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Fe(Se,Te) is one of the simplest compounds of iron-based superconductors, but it shows a variety of vortex
pinning phenomena both in thin-film and single-crystal forms. These properties are particularly important in
light of its potential for applications ranging from the development of coated conductors for high-field magnets to
topological quantum computation exploiting the Majorana particles found in the superconducting vortex cores. In
this paper, we characterize the pinning properties of FeSe0.4Te0.6 single crystals, both pristine and Au-irradiated,
with a set of characterization techniques ranging from the static limit to the GHz frequency range by using
dc magnetometry, ac susceptibility measurements of both the fundamental and the third harmonic signals, and
by microwave coplanar waveguide resonator measurements of London and Campbell penetration depths. We
observed signatures of single vortex pinning that can be modeled by a parabolic pinning potential, dissipation
caused by flux creep, and a general enhancement of the critical current density after 320 MeV Au ion irradiation.

DOI: 10.1103/PhysRevB.109.054502

I. INTRODUCTION

Soon after their discovery [1], iron based superconductors
(IBSs) attracted a lot of interest because their characteristics
are in between those of low-temperature superconductors and
cuprates, promising a great technological potential [2]. They
are characterized by relatively high critical temperatures, very
high critical fields, low anisotropy, and good mechanical prop-
erties, a combination that is very appealing for the production
of high-field magnets [3]. Among several families of IBSs,
Fe(Se,Te) is one of the most studied compounds due to the
absence of poisonous elements in its stoichiometry and its
simple chemical and structural nature. For these reasons, the
development of Fe(Se,Te) coated conductors has been carried
out intensely and yielded promising results in a relatively
short time [4–6].

Among the features of Fe(Se,Te) relevant for the de-
velopment of coated conductors for magnet technology, a
particularly interesting one is the rich variety of vortex phe-
nomena and of pinning structures that have been reported
[7–12]. Moreover, vortex control through pinning could also
be critical for other applications such as topological quantum
computation allowed by the Majorana particles reported to be
present in the vortex core of this material [13].

In this frame, it is particularly interesting to characterize
the pinning properties of Fe(Se,Te) in the widest possible
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range of conditions and to evaluate how these properties are
modified if additional pinning centers are introduced. Ion
irradiation is a useful tool to modify the properties of super-
conductors because the so-introduced defects do not alter the
chemical nature of the material, and act both on the super-
conducting state via carrier scattering [14] and on vortices,
being efficient pinning centers [15]. Several studies, both of a
fundamental nature and for pinning optimization, were carried
out for this reason on IBSs. In particular, FeSe0.4Te0.6 was
irradiated in the form of thin films with protons at 190 keV
[16] and in the MeV energy range [17–22], and with 6 MeV
Au ions [23] and of single crystals with 800 MeV Xe [24],
200 MeV Au [24], and 249 MeV Au ions [25]. The latter
case, i.e., the irradiation with swift heavy ions, is the most
interesting for introducing strong pinning centers.

In this paper, we characterize the pinning properties of
FeSe0.4Te0.6 single crystals in the pristine state and after ir-
radiation with 320 MeV Au ions resulting in the formation
of discontinuous columnar tracks, with a set of measurement
techniques that span from the static limit to the GHz frequency
range. This approach allowed us to characterize the pinning
strength, the dissipation mechanism, and the critical transport
parameters over a wide range of frequencies, temperatures,
and magnetic fields, yielding a comprehensive view of vortex
motion phenomena in this material and on the effect of addi-
tional pinning centers.

The paper is structured as follows: first, all the experimen-
tal techniques employed for this paper are presented in Sec. II,
then the results are presented and discussed in Sec. III, starting
from the pinning energy, moving to the dissipation mechanism
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before discussing the behavior at high frequencies and finally
the resulting critical currents. Lastly, conclusions are drawn
and summarized in Sec. IV.

