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We investigated the anisotropic electrical transport and magnetic properties of FeSeq 5Teq s single crystals grown
by the self-flux method. The in-plane resistivity shows a metallic-like temperature dependence, while the out-of-plane
resistivity shows a broad hump with a maximum at around 64 K. The magnetization loops for H //c-axis and H //ab-plane
are also different, for example, there is a typical second peak for H//c-axis. The in-plane critical current density is larger
than the out-of-plane one. The coherence length and penetration depth were estimated by the Ginzburg—Landau theory.
The anisotropic parameter ¥ depends on the applied magnetic field and the temperature. The coupling of superconducting
FeSe(Te) layers and the flux pinning mechanism relevant to anisotropy are also discussed.

Keywords: FeSe;_,Te, single crystal, anisotropy, resistivity, magnetization

PACS: 74.25.—q, 74.25.F—, 74.25.Sv, 74.25.Wx

1. Introduction

The discovery of superconductivity at 8 K in FeSe with
a PbO-type structure!!l has attracted great interest because
of its simple crystal structure. The superconducting tran-
sition temperature 7; of FeSe has been enhanced to 14 K
through the partial substitution of Te for Se,[! to 38 K
under high hydrostatic pressurel?! and to above 100 K in
monolayer thin film.Ml In bulk Feq,,Te;_Se, crystals the
optimal Te content to achieve the highest 7; is considered
to be x ~ 0.5, and phase separation occurs in the region
of 0.1 < x <0.4.13 Although Fei,Te; ,Se, crystals have
a layered structure, they have an anisotropy smaller than
that of cuprate superconductors.!®”) Mao et al. reported an
anisotropy of 2.8 near 7. for FeSeq sTeg 5,18 close to the
2.6 reported by Yadav et al.l! and 3.17 reported by Das et
al."% For the applications of superconducting wires/tapes,
the anisotropy of J., which also reflects its intrinsic crystal-
lographic anisotropy, is an important parameter. The small su-
perconducting anisotropy may facilitate fabrication of a dense
superconducting wire/tape with a high critical current density.
Therefore, detailed knowledge of the anisotropic properties of
iron-based superconductors is important for potential applica-
tions.

It is believed that high-7; superconductors, such as
cuprates and iron-based superconductors, have distinct lay-
ered structures, the essence of which is the Josephson nature
of the interlayer coupling. The values of the interlayer criti-
cal current J¢ and the anisotropy ¥ can be used as a measure
of the coupling strength and, as such, determine the three-
dimensional electrodynamic and thermodynamic properties of
these compounds. Generally, the anisotropy 7Y is a constant
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in the Ginzburg—Landau (G-L) model. However, it has been
shown that the anisotropy ¥ depends on the temperature.[®]
So far we have not found any signs of magnetic-field-related
anisotropy. Our early work showed that the in-plane critical
current density of FeTe 5Se( 5 single crystal is higher than that
of other single crystal compositions.[®! In this paper, we give
detailed anisotropy parameters of FeTe( 5Seq s single crystal
from measurements of electrical transport and magnetization,
such as the upper critical field H.,, the in-plane and out-of-
plane critical current densities J% and J¢, respectively, the
lower critical field H, 1, the coherence length & and the penetra-
tion depth A. We give the field dependence of anisotropy ¥ at
13.5 K near 7. The ratio of the in-plane and out-of-plane crit-
ical current densities increases with decreasing temperature,
indicating that the coupling of the superconducting FeSe(Te)
layer is suppressed. The flux pinning mechanism is also dis-
cussed.

