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Investigations of the superconducting properties of FeSe4Teo ¢ single crystals have demonstrated that these
iron-based superconductors hold the potential to host Dirac-cone-type surface states and two-dimensional (2D)
topological superconducting states. Experimental observations detected Berezinsky-Kosterlitz-Thouless transi-
tion and transport vortex dynamics, suggesting a dominant role of topological surface states in magnetotransport
at low temperatures. In the normal state, FeSe( 4Te ¢ demonstrated a weak antilocalization transport feature due
to the topological nature at temperatures 7 < 16.5 K and negative magnetoresistance characteristic due to the
suppression of spin-disorder scattering induced by the Kondo effect as the temperature reached 40 K. Addi-
tionally, the annealing process of FeSe(4Te s single crystals caused a shift from the initial three-dimensional
transport pattern to one that more closely resembles a 2D transport system. These findings support the notion
that FeSe 4Teg ¢ holds promise as a platform for investigating topological superconductivity.

DOLI: 10.1103/PhysRevB.108.214509

I. INTRODUCTION

Authors of studies on superconducting FeSe(sTegs and
FeSep45Tegss have shown that iron-based superconductors
can host Dirac-cone type surface states at the Fermi level
as well as two-dimensional (2D) topological superconduct-
ing states on the surface [1-10], providing a possible
high-temperature platform for realizing topological supercon-
ductivity and Majorana bound states. Thus, ion-based super-
conducting FeSeTe compounds have recently been revealed as
leading candidate materials for 2D topological superconduc-
tivity and are important role in the development strategy of
topological quantum computing [7-9]. Commonly, the topo-
logical superconductivity of FeSe 5 Teq s or FeSeq 45Teq ss has
been examined by angle-resolved photoelectron spectroscopy
and scanning tunneling spectroscopic measurements, in which
a linear-dispersion surface band state or a zero-bias conduc-
tance peak can be observed [3-9]. So far, only a few attempts
have been made at exposing the topological properties of
the ion-based superconducting FeSeTe families via the mag-
netotransport measurements, even though several studies on
the transport properties of FeSeTe superconductors have been
reported, as seen in review articles [11-13]. Magnetotransport
properties provide an opportunity for a more fundamen-
tal understanding of electronic properties, especially for 2D
materials with strong topological effects. 2D superconduc-
tivity is usually at the interfaces of heterostructures, such as
LaAlO3/SrTiO3 and Bi,Te;/FeTe heterostructures [14—-18],
superconducting ultrathin films [19-21], intercalated lay-
ered superconductors [22-24], and some single-crystalline
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thin flakes [25,26]. Intrinsic 2D superconductivity has been
found only on the bulk single crystals of AuSng [27],
Ba(Fe(.914C00.086),Asy [28], and highly anisotropic cuprate
superconductors [29]. Recently, the discovery of the so-called
topological superconductors or Weyl superconductors has
stimulated strong interest in the nontrivial 2D properties due
to the surface topological effect [30—32]. Through the prox-
imate effect, 2D surface superconductivity is affected by the
bulk superconductivity, resulting in nontrivial topological su-
perconductivity (p-wave or spin-triplet superconductivity) as
expected [33-35]. In addition, the FeSe,_,Te, (FST) system
exhibits intricate behaviors when changing the composition x
and the annealing effects. This includes a nonlinear relation-
ship between x and superconducting transition temperature
T. [36,37], a decrease in the upper critical field H., as x
increases [38], variation in x and a dimensionality transition
of vortex dynamics [38], and the impact of excess Fe impurity
on flux pinning in the annealed samples [13]. Thus, it is worth
conducting a more thorough examination of the magnetotrans-
port properties of FeSeTe compounds.