II. EXPERIMENTAL TECHNIQUES
AND THEORETICAL METHODS

A. Crystal growth

Single-crystalline samples with nominal composition
FeSe0.4Te0.6 were prepared from high-purity Fe and Se grains
and Te powder with stoichiometric quantities that were heated
up to 1070 ◦C for 36 h in vacuum, followed by slow cool-
ing. As-grown crystals were then annealed in 1% oxygen
atmosphere at 400 ◦C for 24 h, followed by quenching. The
obtained crystal cleaves perpendicular to the c axis [26], so
it was possible to shape the sample as a thin platelet of
size 15 × 200 × 500 µm3. The phase purity and the chemical
composition of the crystals were confirmed by powder x-ray
diffraction and EDX.

B. Ion irradiation

The 320-MeV Au ion irradiation was performed using
a tandem accelerator at the Japan Atomic Energy Agency,
Japan, at a fluence of 1011 cm−2, with the beam parallel to the
crystal c axis. The thickness of the samples was smaller than
the implantation range of the 320-MeV Au ions that is about
17 µm. The choice of using single crystals instead of thin films
eliminated indirect irradiation effects related to the modifica-
tion of the substrate that exerts strain on the superconducting
films [22]. This kind of irradiation in IBSs produces linearly
correlated defects similar to intermittent columnar ones [24].
The cross section of the defects has a diameter of about
3 nm, comparable to the coherence length. Unlike the case
of heavy-ion-irradiated cuprates, the amorphous defect core is
metallic [25]. Such a structure is expected to provide a strong
pinning potential for vortices generated by magnetic fields
applied parallel to the c axis of the crystal. The employed
fluence corresponds to a matching field of about 2 T. Samples
were investigated with all measurement techniques both in the
pristine state and after irradiation.

C. dc and ac magnetic susceptibility

The magnetic measurements were carried out by using a
9 Tesla Quantum Design PPMS (Physical Properties Mea-
surement System), provided with an ac measurement system
insert which allows performing both dc and ac measurements.
Before each measurement, the residual trapped field inside
the superconducting magnet was reduced below 1 Oe [27] to
prevent any uncontrolled effect on the sample response [28].

For what concerns the dc measurements, the magnetic mo-
ment as a function of field m(H ) was obtained by means of
the dc extraction method. Regarding the ac measurements,
the ac magnetic moment as a function of temperature was
acquired at different frequencies (ν = 107, 1077, 5385, and
9693 Hz) at fixed ac field amplitude hac = 10 Oe, with and
without superimposed dc fields ranging from 0 T up to 9 T.
For the temperature-dependent ac measurements, the sample
was cooled down to 2.5 K in the absence of magnetic field.

Then, the ac and dc fields were switched on and the data
were acquired for increasing temperature up to 18 K with
a sweep rate of 0.1 K/min. For the dc field dependence of
the ac magnetic moment, once the sample reached the target
temperature, sufficient time to achieve thermal stabilization
was waited. After that, the ac and dc fields were turned on and
the data were acquired for increasing dc field up to 9 T with
a field increment of 0.05 T. Both the dc and ac measurements
were performed by applying the magnetic field parallel to the
c axis of the crystal.

D. Coplanar waveguide resonator

Coplanar waveguide resonator (CPWR) measurements in
a resonator perturbation approach were successfully used to
investigate the London penetration depth, quasiparticle con-
ductivity, and surface impedance of small single crystals
of IBSs [29] allowing the investigation of disorder effects
[14,30], gap structure [31], anisotropy [32], and magnetic
behavior [33,34]. To increase the quality factor of the CPWR
and therefore to increase the sensitivity of the method, we
operate with a resonator that is superconducting itself, made
by patterning an YBa2Cu3O7−x (YBCO) thin film. Its operat-
ing frequency is at about 8 GHz. By positioning the CPWR
with the surface parallel to the magnetic field direction, it is
possible to add a dc magnetic field without the problem of
screening from the YBCO strip, and therefore study the vortex
physics in the crystal. The crystal was placed with the c axis
parallel to the magnetic field and to the plane of the central
strip of the CPWR (H ‖ c axis of the IBS) with the help of
vacuum grease.