2. Experimental method

The single crystals of FeSepsTeps used in this experi-
ment were grown by the self-flux method. Starting materi-
als were powders of Fe (purity 3N), Se (purity 3N) and Te
(purity 4N). The powders in the nominal composition were
thoroughly mixed in an argon-filled glove box. The mixed
powders were sealed in an evacuated quartz tube. The sealed
quartz ampoule was placed in a furnace so that single crys-
tals were grown from the bottom of an alumina crucible. The
ampoule was heated at 650 °C for 24 h and then at 1110 °C
for 72 h, then cooled down to 420 °C at a rate of 6 °C/h
and kept there for 70 h, followed by quenching in water.
The as-grown single crystal with a shiny flat surface is easily
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cleaved. Recently, Uhrig et al.!'! reported the effect of an-
nealing FeSe 35Teq g5 single crystals in different atmospheres
on the surface chemistry, the superconducting transition tem-
perature 7. and the critical current density J.. Their exper-
imental results indicate that the improvement in the super-
conducting properties is strongly correlated with the forma-
tion of a thin iron oxide surface layer. To avoid possible ox-
idation of the surface layer and uncertain consequences for
the intrinsic superconducting properties, we chose unannealed
FeSe( sTeg s single crystal to study its anisotropy.

The x-ray diffraction (XRD) pattern of FeSe( sTeq 5 sin-
gle crystal was detected by a standard Cu-anode powder
diffractometer (Siemens D5000) at room temperature. The
electric transport measurements were performed on a com-
mercial physical properties measurement system (PPMS-9 T,
Quantum Design) using a standard four-probe configuration.
Gold wires of diameter 0.05 mm were pasted on the sample
surface with silver paste. To obtain the resistivity along the
c-axis, we used symmetrical current and voltage electrodes
on the top and bottom surfaces using indium metal to de-
crease the contact resistance. The area of the current electrode
was larger than that of the voltage electrode to keep the cur-
rent along the c-axis. The magnetization measurements were
also carried out on the PPMS with a vibrating sample mag-
netometer (VSM). The magnetic field was applied along the
c-axis and/or the ab-plane. The sample sizes used in transport
measurements for I//ab-plane and I//c-axis and magnetiza-
tion measurements for H //c-axis and H //ab-plane were about
2.8 mm x 2 mm x 0.4 mm and 2 mm X 1.4 mm x 0.4 mm, re-
spectively. The smaller sample was cut from the larger size
single crystal.

3. Results and discussion

Figure 1 shows the XRD pattern of FeSeysTeg s single
crystal tested at room temperature. Compared with the stan-
dard card, we see tetragonal symmetry P4/nmm for the main
FeSe 5Tep s phase and hexagonal symmetry P63 /mmc for the
impurity phase Fe;Seg. This impurity also appears in other
papers.'>!13] What is more, the appearance of the (104) peak
may come from the twin boundaries.!!*!3] The strong (00/)
peaks indicate that the c-axis of the crystal is perpendicular to
the cleaved surface. The lattice parameters obtained from dif-
ferent peaks were averaged by the Bragg formula, for exam-
ple, c =0.60165 nm, which agrees with the data from previous
papers. [16-18]

The temperature dependence of in-plane (squares) and
out-of-plane (circles) resistivity is measured from 300 K to
10 K at zero field, as shown in the inset of Fig. 2(a). Super-
conductivity occurs near 14 K. The in-plane resistivity shows a
metallic-like temperature dependence, while the out-of-plane
resistivity shows a broad hump with maximum at around 64 K.
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Fig. 1. XRD pattern for FeSe( 5 Teq 5 single crystals.
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Fig. 2. (a) Temperature dependence of reduced resistance near T for ///ab-
plane and 7//c-axis. The inset is for temperature from 300 K to 10 K. (b)
Temperature dependence of magnetic susceptibility from 15 K to 4 K at
0.01 T for H//c-axis and H//ab-plane. The inset shows enlarged plots in
the vicinity of 7.