In this paper, we demonstrate the 2D superconductiv-
ity nature of ~10-um-thick annealed FeSejsTepq single
crystals, in which a Berezinsky-Kosterlitz-Thouless (BKT)
transition as well as the transport vortex dynamics inter-
preted in a 2D system are presented. The third critical
field H.; was measured to evaluate 2D surface superconduc-
tivity in FeSep4Teps. Additionally, we made a discovery:
The normal-state FeSe( 4Teg ¢ exhibits weak antilocalization
(WAL) transport at temperatures ~16.5 K, which could
be attributed to the magnetotransports dominated by topo-
logical surface states in FeSegsTeg single crystals at low
temperatures. A rise in temperature demonstrates negative
magnetoresistance (MR), possibly resulting from the reduc-
tion of spin-disorder scattering induced by Kondo effect at
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elevated temperatures. Additionally, the observed variation in
the dimensions of transport properties due to the annealing
effect could be attributed to the competition between spin-
singlet and spin-triplet pairings induced by Fe impurities in
FeSep4Teg s single crystals. The study results demonstrate
that FeSep4Teg¢ indeed can offer a promising platform to
explore the exotic properties of topological superconductivity.

II. CRYSTAL GROWTH, CHARACTERIZATION,
AND EXPERIMENTAL METHODS

Single crystals of FeSe( 4Tey ¢ were grown by the self-flux
method using starting materials of Fe, Se, and Te powders.
Appropriate amounts of high-purity elements were mixed
with an alcohol solution and sealed in an evacuated quartz
tube. To synthesize the single crystals, the tube was first
heated up to 600 °C for 20 h to carry out preliminary chemical
reactions. The obtained sample was reground, sealed in an
evacuated quartz tube, and heated again at 1050 °C for 36 h.
Crystal growth occurred via slow cooling at a rate of —5°C/h
from 1050 to 460°C. From the resulting ingot, as-grown
single-crystalline samples with a typical size of 2x2mm?
with <10 um thickness were mechanically cleaved off. The
obtained crystals could be easily cleaved perpendicular to
the ¢ axis. Superconductivity of as-grown FeSe,Te;_, single
crystals can be improved by annealing with optimum condi-
tions [36,39]. Thus, for the thermal postannealing process,
the samples were resealed in an evacuated quartz tube and
heated up to 400 °C at 5°C min~! and kept at that temperature
for 2 h. Here, the studied FeSep4Tepes single crystals are
denoted as S,y and Sy, representing as-grown and annealed
samples, respectively. The phase purity and the crystal struc-
ture of obtained crystals were characterized by powder x-ray
diffraction (Bruker D2 phaser) measurement using Cu-Ko
radiation on single crystals. For the measurement of elec-
trical transport, thin plates of cleaved FeSeq4Tep¢ crystals
were cut into dimensions of ~1.5 x 0.5 x 0.01 mm?. Five
leads were soldered with indium, and a Hall-measurement
geometry was formed for simultaneous measurements of both
longitudinal (p,,) and transverse (Hall) resistivities (poy,) us-
ing the standard DC four-probe technique applying a DC
current density of ~100 A/cm?. The DC magnetization was
measured in a superconducting quantum interference device
system (MPMS from Quantum Design). Figure 1(a) shows
the x-ray 6-26 diffraction spectra for as-grown (Suse) and
annealed (S,n,) FeSeg 4Teg ¢ single-crystalline specimens. As
shown, diffraction peaks appeared only at (00n) (n =1, 2,
3, and 4), indicating that the c-axis [001] direction is per-
pendicular to the plane of the crystals, and the perpendicular
cleaved plane to the ¢ axis. The inset of Fig. 1(a) shows
the x-ray 60-26 diffraction spectra in the region near the
(004) peak for the S, and Sy, samples. The broadening
peaks exhibited a shoulder at a higher 26 angle due to the
Cu-Ka; and Cu-K«, radiations, and the (004) peak of the S,
positions is at a higher angle due to a decrease in the length
of the ¢ axis. The c-axis lattice constant was precisely deter-
mined to be 6.051 and 6.048 A for Sasg and Sy, TESpectively,
which are very close to 6.050 A, as reported in an ear-
lier study [40]. Figure 1(b) illustrates a typical quantitative
energy-dispersive x-ray spectroscopy elemental analysis on a
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FIG. 1. Characterization of the as-grown S, and annealed S,n,
FeSe4Tey¢ samples. (a) The x-ray diffraction spectrum shows the
crystal structures of S, and S.u,. (b) The energy-dispersive x-ray
spectroscopy analysis provides compositional information for both
Sase and Sgnp. An unexpected peak, corresponding to carbon (C),
could potentially be attributed to the environmental background.
(c) Zero-field-cooled (ZFC) and field-cooled (FC) magnetizations in
H =5 Oe parallel to the ¢ axis for Sy, and S,n,. Inset: Highlights
of the transition region of the temperature-dependent susceptibility
curve. The dashed lines are the linear fittings of the normal state
and transition regions. (d) The zero-field resistivity curves depict the
temperature-dependent electrical resistivity of S, and S,n,. Inset:
Low-temperature normal-state resistivity data, offering an insightful
temperature-correlated analysis for both S, and S;,, and the dashed
line represents the fitting of o, (T) = po + AT>.