By performing a CPWR measurement without applied
Hdc, one can obtain the London penetration depth λL(T ), the
quasiparticle conductivity σ1(T ), and the surface resistance
Rs(T ) and reactance Xs(T ), as thoroughly explained in previ-
ous works [29,35,36]. The measurement was then repeated at
exactly the same conditions, except for the additional presence
of Hdc. When a magnetic field penetrates the sample in the
mixed state, a complex resistivity term given by the presence
of vortices (ρvm) needs to be added to the surface resistance
expression that in the local limit reads [37]

Zs =
√

iμ0ω(ρ + ρvm), (1)

where ρ = 1/(σ1 − iσ2) are the terms describing the su-
perfluid in the absence of vortices [σ1 is the quasiparticle
conductivity, σ2 = 1/(μ0ωλ2

L )] and ρvm = ρvm,1 + iρvm,2. For
T lower than the critical temperature Tc, where the approxima-
tion σ2 � σ1 is valid, one obtains

Zs =
√

−μ2
0ω

2
(
λ2

L + λ2
C

) + iμ3
0ω

3λ4
L(σ1 + σc), (2)

where λL is the London penetration depth λC =√
ρvm,2/(μ0ω) is the Campbell penetration depth, and

σc = ρvm,1/(μ2
0ω

2λ4
L ) represents the dissipative contribution

of vortices. The Campbell penetration depth describes the
attenuation range of the ac perturbation of the vortex lattice
from the sample surface to the interior, and its knowledge
gives access to the shielding current density [38].

The data analysis procedure that allows extracting the pen-
etration depth from the shifts in frequency and quality factor
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of the resonator is the same as for zero applied field, but in this
case yields an effective λ(H, T ) instead of λL and an effective
σ instead of σ1. These quantities include the contributions
from vortex penetration and motion. From this data, it is
finally possible to obtain λC and σC (in the bulk limit) as
follows:

λC (H, T )

=
√

λ(H, T )2 − λL(0, T )2 − Rs(H, T )2 − Rs(0, T )2

μ2
0ω

2
,

(3)

σC (H, T ) = 2[Rs(H, T )λ(H, T ) − Rs(0, T )λL(0, T )]

μ2
0ω

2λL(0, T )4
. (4)

The measurement sequence was the following. First, the sam-
ple was cooled in zero field and measured without applied Hdc

in warming mode, then the sample was zero-field cooled down
to a fixed T � Tc, Hdc was increased while measuring (eval-
uation of properties vs Hdc), then the sample was measured
as a function of temperature while slowly increasing T up to
above Tc [evaluation of properties vs T in zero field cooling
(ZFC)], finally the measurement was repeated vs increasing T
also in field cooling (FC) mode. This procedure was followed
to perform measurements on FeSe0.4Te0.6 single crystals
with Hdc ‖ c axis, allowing us to discuss the behavior of the
Campbell penetration depth as a function of temperature in
ZFC and FC modes and as a function of applied field. More-
over, from this data one can estimate the critical current and
the depairing current.

III. RESULTS AND DISCUSSION

A. Pinning energy

To evaluate the pinning energy values of the samples and to
probe their ac magnetic response, the temperature dependence
of the ac magnetic moment m1 was studied. In particu-
lar, the imaginary component of the first harmonic m′′

1 was
measured as a function of the temperature at a fixed ac ampli-
tude (hac = 10 Oe), for different ac frequencies in the range
100 Hz–10 kHz, and for different superimposed dc fields
starting from 0 T up to 9 T. In Fig. 1, the m′′

1 (T ) curves
are reported at a fixed ac amplitude (10 Oe) and frequency
(1077 Hz) for different Hdc fields for both the pristine and the
irradiated sample. In both panels, it can be seen how Tc shifts
to lower values by increasing the dc field.