A similar result was reported by Noji ef al.!'”) A broad hump
is also observed in the in-plane resistivity in materials such
as K,Fe;Sey, CsyFe,Ses, and Rb,Fe,_,Se;.2022 Generally,
the broad maximum of in-plane resistivity is thought to arise
from the scattering potential of randomly distributed Fe ions
in the Fe plane, whereas the broad maximum of out-of-plane
resistivity may be ascribed to the c-axis energy gap of the in-
terlayer structure. In order to see clearly both the supercon-
ducting transition T.% for I //ab-plane and T for I //c-axis, we
show the enlarged main plot in Fig. 2(a). It shows that the out-
of-plane T¢ is higher than the in-plane 7., which, however,
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is not consistent with the following magnetization result. Fig-
ure 2(b) shows the zero-field cooled and field-cooled curves
measured at 0.01 T for H//ab-plane and H //c-axis, respec-
tively. The critical temperature for H //c-axis corresponds to
the in-plane critical temperature 7.%” and that for H //ab-plane
to the out-of-plane T,°. The enlarged M(T) result, shown in
the inset of Fig. 2(b), displays 7% = 13.896 K, higher than
T¥ =13.823 K. The discrepancy in 7;. from transport and mag-
netic measurements may be caused by the measured current
density and the heat effect of contact resistance in Fig. 2(a). In
addition, the sample’s magnetic susceptibility for H //c-axis is
about five times greater than that for H //ab-plane at 4 K. This
result indicates an anisotropic critical current density, namely,
J% #£ JS. From Fig. 2(b), we can obtain y = —3.32 at 4 K.
Thus, the superconducting volume fraction of the unannealed
FeSeq 5Teg 5 single crystal should be close to 100%.

The angular dependences of in-plane resistance R, and
out-of-plane resistance R, measured at 13.5 K for several fixed
fields Hyp up to 9 T are shown in the inset of Figs. 3(a) and 3(b),
respectively. All R(6) curves show a periodic change. The re-
sistance is maximum at 0° and/or 180° (H//c-axis) and mini-
mum at 90° (H //ab-plane), indicating there is a field-induced
anisotropy of resistance. In addition R, is smaller than 1 mQ
and the signal of thermal fluctuation, especially at large angles,
is not negligible and results in an unsmooth curve, as seen in
inset of Fig. 3(b). Based on the anisotropic G-L theory, an
anisotropic material can be transformed into an isotropic ma-
terial by means of a scaling approach (%3] in the following form:

Hgf/;(e) :Ho\/cos2(6)+rzsin2(9), (1)

where 7 is the anisotropy parameter of the single crystal and
0 is the angle between the applied magnetic field and the c-
axis of the crystal. However, the scaling approach is based on
a simple rescaling of the coordinate axes (i.e., x =x', y =/,
¥z =2), which is incomplete for a complex system. Therefore,
in order to have a reference curve for scaling, we measured the
field dependence of resistance at 13.5 K for H //c-axis (empty
squares in Fig. 3(a) for I//ab-plane and Fig. 3(b) for I//c-
axis). For the best value of the anisotropic parameter, R(0)
curves (or R(Hegr)) were fitted to the experimental R(H) to
ensure the best possible agreement in a range of angles start-
ing from zero. The best fitting results are plotted in Fig. 3(a)
for in-plane resistance and in Fig. 3(b) for out-of-plane resis-
tance. From Figs. 3(a) and 3(b), it is no surprise to see that the
best fit lies near 0° and/or 180° (H //c-axis) and meanwhile the
biggest deviation from R(H) is at angles approaching the ab-
plane. The deviant angle appears with increasing applied field,
meanwhile the anisotropy parameter Yy decreases with it. The
field dependence of the anisotropy parameter g is shown in
Fig. 3(c). As seen in the inset of Fig. 3(c), the two Yy curves

agree reasonably well with each other and both show a power
law behavior,

Yg o< H™%, )

