirr) with slope of q/μ, where tirr = Tirr/Tc. We have
chosen q = 3/2 as in most high Tc superconductors34–36 and
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FIG. 4. (Color online) Contour plot of the temperature depen-
dence of (a) out-of-phase and (b) in-phase of the ac susceptibility for
various ac fields at Hdc = 5 T, f = 1333 Hz. The dashed and short
dashed lines in both panels mark the positions of Tp3, Tp2, Tonset, and
Tpeak, respectively.

fullerene superconductors,37 and μ is the glassy exponent
of the collective pinning theory. According to it, the current
density dependent activation energy can be written as U (J ) =
U0(T ,B)(Jc0/J )μ, where μ = 1/7, 3/2, and 7/9 for a single
vortex, small bundles, and large bundles, respectively. For our
Ba0.5K0.5Fe2As2 single crystal the log-log plot of hac and
(1 − tirr) [inset to Fig. 3(a)] gives a slope of 1.7, indicating
that the major pinning mechanism is due to large bundles. We
have performed the same analysis of the data at Hdc = 5 T
[Fig. 4(a)] which yields a slope of 1.5, again pointing towards
bundle vortex pinning as the major contribution. These values
are in the same range as those found for the YBCO films,38

thus supporting the high pinning scenario for Ba0.5K0.5Fe2As2

crystals.
Figure 4 presents the temperature dependence of the ac

susceptibility for different hac at f = 1333 Hz and Hdc =
5 T. From the in-phase part we see the PE is well formed
even at hac = 0.2 Oe. With increasing the amplitude of the ac
field, Tpeak remains unchanged while Tonset, the temperature at
which χ ′ exhibits a maximum, moves to lower temperature as

indicated by the dashed lines in Fig. 4(b). Within the order-
disorder phenomenological interpretation of the peak effect,
although Tonset does not signal the phase transition, it marks the
point where the disordered phase percolates and topological
defects start to proliferate. The slight shift of Tonset towards
lower temperatures as hac increases occurs due to the enhanced
penetration of Meissner currents into the sample for higher hac

fields.
From analyzing the out-of phase curves at high dc magnetic

fields [Fig. 4(a)] we observe that above hac = 2 Oe a small
peak appears at Tp2, just below the temperature Tpeak. The
corresponding peak value becomes more and more pronounced
as hac increases, while the temperature Tp2, at which the
peak appears, is independent on hac. The small peak was
also observed in both YBa2Cu3O7

26 and NbSe2,27 and it
was suggested that it arises due to vortex lattice softening
and synchronous trapping of vortices.26 To further investigate
the role of the second peak, in Figs. 5(a)–5(d) we present
the in-phase and out-of-phase ac susceptibility, and the
derivative dχ ′(T )/dT (open circles) for various dc fields at
f = 1333 Hz, hac = 12 Oe. At Hdc = 0.025 T, dχ ′(T )/dT

exhibits one peak corresponding to the peak temperature Tirr

of χ ′′. Above Hdc = 0.3 T the second small peak in χ ′′(T )
starts to develop becoming more pronounced with increasing
Hdc. We observe that at this same temperature dχ ′(T )/dT

displays a minimum. The same plot for hac = 1 Oe is also
shown in Figs. 5(e)–5(h). It is relevant to note that dχ ′(T )/dT

also exhibits a minimum above the threshold Hthr, although
no second peak is observed on χ ′′(T ) up to Hdc = 8 T. The
appearance of the anomalous dip on dχ ′(T )/dT in the PE
region gives a strong indication that Tp2 might be an intrinsic
property of the PE. On the other hand, Tonset (<Tp2), which
marks a crossover towards strong pinning, does depend on hac.
If it is closely related to the PE, it would be natural to expect
that Tpeak will also be affected by hac. However, Tpeak (and
Tp2) remains almost unchanged with hac (Fig. 4), suggesting
that the enhanced pinning does not produce any PE. This is
reminiscent with the recent report on NbSe2,39 where an excess
pinning associated with the crossover from weak to strong
pinning is also found not to produce any PE. This scenario
is in agreement with the collective pinning model according
to which the softening of the elastic moduli results in the
PE.40 However, Ba0.5K0.5Fe2As2 single crystals display very
strong pinning. Consequently, it does not seem plausible that
the PE results only from weak collective pinning. In optimally
doped Ba0.5K0.5Fe2As2 single crystals, the low density of twin
boundaries cannot account for its strong pinning and we can
discard them as the source of the peak effect.41 Specifically,
Jc(H,θ ) measurements on Ba0.5K0.5Fe2As2 single crystals
have revealed no trace of extended defects playing the role
of pinning centers,32 and scaling analysis have revealed that
the strong pinning must arise as a consequence of isotropic
pointlike defects. Indeed, it has been suggested that in this
material, K doping introduces imperfections into the crystal
lattice (due to its different ionic size compared to Ba2+)10