Another interesting feature is the widening of the m′′
1 (T )

curves with increasing dc field. It is quite evident that the
m′′

1 (T ) curves for the pristine sample are slightly noisier and
wider than those for the irradiated sample, especially at high
dc fields. Since the imaginary component of the first harmonic
is related to the dissipation processes inside the sample given
by the vortex motion, the fact that the curves for the irradiated
sample are narrower than those of the pristine one indicates
an increased pinning efficiency. This is also confirmed by
the low dissipation [m′′

1 (T ) � 0] at low temperatures in the
irradiated sample even at μ0Hdc = 9 T, differently from what
happens for the pristine sample. Another peculiarity related
to the pinning strength of the sample is the peak position as
a function of the applied dc field. For the pristine sample,

FIG. 1. Temperature dependence of m′′
1 at a fixed ac field hac =

10 Oe, fixed frequency ν = 1077 Hz, for dc fields ranging from 0 T
up to 9 T for the pristine sample (upper panel) and irradiated sample
(lower panel).

�Tp = T 0T
p − T 9T

p = 4.8 K, where T 0T
p and T 9T

p are the peak
temperatures at μ0Hdc = 0 T and μ0Hdc = 9 T, respectively.
On the other hand, for the irradiated sample, �Tp = 3.5 K.
The stronger vortex stability of the irradiated sample is also
manifested by the smaller temperature shift of the peak tem-
perature over the whole measured field range. By studying
the peak temperature Tp of the m′′

1 (T ) curves, it is possible to
extract quantitative information on the pinning energy by us-
ing the Arrhenius relation [39], which describes the frequency
dependence of Tp,

ν = ν0 exp
−U

kBTp
, (5)

where ν0 is a characteristic frequency, U is the pinning energy,
and kB is the Boltzmann constant.

By plotting ln ν vs 1/Tp (Arrhenius plots), ln ν0 and U/kB

correspond to the intercept and the slope of a straight line,
respectively. The Arrhenius plots have been obtained for both
pristine and irradiated samples at hac = 10 Oe for different
Hdc, and fitted with a linear trend. The so-obtained pinning
energy values are presented in Fig. 2 as a function of the
dc field (at hac = 10 Oe). It is evident that the U values for
the irradiated sample are higher than those of the pristine
one, confirming also quantitatively what was already reported
above. For both U (Hdc) curves, a decreasing trend for increas-
ing dc fields is visible. This behavior can be described by
a power law U ∝ H (−α)

dc , where the exponent α can assume
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FIG. 2. dc field dependence of the pinning energy U for the
pristine sample (black closed square) and irradiated sample (red open
circles). The solid lines are the fit of the U data with U ∝ H (−α)

dc . The
inset shows the difference between the pinning energy values of the
irradiated and pristine samples.

different values depending on the dominant pinning regime
acting in the sample. In particular, α � 0 corresponds to a
single-vortex pinning regime [40], while for α > 0.5 collec-
tive pinning regime is present [41]. It is interesting to note that
α � 0.13–0.14 (Fig. 2) is almost the same for both samples,
denoting a single vortex regime acting in the samples in the
whole field range. Therefore, the Au ion irradiation effect on
the pristine sample is to enhance the pinning energy values in
a range between 510 K at 1 T and 380 K at 9 T (see the inset of
Fig. 2), although the vortex pinning regime remains the same.