portion of the scanning electron microscopy (SEM) image of
Sasg» and the molecular formulas of summed Fe, Se, and Te
were calculated to be Fe; g3Se(.39Teg 61, close to Fe;Sep4Teg ¢
as expected. The SEM images for samples also show a ho-
mogeneous distribution for Fe, Se, and Te elements. The
inset of Fig. 1(b) is a photo of the S, sample, showing a
platelike shape with a flat surface of a crystalline ab plane.
Figure 1(c) shows the temperature-dependent magnetic sus-
ceptibility 4 x in zero-field-cooled (ZFC) and field-cooled
(FC) modes with an applied field H =35 Oe for the Sy,
and S,,, samples. The inset of Fig. 1(c) shows the transition
at temperatures near 7;, and the transition temperature 7
is determined by an intersection of two linear fitting lines
extrapolated from the normal-state and transition regions,
respectively. The observed superconducting transition tem-
peratures T are ~14.03 and 14.10 K for the S, and Suun
samples, respectively. One can see that annealing led to a
slight increase in T; for the as-grown sample after annealing,
as reported in early studies [36,39]. Using the expression [41]
of X = Xexp/(1—N Xexp), the superconducting volume fraction
was estimated to be ~100% based on the magnetization at
2 K, where N represents the demagnetization factor according
to the sample geometry and .y, is the susceptibility calcu-
lated from the original experimental data. Compared with the
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ZFC signal less than T, the much smaller FC signal indicates
a strong vortex pinning in both FeSe( 4Te ¢ single crystals, in
accordance with those presented by earlier works [13,42,43].
The splitting of the FC and ZFC susceptibilities is a typical
feature of type-II superconductors due to the pinning effect
arising from defects or impurities, where a portion of mag-
netic flux is pinned within the body of the superconductor
upon cooling the material in an applied field. Furthermore,
the slightly larger magnitude of the diamagnetic FC signal
for S,n, implies a reduction of Fe impurities in the annealed
single crystal sample, resulting in a weaker pinning [13,39].
Figure 1(d) displays the low-temperature electrical resistivity
Pxx(T) for the S,g and S,,, samples in a zero-applied mag-
netic field, showing a sharp resistive transition at temperatures
near T;. The estimated T, defined as the temperature at which
the resistance of the superconductor is halfway between the
resistance in its normal state and its zero-resistance state, was
found to be 14.28 and 15.28 K for the S, and S,,, sam-
ples, respectively. These results agree with the findings from
magnetization measurement, shown in Fig. 1(c). The inset of
Fig. 1(d) shows the low-temperature normal-state resistivity
data, which could fit in the temperature range of 16-50 K
using the formula p(T) = py + AT? with a residual resistiv-
ity pg of ~580 £ 7 u€2 cm and the electron-electron scattering
coefficient A = (4.44 £ 0.38)x 102 u$2 cm K2 obtained for
the S,s, sample. Meanwhile, the Su,, sample had pp = 797 +
15u82 cm and A = (6.30 £ 0.85)x 1072 u2 cm K—2. The ob-
tained values of py and A were comparable with those reported
earlier for FeSe( 4Teo ¢ single crystals [43,44], indicating the
high quality of the obtained FeSe( 4Teg ¢ single crystals.