where o« = 0.76 for I//ab-plane and o = 0.64 for 1//c-axis.
This result shows that the anisotropy parameter y in G-L the-
ory is not a constant and depends on the applied magnetic field
and the temperature.
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Fig. 3. (a) Field dependence of resistance at 13.5 K (a) for I//ab-plane and
(b) I//c-axis, and the scaled result of R(0) in the inset. (c) Field dependence
of anisotropic parameter for both ///ab-plane and I//c-axis with a double
logarithmic plot.
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Figure 4 gives the temperature dependence of in-plane
and out-of-plane resistivity measured at several fixed applied
magnetic fields up to 9 T for H//ab-plane and H //c-axis, re-
spectively. With increasing field, the low-resistance part of the
R(T) curve gets broader towards low temperatures. The field-
induced broadening for H //c is larger than that for H //ab, in-
dicating that the single crystal has an anisotropic upper critical
field. If we define the temperature where the resistance is 10%
of the normal state resistance R, as the critical temperature 7,
the temperature dependence of the upper critical field H (T)
can be obtained as shown in Fig. 5(a). All Hy(T) curves are
upward, indicating that they should follow the expression

. \"
Ho =Hoo (1 - T_> . 3)
c0
The relationship between Hc and 1 — (7, /Ty) is plotted in
the inset of Fig. 5(a) and it is linear with different n. For cur-
rent parallel to the ab plane, n is 1.23 for H//c-axis and 1.30
for H//ab-plane; while for current parallel to the c-axis, n is
1.36 and 1.25, respectively. From the H(T) expression we
can get the temperature dependence of the anisotropic upper
critical field parameter Yy, = H% /HS, as shown in Fig. 5(b).
YH., increases slightly with decreased temperature, and the
anisotropy Y, for I//ab-plane is bigger than that for I//c-
axis. This result implies that the anisotropy ¥y, relates to

the direction of the applied current and the effective flux pin-
ning energy. The electric field along the c-axis may promote
the coupling of electrons between superconducting layers and
weaken the anisotropy of the sample.

It is well known that the R(T') curve in applied fields near
T contains the dynamics of magnetic flux motion. In ther-
mally activated flux flow models, the resistivity below 1% py
can be described by the Arrhenius relation!>*!

U
P = PoeXxp <_kB_T> y (4)

where U is the thermally activated energy or effective pinning
energy. From Fig. 4, the effective pinning energy can be ex-
tracted from the in-plane R(7T') data. We transfer the R—T curve
into a Inp-1/T plot. The slope of the Inp-1/T curve is the
effective pinning energy U. The field dependence of the ef-
fective pinning energy U(H) is depicted in Fig. 5(c). The U
values for H//ab are much higher than those for H//c, indi-
cating that an intrinsic-like flux pinning originating from the
layered structure plays an important role in the single crystal.
This result is often reported for high-7, superconductors!>>-6]
and iron-based superconductors./?’-?8] The field dependence

of the effective pinning energy U (H) follows

UoxHP &)
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with a crossover at about 2 T. In low-field region, the 8 value
is 0.17 for H // c-axis and 0.09 for H //ab-plane. In the higher-
field region, the f value is 0.28 for H//c-axis and 0.29 for
H //ab-plane. For the low-field region flux pinning is con-
sidered to be dominated by a single magnetic flux line, while
for the higher field region collective flux pinning plays an
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Fig. 5. (a) Field dependence of the upper critical field He, (T') determined by
certain criteria of R = 10%R,. The inset is a log-log logarithmic plot. (b)
Temperature dependence of HY /HY, for I//ab-plane and I //c-axis. (c) Field
dependence of the effective pinning energy with I //ab-plane for H //ab-plane
and H//c-axis. The inset is the field dependence of the anisotropic effective
pinning energy.

important role.!””! B ~ 0.3 implies that the flux lines are
collectively pinned by the planar dislocations and columnar
defects.®! In addition, we take the ratio ¥y of Uy, to U, as the
anisotropy parameter of effective pinning energy, as shown in
the inset of Fig. 5(c). Yy increases quickly for H < 2 T and
then becomes constant for # > 2 T. This result may support
the crossover from single flux pinning to collective flux pin-
ning in the crystal.
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Fig. 6. Isothermal magnetization loops at several temperatures from 4 K to
13 K at intervals of 1 K and a sweep rate of 100 Oe-s~!: (a) H //c-axis, (b)
H //ab-plane.