B. Dissipation mechanism

In Fig. 1, we have shown that the main dissipation pro-
cesses happen in the temperature interval between 10 K and
13 K for all the applied dc fields used. So, it becomes inter-
esting to study how the dissipation processes of the samples
develop in the mentioned temperature range as a function of
the dc field. For this reason, m′′

1 as a function of the dc field
at T = 10, 11, 12, and 13 K has been reported in Fig. 3 for
hac = 10 Oe and ν = 1077 Hz. The same results were also
found at the other frequencies (not reported). It is clear that
at T = 10 K, the red curve associated with the irradiated sam-
ple is always lower than the black one associated with the
pristine sample [see Fig. 3(a)]. This means that the sample at
10 K dissipates less after irradiation for all the dc field range.
If we increase the temperature, the red curves superimpose
over the black ones at certain dc fields [see Figs. 3(b)–3(d)].
Specifically, once the ac field reaches the center of the irradi-
ated sample, the curves overlap, meaning that the dissipation
processes are identical in the two samples. It is also worth
underlining that the m′′

1 (Hdc) values for the irradiated sample
at all temperatures increase slower than for the pristine one
as the dc field increases. This means that the dissipation pro-
cesses are less intense in the irradiated sample, and this can
indicate a more effective pinning which hinders the vortex

FIG. 3. dc field dependence of m′′
1 at a fixed ac field hac = 10 Oe,

fixed frequency ν = 1077 Hz, at different temperatures for the pris-
tine sample (black) and irradiated sample (red).

movement in agreement with that reported so far. To have
more information about the vortex motion and dynamics, it
is possible to study the temperature dependence of the third
harmonics of the ac magnetic susceptibility χ [42,43]. Fol-
lowing the approach reported in Ref. [44], the combination
of the third and first harmonics (specifically, between χ ′

3 and
χ ′′

1 ), gives direct information on the dissipative regimes acting
in the sample [45,46]. It is worth underlining that, in the case
of the third harmonics, it is very important to consider all the
measurement frequencies since the higher harmonics response
is very sensitive to the ac field frequency [47–50] as well as to
superimposed dc fields [51–54].

1. ac susceptibility measurements with Hdc = 0

In Fig. 4, the χ ′
3(T ) curves for both the samples are re-

ported for ν = 1077 Hz, hac = 10 Oe, in the absence of dc
field (upper panel) and with Hdc = 1 T (lower panel) together
with black and red vertical solid lines individuating the χ ′′

1
peak temperature (from data shown in Fig. 1) for the pris-
tine and irradiated samples, respectively. This allows us to
identify the different dynamical regimes both for T < Tp(χ ′′

1 )
and T > Tp(χ ′′

1 ) by considering the indications obtained by
the diffusion equation [49,53,55], together with the results
predicted by the Bean critical state model and by using the
method reported in Ref. [44]. Specifically, one should have
χ ′

3 = 0 for T < Tp(χ ′′
1 ) in the Bean critical state model, but

clearly this is not verified in the whole temperature range of
Fig. 4. This means that in this region the samples are governed
by dynamic phenomena which cannot be described in terms of
the Bean model. In particular, the dissipation processes can
be originated by dynamic regimes such as flux creep, flux
flow, thermally activated flux flow (TAFF), and the parallel
of flux creep and flow [49]. The TAFF contribution can be
neglected because it is relevant only near the onset of the χ ′

3
curve [44]. On the contrary, the flux creep, flux flow, and the
parallel of flux creep and flow cannot be neglected when the dc
field is equal to 0 T. On the other hand, the positive values of
χ ′

3 and the peak shown for T > Tp(χ ′′
1 ) in the upper panel of
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FIG. 4. Temperature dependence of χ ′
3 at a fixed ac field hac =

10 Oe, without dc field (upper panel) and with Hdc = 1 T (lower
panel), at a frequency of 1077 Hz for the pristine sample (black
closed squares) and irradiated sample (red open circles). The curves
were obtained by improving the signal-to-noise ratio.

