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Abstract We present electrical transport measurements in the superconducting dissi-
pative state of crystalline iron deficient Fe1−ySe samples. These iron deficient samples
were synthesized using NaCl/KCl flux and are characterized by the presence of cor-
related defects. The dissipation in electrical transport experiments, when the driving
current is perpendicular or parallel to the crystal planes, depends strongly on the direc-
tion of the applied magnetic field , (H = 12 T), within the sample plane. There is a
dissipation modulation each 60◦ due to the presence of the correlated defects. We
correlate these angular dependent features with the variation of the critical currents
(Jc) changing the direction of H confined in the crystals planes. Jc was measured from
magnetization loops at fixed temperatures and angles of H always within the basal
planes.
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1 Introduction

Among the Fe-based superconductors the 11 family, which has the simplest crystal
structure, has been studied intensively. In particular, the Fe1−ySe compound is char-
acterized by the PbO-type structure and a critical temperature of Tc = 8 K [1], that
can be enhanced by Te substitution [2] or by pressure [3]. Nevertheless the synthesis
of single crystals of these compounds is rather difficult, since the phase diagram is
complex and there is evidence of inhomogeneity in the samples [4].

In a previous work [5], the angular dependence in transport and magnetization
measurements while the vortices go in and out of the basal plane of a Fe1−ySe single
crystal was studied. The orientation of the interface between the FeSe phases present
in the sample coincides with the direction in which the dissipation due to vortex
movement is minimum, evidencing the existence of pinning by intrinsic-correlated
defects [5]. The purpose of this work is to study the influence of these defects when
the magnetic field rotates in the basal plane and the current flows in or out of the plane.

2 Experimental

We synthesized Fe1−ySe samples using NaCl/KCl flux. The obtained crystals are
hexagonal prisms, some of them with a platelet shape (typical dimensions: 0.7 mm2 ×
0.02 mm) and others as tubes (3.6 × 10−3 mm2 × 0.2 mm). Figure 1a shows a typical
hexagonal prism sample in the tube shape. On the surface of the platelet samples, line
defects parallel to the sides of the hexagons were observed.

Structural and compositional characterization [5] indicate that the samples present
a coexistence of two phases, the superconducting tetragonal β-FeSe, and the ferri-
magnetic hexagonal γ -Fe7Se8. The c axis of both phases is parallel but for the β-FeSe
phase there also exists another preferential c axis orientation at 57◦ from the platelet
normal [5].

The phase coexistence is also evident in their magnetization and transport proper-
ties. The samples have a complete superconductor transition with a critical temperature
Tc = 12.0 K for the platelet and Tc = 11.0 K for the tube. The transport measurements
were performed with a conventional four-wire method in a superconducting magnet
at 12 T. The crystals were mounted onto a rotatable sample holder with an angular
resolution of 0.05◦. The magnetization was measured in a QD-SQUID magnetome-
ter. The magnetization loops show two contributions, one superconducting and other
magnetic, which can be assigned to the β-FeSe and γ -Fe7Se8 phases, respectively.

3 Results and Discussion

We measured the electrical resistivity of a tube of Fe1−ySe in a fixed magnetic field of
12 T that was applied parallel to the basal plane with the current flowing along the tube.
The sample was continuously rotated around the current direction axis. The angle, ϕ,
was measured between the applied field direction and a vector perpendicular to one
side of the hexagon (Fig. 1a). In this constant Lorentz force (FL) configuration, the
dissipation in the superconducting state is caused by vortices crossing over the sample
always parallel to the basal plane.
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Fig. 1 a Shape of the sample and definition of the rotation angle. b Resistivity perpendicular to the basal
plane. c, d sketchs showing the sample profile for the vortex entering the sample and the defects crossing
the sample surface (Color figure online)

The results for different temperatures below Tc are shown in Fig. 1b. It can be
observed that the dissipation is minimal every 60◦. Besides, above Tc we found no
measurable angular dependence. This could be understood considering a moving vor-
tex state governed by the effect of the surface barriers and/or the existence of intrinsic-
correlated defects in their dynamics. The geometric profiles of the sample in the
vortices direction are different if ϕ = 0◦ or ϕ = 30◦ (Fig. 1c). In the case of a flat-like
profile, as in ϕ = 30◦, the surface barriers are higher [7], which inhibits the movement
of the vortices, making the dissipation lower than in the point-like profile. On the other
hand, on the basal plane surfaces, planar defects were observed at ϕ = 30◦, 90◦ and
150◦. For ϕ = 30◦, there are defects parallel to the vortices in contrast to the case of
ϕ = 0◦ where no correlated defects are present in this direction. As consequence, the
vortices will be more inhibited in their movement if ϕ = 30◦ on account of either the
surface barriers and/or the intrinsic- correlated defects.