Figure 6 shows the isothermal magnetization loops mea-
sured at several temperatures from 4 K to 13 K in intervals of
1 K for H//c-axis and H //ab-plane. In order to avoid the in-
fluence of the residual magnetic moment, the isothermal mag-
netization loop from —9 T to 9 T at 14 K is measured as a
background magnetization and deducted from the other loops.
The isothermal magnetization loops for H //c-axis is different
from that for H//ab-plane. The M(H) curve for H//c-axis
has a significant peak, and the peak moves towards a low field
as the temperature increases. The peak disappears near 7. A
similar peak effect also exists in FeSe 5 Teq 5 single crystal, %]
YBa,Cu3z0;_g single crystal[29] and Bag Ko .4FesAs.[3% The
peak effect is considered to be related to the transition from an
elastic to a plastic deformation regime in the vortex lattice, in
which the strong pinning centers exist from correlated disorder
such as twin boundaries, planar dislocations and/or columnar

[14

defects.!'"*l However, for H //ab-plane, none of the isothermal
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magnetization loops show a peak effect. Das et al.l!%! also
reported a similar behavior. The magnetization produced by
the loop consists of in-plane superconducting current density
J% and out-of-plane J¢. J¢ depends on the coupling and pin-
ning centers of superconducting FeSe(Te) layers and is smaller
than J%. The weak pinning forces between superconducting
FeSe(Te) layers result in a monotonic decrease with increasing

applied field.
10°
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Fig. 7. [(a), (b)] The field dependence of critical current density Jé"’ and J¢,
respectively, at several temperatures from 4 K to 13 K. (c) Temperature de-
pendence of critical current density at O T for J¢ and J¢. The inset shows the
temperature dependence of anisotropic critical current density.

According to the Bean critical state model,*!! the field
dependence of critical current density J.(H) can be obtained

from the following equations:

20AM
ng: ﬁ7 H//C, (6)
a(1-5)
. 20AM
= OT H//ab, 7

where AM = M (B_) —M (B;), M(B_) and M (B..) are the
magnetizations when sweeping fields down and up, respec-
tively, and a, b are the sample surface widths (in cm) with a <
b.1321 The measured M is in emu-cm™> and J, is in A-cm 2.
Values of J.(H) at several fixed temperatures are reported in
Fig. 7(a) for H //c-axis and in Fig. 7(b) for H //ab-plane. From
Fig. 7(a), the critical current density at higher-field regions is
enhanced and cannot be given by a simple expression. But for
Fig. 7(b), the field dependence of the critical current density
Jo(H) follows a power-law behavior, J. o< H~? with p ~ 0.53.
In addition, by taking the value of J.(H = 0) at different tem-
peratures, the temperature dependence of J(T) and J¢(T) is
shown in Fig. 7(c). The values of J% and J¢ increase with de-
creasing temperature. If we define the anisotropy of the critical
current density ¥, = J(T)/JS(T), ¥y, is not a constant and
increases with decreasing temperature, as shown in the inset
of Fig. 7(c). This result implies that the coupling between the
superconducting FeSe(Te) layers is suppressed by the temper-
ature and results in an increase in the anisotropy of the critical
current density.

To obtain the temperature dependence of the lower critical
field H,; we measured the zero-field cooled M (H) curves with
a low sweeping field rate of 10 Oe-s~! at several fixed temper-
atures for H //c-axis and H //ab-plane. Figure 8(a) shows the
data for H //c-axis. In general, the lower critical field H.; was
extracted from the deviation of the M(H) curve from linear in
the low-field region. However, the diamagnetic signal of the
sample does not always increase linearly with strengthening
magnetic field in Fig. 8(a), especially at higher temperatures,
due to flux penetration and pinning. So, the diamagnetic signal
quickly deviates from linearity but still continues to strengthen
as the magnetic field intensifies and a dip in the M(H) curves
appears as the diamagnetism reaches a maximum. After that,
the flux lines enter the sample, resulting in the suppression of
magnetization. Here, we define the dip field Hg;p as the lower
critical field H.;, and obtain the temperature dependence of
the lower critical field H,; for H//c-axis and H//ab-plane,
as shown in Fig. 8(b). Hgf; for H//ab is larger than Hg, for
H//c, indicating that it is more difficult for the magnetic flux
to penetrate into the sample for H//ab. This result also shows
the response of a layered structure to anisotropic flux pinning.
Therefore Hy;, also shows obvious anisotropy, as shown in the
inset of Fig. 8(b), and ¥y,,, decreases with decreasing temper-
ature. It obeys the following expression:

T.\™
Haip = Haipo | 1 — == 8
dip dlp,O( TCO) ’ ( )
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where m is 1.23 for H//c-axis and 1.11 for H //ab-plane.

(a) H//c-axis
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Fig. 8. (a) Field dependence of magnetic moments at a sweep rate of
10 Oe:s~!. (b) Temperature dependence of the dip field for H //c-axis and
H //ab-plane. The inset shows the temperature dependence of the anisotropic
dip field. (c) The magnetic penetration depth and coherence length resulting
from (b) and Fig. 5(a). The inset shows the temperature dependence of the
anisotropic parameter of penetration depth and coherence length.

The magnetic penetration depth A and coherence length
& are important parameters for superconductors. They are es-

timated from the following basic relations: 33!
HS = = <§ ,forH//c, )
HY for H//ab, (10)
2 2n gabgc //

. @y Aab
HS = FEvEA {21 (éa)+1},forH//c, (11)

ab __ Dy A’ablc
= SnoA e [ln<§abéc +1|, forH//ab. (12)

For the FeSesTegs single crystal, the temperature depen-

dences of the magnetic penetration depth (4,, and A.) and
the coherence length (€., and &) are obtained from the Hé‘{’ ,
HS,, Hglb, and H¢| shown in Figs. 5(a) and 8(b), and given in
Fig. 8(c). From Fig. 8(c), Ay is larger than A.. This result
shows that the flux lines for H//c-axis enter more easily into
the sample than those for H //ab-plane. This is consistent with
our above result originating from the layered structure. Mean-
while, &, is larger than &, indicating that the coupling of su-
perconducting electrons in the ab-plane is stronger than along
the c-axis. This is consistent with the anisotropic critical cur-
rent density. Extrapolating to T = 0 K, we have A,, = 74 nm,
Ew(0) = 1.9 nm, A, = 78 nm and & (0) = 0.64 nm. The ex-
trapolated coherence length &,,(0) is close to that reported in
the literature, **! but the penetration depth is an order of mag-
nitude smaller than previously reported, [®! which is ascribed to
our larger dip field Hgip than H. that deviates from the linear
M(H). Furthermore, the anisotropy of penetration depth and
coherence length, ¥, and ¥, is shown in the inset of Fig. 8(c).
They decrease monotonously with decreasing temperature.

4. Conclusion

By combining measurements of electric transport for
I//ab-plane and I//c-axis and magnetization for H //c-axis
and H //ab-plane we obtain detailed anisotropic superconduct-
ing properties of FeSe( sTeq s single crystal. The in-plane re-
sistivity shows a metallic-like temperature dependence, while
the out-of-plane resistivity shows a broad hump with a maxi-
mum at around 64 K. The scaling of R(6) gives a field-induced
anisotropic parameter. The electric transport measurements
imply that the anisotropy of the upper critical field g, may
relate to the direction of the applied current and the effective
flux pinning energy. The magnetization measurement shows
an anisotropic critical current density. Decreasing tempera-
ture can enhance the critical current density and suppress the
coupling between the superconducting FeSe(Te) layers. The
coherence length and penetration depth estimated by the GL
theory are consistent with the electric transport and magneti-
zation data. The anisotropic superconducting properties are
related to its layered structure.
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