Fig. 4 for both samples can be explained in the framework
of the Bean critical state model. It is interesting to note that
at the highest frequencies we investigated (ν = 9693 Hz, not
shown), the positive peaks disappear, indicating the absence
of the Bean critical state. This could be ascribed to the fact
that an increase of the ac frequency corresponds to an increase
of the electric field in the superconductor [56], causing in-
tense dissipation processes related to the vortex motion which
hinder the critical state formation. This is in agreement with
the fact that the negative signal of the curves increases as
the frequency increases, indicating an enhancement of the
dissipation processes. Moreover, it is interesting to note that
for all the ac frequencies, the negative portion of the curves for
the pristine sample is always bigger than the respective for the
irradiated one. This indicates more intense vortex dynamics
associated to the pristine sample, pointing to less efficient
pinning.

2. ac susceptibility measurements with Hdc �= 0

The same analysis was also performed in presence of a su-
perimposed dc field up to 9 T. Even in the case with Hdc 	= 0,
the information about the flux dynamics can be extracted

analogously by using the combined analysis of the first (Tp

position) and third harmonics (real part). However, it is worth
underlining that the presence of a dc field much larger than
the ac one determines a quasiconstant total field. It has been
proved that this causes the disappearance of the flux flow and
of the TAFF contribution, generating a linear diffusion process
of the magnetic field [49]. This implies that there is no higher
harmonic contribution deriving from the flux flow and the
TAFF. In the lower panel of Fig. 4, the χ ′

3(T ) curves for both
samples are reported for the case with a superimposed dc field
equal to 1 T. Since Hdc � hac, the only contribution to the
flux dynamics will be represented by the flux creep, which is
the only dynamic regime still nonlinear, even in presence of a
strong dc field. So, for T < Tp(χ ′′

1 ), both samples show nega-
tive values that can be ascribed to flux creep phenomena only,
as described in the diffusion equation simulations reported in
Refs. [49,53,55]. The measurements performed at different
frequencies (not reported) show how these phenomena are
stronger as the ac frequency increases due to the increase of
the electric field in the superconductor. In this case, the
Hdc 	= 0 T favors the flux creep phenomena because of the
lowering of the pinning energy. In this condition, vortices
move very fast inside the superconductor flowing similarly
to what happens in a flux flow regime. By enhancing the ac
frequency value, the third harmonics allow us to individuate
the fastest vortices creeping in the superconductor. Moreover,
it is interesting to note that the width of the negative por-
tion of the χ ′

3 curves is different. In particular, the dynamic
phenomena continue for a wider temperature range in the
pristine sample for all the frequencies. This indicates that the
artificial pins introduced in the sample by irradiation result
in a more homogeneous magnetic response together with nar-
rower peaks, confirming the higher pinning efficiency of the
irradiated sample. Nevertheless, the vortex dynamics is the
same for the two samples being characterized by flux creep
phenomena. On the other hand, for T > Tp(χ ′′

1 ), the curves
present positive peaks for both samples and at all the ac fre-
quencies, which can be ascribed to the presence of the critical
state. Very similar features are visible considering all the dc
fields up to 9 T.

C. Campbell penetration depth

As discussed above, for the characterization in the GHz
frequency range, the most useful description is in terms of
the Campbell penetration depth extracted from the CPWR
measurements in the resonator perturbation approach. Fig-
ure 5(a) shows the quality factor and resonance frequency
shifts given by the presence of a pristine sample coupled to
the CPWR without and with an applied dc magnetic field.
Clearly, the curves collapse above Tc when vortices are absent.
Moreover, the dissipative contribution (related to the quality
factor) shows no difference between the ZFC and FC curves.

After the calibration is performed, the penetration depth
and complex surface impedance can be obtained and are
shown in Figs. 5(b) and 5(c) for the three cases (no applied
field, ZFC, and FC). The Campbell penetration depth obtained
for ZFC and FC are shown in Fig. 5(d). We find that λC(ZFC)
is very close but larger than λC(FC). A similar behavior was
predicted by a strong pinning model for relatively high fields
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FIG. 5. (a) Quality factor and resonance frequency shifts for
the pristine FeSe0.4Te0.6 single crystal without applied Hdc (black)
and with Hdc = 1 T ‖ c axis in zero-field-cooling (ZFC, red) and
field-cooling (FC, blue) modes. (b) Penetration depth and (c) surface
impedance curves without applied Hdc (black), and with Hdc = 1 T ‖
c axis in zero-field-cooling (ZFC, red) and field-cooling (FC, blue)
modes. (c) Campbell penetration depth curves with Hdc = 1 T ‖ c
axis in ZFC (red) and FC (blue) modes.