III. RESULTS AND ANALYSIS

A. Essential bulk superconductivity of FeSe 4Tey ¢
single crystals

The DC (static) magnetic measurements determined the
equilibrium value of the magnetization in a sample and re-
vealed the essential bulk superconductivity of FeSeg4Te¢
single crystals. Figures 2(a) and 2(b) show the field-dependent
magnetization M(H) curves at various temperatures for the
Sasg and S,p, samples in fields parallel to the ¢ axis, re-
spectively. The data allowed us to extract the H. (7T") from
a Meissner-like linear M(H) regime to a nonlinear M(H) re-
sponse. The lower critical field H.;(T) corresponds to the
field at which the presence of vortices into the supercon-
ductor and provides key information regarding the magnetic
penetration depth and superconducting energy gap. Track-
ing the >1% deviation of the M(H) curve from the linear
fitting in the even lower-field regime helped us determine
the lower critical field H. (7). Furthermore, the temper-
ature dependence of the magnetic penetration depth A(7)
can be determined from H,; by using the formula poH; =
(®o/4m2%)Ink, where @ is the flux quantum and « is the
Ginzburg-Landau (GL) parameter. Meanwhile, according to
the nodeless Bardeen-Cooper-Schrieffer (BCS) superconduct-
ing band gap theory [45,46], the temperature dependence of
each penetration depth A~2(7T") can be expressed by
A(T) tanh [ 53]
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FIG. 2. Magnetic characteristics of S, and Syn,. (a) and (b)
Out-of-plane magnetization M(H) curve for S,, and S,,, at var-
ious temperatures. The dashed line in the figure represents the
linear fitting which exhibits Meissner-like behavior. (c) and (d) The
temperature-dependent lower critical field derived from M(H) curves
for Suse and Sy, respectively. The green lines in the figures represent
fitting curves of H.(T'). Insets: The penetration depth as a function
of temperature derived from the lower critical field for S, and Sy,
respectively.

where the temperature dependence of each energy gap is
A(T) = A(0)tanh[1.88(7./ T—1)*3'], the Boltzmann con-
stant kg, each zero-temperature superconducting gap A(0),
and the residual penetration depth A(0). We estimated the
k value with the ratio of penetration depth A to coherence
length £ by considering that k = A/ ~ (He/H.1)"* = 360
for Suse and 562 for Sun,, where He, was determined by the
resistive transition as described later, and H.; was the field
of the M(H) curve deviating the linear behavior in the lower-
field regime as mentioned previously. Figures 2(c) and 2(d)
present the resulting temperature dependence H, for the Sy,
and S,,, samples in fields parallel to the ¢ axis, respectively.
The data can be fitted by a function of reduced temper-
ature (T/T.)*: H.(T) = He (0)[1 — (T /T;)?], illustrated by
the green solid lines in Figs. 2(c) and 2(d). This alignment
was consistent with the predictions of the GL equation. The
insets of Figs. 2(c) and 2(d) show the temperature dependence
of estimated )»;bz(T) for the S, and S,n, samples, respec-
tively. As seen, the estimated A;bz(T) could be well described
using Eq. (1), indicating that the bulk superconductivity of
FeSe( 4Teg ¢ satisfied the traditional nodeless BCS supercon-
ducting band gap theory. The magnetization results which
helped to deduce the parameters of H.;(0), 1(0), and A(0)
for the S,s and S,,, samples are summarized in Table I. The
temperature dependences of H.; and A~ indicated that the
bulk superconductivity of FeSepsTe( ¢ resembles that of the
s-wavelike BCS superconductor [47,48]. The values of the su-
perconducting gap and the ratio of 2A(0)/kgT; align with the
findings from other studies for FeSeTe compounds [47—49].

B. 2D-like superconductivity of FeSe, 4Te( ¢ revealed
in the mixed-state transport

The surface superconductivity of FeSeq 4Teg ¢ single crys-
tals was explored via magnetotransport measurements for
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TABLE I. Superconducting properties of Sq,y and Syqn.