In order to clarify this point, we performed a different transport measurement in
which the surface barriers were not relevant. In this experiment, a platelet-shaped
sample rotates changing the angle ϕ. The current and the magnetic field were applied
in the basal plane (Fig. 2a), and the current direction rotates with the sample. Figure
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Fig. 2 a sketch of the sample showing the field, current, and force direction. b Resistivity in the basal plane
as a function of the angle ϕ (Color figure online)

2b shows the results for H = 12 T and different temperatures. In this case, the results
show modulations each 60◦ but combined with a 180◦ modulation. In this experimental
configuration, the Lorentz force is not constant, since the cross product of the field
and the current changes between a maximum and minimum value, crossing zero value
(Fig. 2a) for perfect alignment. This force makes the vortices to move, crossing the
basal planes of the sample in one direction and, after a half revolution, in the other. If
the vortices were rigid rods and we can neglect the intrinsic electronic anisotropy in
the plane, the resistivity, ρ, would be proportional to sin2(ϕ) [6], explaining the 180◦
periodicity. Non-zero dissipation for H parallel to the current is attributed to slight
misalignment and fluctuations. Concerning the correlated defects, when the angle is
ϕ = 30◦, the vortices move parallel to the defects, in contrast to the case of ϕ = 0◦.
These defects could be channels which facilitate the movement of the vortices.

In summary, both transport experiments show several minima in the dissipation
every 60◦, which imply a modulation in the critical current with this periodicity. This
is due to the correlated defects and not only to surface barriers. This behavior is robust
because it was observed in two different samples and with different experimental con-
ditions. In this context, we performed complementary magnetization measurements
in a different range (T = 2 K and −0.15 T < H < 0.15 T) of the phase diagram.
A series of magnetization loops were carried out at different constant values of ϕ.
The magnetic field was applied parallel to the basal plane. The in-plane longitudinal
magnetization, ML, and transverse magnetization, MT (parallel and perpendicular to
the applied field), were measured with the field always confined to the plane. More-
over, magnetization loops were performed at 20 K with the intention to identify the
non-superconducting contribution to the magnetization. We assume that the contribu-
tions to the magnetization from the β-FeSe and γ -Fe7Se8 are independent and that the
magnetization of γ -Fe7Se8 is approximately constant in our measurements, provided
its high magnetic transition temperature [8].

Figure 3 shows an example of the results obtained in the case of ϕ = 132◦. In
the Bean model, the critical current is proportional to the width of the magnetization
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Fig. 3 Longitudinal and transverse magnetization loops showing the critera for �M definition (Color
figure online)

Fig. 4 |�Msup| (blue) and �M
sup
L (red) versus ϕ. The solid line is a guide to the eye, its modulation is

consistent with the data in Fig. 2b (Color figure online)

loop, i.e. Jc = K�M , with K a geometric constant [9,10]. Then, for each value of ϕ

�ML(2K ), �ML(20K ), �MT(2K ), and �ML(20K ) were obtained in zero applied
field as outlined in Fig. 3. The non-superconducting contribution is subtracted:

�Msup
L = �ML(2K )−�ML(20K ), �Msup

T = �MT(2K )−�MT(20K ) (1)

The results for |�Msup| =
√

(�Msup
L )2 + (�Msup

T )2 and �Msup
L versus ϕ are

show in Fig. 4. For most cases, the differences are not significant between |�Msup|
and �Msup

L ; however, for large angles a little discrepancy was observed probably due
to a minimal desalination of the sample. �Msup

L , and therefore Jc, shows the 60◦
modulation observed in the transport measurements.
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4 Conclusions

We explored the possibility that the correlated defects observed in the basal plane of
Fe deficient Fe1−ySe samples, with coexistence between β-FeSe and γ -FeSe phases,
condition the movement of the vortices in the dissipative superconducting state. Two
different transport experiments suggested the hindering of the vortex mobility with a
60◦ modulation in-plane making evident the effectivity of the defects. Also the critical
currents, deep in the superconducting mixed state, show a 60◦ modulation compatible
with the presence of intrinsic correlated defects.
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