[57] and is in agreement with previous observations that were
explained by the presence of a macroscopic screening super-
current which shifts the vortices into a state of inhomogeneous
distribution (as in the critical state model) after the ZFC
procedure [58]. This displaced vortex lattice is not present
when the sample is FC due to the relaxation of the screening
currents [59]. The crucial assumption for this explanation is
the deviation of the pinning potential from the parabolic shape
[58]. Therefore, the small difference in our data suggests
that a parabolic description is a good approximation for our
samples at the frequencies explored here. From this point on,
we always focus on the ZFC data.

The Campbell penetration depth for both the pristine and
irradiated samples are shown as a function of temperature and
magnetic field in Figs. 6 and 7, respectively. At an applied
field of μ0Hdc = 1 T, the λC (T ) curve of the irradiated sample
crosses that of the pristine one at about T = 11.5 K. This
means that at these high frequencies, the irradiated sample
has more efficient pinning at low temperatures (due to the
additional pinning centers induced by the irradiation) but at
higher temperatures suffers from the overall worsening of the
superconducting properties induced by the increased scatter-
ing [15]. From Fig. 7, it is evident how the pinning improves
with increasing fields in the 0–1 T range.

D. Critical and depairing currents

The dc critical current density Jc,dc has been extracted
using the Bean critical state model [60,61] from the supercon-
ducting hysteresis loops obtained with the dc measurements
in the PPMS using

Jc,dc = 20�M[
b
(
1 − b

3a

)] , (6)

where �M = Mdn − Mup is the difference between the mag-
netization measured for decreasing (Mdn) and increasing

FIG. 6. Campbell penetration depth of pristine and irradiated
samples as a function of temperature.

(Mup) applied fields, respectively. a and b are the lengths
characterizing the cross section of the sample perpendicular
to the applied field (H ‖ c). The Jc,dc(Hdc) curves so obtained
have been reported in Fig. 8 for the pristine sample (upper
panel) and for the irradiated sample (lower panel). It is evident
that the Jc,dc(Hdc) curves for the irradiated sample are less
noisy than those of the pristine sample. This can (once again)
indicate a better pinning efficiency due to the Au ion irradi-
ation. Additionally, the Jc,dc values shown for the irradiated
sample are larger than for the pristine sample, at least at low
fields. To better evaluate this last feature, the comparison of
the field dependence of Jc,dc for the pristine and irradiated
samples at T = 6 K is reported in Fig. 9 as a representative
example. In the inset, the ratio between the Jc,dc(Hdc) values
for the irradiated sample over the pristine one is reported.
It turns out that the Jc,dc of the irradiated sample is always

FIG. 7. Campbell penetration depth of the pristine and irradiated
samples as a function of the applied magnetic field.
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FIG. 8. Critical current density Jc,dc as a function of the field at
different temperatures for the pristine sample (upper panel) and for
the irradiated sample (lower panel).

higher than that of the pristine sample, especially up to fields
comparable to the matching field, as shown in the inset of
Fig. 9.

FIG. 9. Critical current density Jc,dc as a function of the field at
different temperatures for the pristine and irradiated sample at T =
6 K (a smoothing procedure was performed). The inset shows the
critical current increase due to enhanced pinning, given as the ratio
between the irradiated and pristine data.

FIG. 10. Critical current densities of pristine and irradiated sam-
ples as a function of temperature.