which act as intrinsic isotropic pinning centers. We argue that
at Tp2 a softening of the vortex lattice occurs which assists (and
further enhances) the PE with increasing temperature. Yet, the
major contribution to the PE arises from the order-disorder
transition from a weak collective three-dimensional (3D)
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FIG. 5. (Color online) Temperature dependence of ac susceptibility for various dc fields at f = 1333 Hz, hac = 12 Oe (a)–(d) and hac = 1 Oe
(e)–(h). The derivative dχ ′/dT is also shown by the open circles in each panel. The dashed lines indicate the position of Tp2 and Tp3.

pinning to a strong pinning scenario. Within this isotropic
pinning landscape, one reasonable possibility is that the high
temperature strong pinning regime appears due to a transition
towards a one-dimensional (1D) collectively pinned vortex
lattice.41,42

The phase diagram presented in Fig. 6 shows a summary of
the different characteristic temperatures determined from the
χ ′(T ,H ) and χ ′′(T ,H ) curves. At low temperatures the vortex
lattice is found to be a weakly pinned ordered Bragg glass, at
Tonset the disordered state percolates and Jc increases gradually.
We have observed that Tonset shifts to the low temperature
regime with increasing hac as indicated by the dashed arrow
in Fig. 6. This can be explained by the enhancement of the
penetration of the Meissner currents as hac increases. Slightly
below Tpeak, Tp2 marks the development of a peak arising
from the softening of the vortex lattice. At Tpeak the vortex
lattice (assisted by the softening occurring at Tp2) enters a
1D collective pinning regime reaching the most disordered
state, hence Jc reaches the maximum. Within our experimental
range, both Tpeak and Tp2 are nearly independent of hac, which
supports the idea that there exists an intrinsic connection
between them. Above Tpeak, the vortex lattice experiences
a first-order transition where thermal fluctuations become
dominant and vortices are getting unpinned,39 therefore, Jc

decreases dramatically. We notice that the phase boundary
of Tpeak deduced from the present work is much closer
to Hc2 as compared with the boundary of SMP from the
isothermal magnetization measurements in a similar single

crystal.21 Additionally, the fit of the experimental data using
the empirical formula Hpeak(T ) = H (0)[1 − T/Tc]n yields
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hac as indicated by the arrow. The solid and dashed lines are plots using
the empirical formula H (T ) = H (0)[1 − T/Tc]n yielding n = 1.31,
1.52, and 1.66 for Tirr, Tonset, and Tpeak, respectively. The insets are
the schematic ac susceptibility at hac = 1 and 12 Oe, showing the
definition of the characteristic temperatures.
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1.66 instead of 3/2.21 These may indicate that the PE and
SMP are induced by different mechanisms.

IV. SUMMARY

In summary, we report the observation of the peak effect
in an iron-based superconductor Ba0.5K0.5Fe2As2 through the
ac susceptibility measurements. The peak effect is found
to display a strong history effect which can be explained
by the competition between low temperature spontaneous
ordering and the strong intrinsic pinning. An enhanced pinning
region is observed with increasing hac, which is found not
to produce any PE. Instead, an anomalous dissipation peak
at Tp2, located well below Tpeak on the phase diagram, is
observed on dχ ′(T )/dT curve at both low and high ac fields.
Both Tp2 and Tpeak are found to be independent with hac.
All the results suggest a close connection between Tp2 and
the peak effect. We suggest that the peak effect arises from
the order-disorder transition of the vortex lattice (weak 3D to

strong 1D pinning), while the collective pinning related to the
softening of the vortex lattice at Tp2 further enhances the peak
effect. Nevertheless, more studies are needed in order to fully
clarify the origin of the peak effect in the 122 phase, as well
as in other iron-based superconductors like the 1111 and the
11 phase.
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