Finally, from the CPWR data set, it is also possible to in-
vestigate the critical current density (Jc,MW ) and the depairing
current density (Jdep). The depairing current density can be
expressed, thanks to the Ginzburg-Landau theory, as [62,63]

Jdep = 
0/
(
33/2πμ0λ

2
Lξ

)
, (7)

whereas the critical current density can be obtained from the
Campbell penetration depth as [38,63,64]

Jc,MW = H0rp/λ
2
C � H0ξ/λ2

C, (8)

where the effective radius of the pinning potential, rp, was
substituted by the coherence length, ξ , that can be extrap-
olated from the Hc2(T ) data. This expression is valid under
the assumption of single vortex pinning and parabolic pinning
potential [38,40,65], and is therefore relevant for our case
since the parabolic shape of the potential is confirmed by the
comparison of ZFC and FC λC data, and the single pinning
from the susceptibility data. It is important to note that at the
high frequency of CPWR measurements, one explores only
the bottom of the pinning potential well and flux creep phe-
nomena can reasonably be neglected. Therefore, the critical
current obtained by the CPWR measurements should be larger
than that measured in the static limit, where the height of the
potential well also plays a role.

Figure 10 shows the temperature dependence of the crit-
ical current densities obtained from the CPWR data. After
irradiation, the critical current increases at low temperatures
(better pinning) and decreases closer to Tc (scattering effects),
as already discussed from the behavior of λC .

The field dependence of the current densities at a tem-
perature of about 8 K is shown in Fig. 11, where dc data is
also shown. After irradiation, the depairing current density
decreases due to the increase of the London penetration depth
and coherence length. The depairing current density is always
larger than the critical current, as reasonable. The increase
of the critical current density after irradiation is evident from
both CPWR and dc data, and the increase ratio is in reason-
able agreement as visible from the lower panel. The absolute
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FIG. 11. Upper panel: Critical and depairing current densities of
pristine and irradiated samples as a function of applied magnetic
field. Lower panel: Relative increase of the critical current densities
measured in dc and at high frequency.

values of Jc,dc Jc,MW are different because the two measure-
ment techniques do not explore the same phenomena: as
mentioned above, with CPWR we explore the bottom of the
pinning potential well and its slope (typical vortex displace-
ments in a range < 1 nm), whereas with the magnetometer
we explore the potential energy barrier. Therefore, the com-
bination of the two approaches allows for a quite complete
description of the pinning potential.

IV. SUMMARIZING REMARKS AND CONCLUSIONS

We reported on the characterization of the vortex pin-
ning behavior in pristine and Au-irradiated FeSe0.4Te0.6 single

crystals over a frequency range from the static limit up to the
microwave regime by employing dc magnetometry, ac suscep-
tibility measurements of both the fundamental and the third
harmonic signals, and microwave CPWR measurements. A
characterization of pinning over such a broad frequency range
(dc to 8 GHz) is a novelty, especially for materials in the single
crystal form, that allows us to thoroughly discuss the vortex
motion regime and how it is modified by the introduction of
defects by heavy ion irradiation. In fact, most of the literature
on Fe(Se,Te) investigates the material grown as thin films
[16–23] (where strain effects are often dominant), and little
work has been carried out on this material by ac investigation,
especially with regard to the harmonics analysis. We found
that the vortex interaction can be modeled both in the pristine
and irradiated samples by a single vortex pinning potential
of parabolic shape, with flux creep occurring above � Tc/2
at least up to the kHz range. The introduction of additional
correlated defects by 320 MeV Au ion irradiation enhances
vortex pinning, especially up to about the matching field,
while preserving the qualitative behavior. Since the disordered
nature of the FeSe0.4Te0.6 material provides good pinning
centers even in the pristine state (α = 0.13), the effect of irra-
diation with Au ions is to add pinning centers (with different
morphology and effectiveness) to a picture in which single
vortex pinning is already dominant up to high fields. Overall,
this combined experimental approach allows us to achieve
a quite comprehensive description of the vortex behavior in
small crystalline superconducting samples.
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