Parameter Unit Ssag Sann
P (300 K) Qcm 1.22x1073 1.40x1073
T.. (magnetic) K 14.03 14.10
T. (electric) K 14.28 15.25
H.; (0) Oe 11.90 6.98
noHp T 26 28
toHe (0) T 51 63
HoHe,q45(0) T 101 165
noH3(0) T 131 231
&.(0) nm 1.29 0.87
&4 (0) nm 2.53 2.28
Aap(0) nm 911 1281
ds. nm 35.0 31.9
K - 360 562
A0) meV 1.22 2.83
2A(0)/ksT. - 2.01 4.65

samples of ~10 um thicknesses. Figures 3(a) and 3(b) present
the resistivity as a function of temperature in magnetic fields
parallel to the ¢ axis for the S, and S,,, samples, re-
spectively. Corresponding data of magnetic fields parallel to
the ab plane for the S, and S,,, samples are shown in
Figs. 3(c) and 3(d), respectively. All the resistivity curves
under the magnetic field show a broadening behavior in the
superconducting mixed-state region. Figures 3(e) and 3(f)
present the upper critical fields in fields parallel to the ¢
axis and ab plane (denoted by H,, . and H 4, respectively)
for the S, and S,,, samples, respectively. Here, the upper
critical field H, values were derived from the 50% resistive
transition. In the measured region, H., (') displayed a lin-
ear behavior for both S,;; and Sy, samples. On the other
hand, H, 4»(T") exhibited proportionality to (1-7"/ T.)'/? only
at temperatures close to 7. and within a narrow tempera-
ture region. This behavior is highlighted with a magnified
view, as depicted in the insets of Figs. 3(e) and 3(f) for
closer inspection. The dimensionality of superconductivity
can be examined from the temperature-dependent H,, [50].
For a 3D superconductor, the temperature dependences of
both H (T') and Hep 4»(T) could be described as Her(T) o
(1-T/T.), while for a 2D superconductor, the tempera-
ture dependences of Hy (T) and Hep qp(T) are presented
as Hy o(T) o (1-T/T.) and He qp(T) o< (1=T/T.)"/?. Our
observation of 2D-like H., behavior on FeSey4Teg¢ was
like that reported for FeSesTeps single crystals, which
presented the dependence of Hey .,(T) o (1—T/T;)"/? at tem-
peratures near 7. [51]. Meanwhile, the values of Hc .(0)
and Hg 4»(0) were also estimated using the Werthamar,
Helfand, and Hohenberg (WHH) formula, excluding the spin-
paramagnetic effect and spin-orbit interaction [52]: H,(0) =
0.693T.|dH.>(T)/dT |7., also known as orbital-limiting field
H,,. Furthermore, the coherence lengths at zero temperature
£,(0) and £.(0) in anisotropic GL theory were related to
He (0) and Hg q5(0) according to the formulas &,,(0) =
[®0/27m He,o(0)]'/* and £.(0) = Do/27 Hez,a5(0)E45(0). The
obtained values of zero-temperature upper critical fields
H(0) and coherence lengths £(0) for the S, and S;p, sam-
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FIG. 3. Mixed-state magnetotransport in S, and S;n,. (a) and
(b) pxx(T) curves under magnetic fields, applied perpendicularly to
the sample surface plane, for S,;, and S, respectively. (c) and (d)
Corresponding p,,(T') curves under magnetic fields applied parallel
to the sample surface for S, and Sg,,, respectively. (e) and (f)
Temperature-dependent upper critical fields H (T ), He (T), and
H(T) for S, and Sy, respectively. The lines represent the fitted
curves of Hy (T) o« (1-T/T.) and Hep op(T) (l—T/TC)l/Z. Inset:
Close-up view of H, (T ) near the critical temperature. (g) and (h)
Prc(T) curves measured in a field of 1 T with 10 and 0.01 mA current,
for H.3 estimation, for Sy, and S,n,, respectively.

ples are also listed in Table I; the values are comparable
with those reported in other studies [51,53]. The deduced
orbital-limiting fields Hc; 4,(0) for samples S, and S,
were ~101 and 165 T, respectively, indicating differential
characteristics along the ab direction. In the c direction, the
deduced H, .(0)'s for S, and S, were ~51 and 63 T,
respectively, showing a higher critical field for sample S,p;.
These estimated fields H.»(0) significantly overpowered the
Pauli-limiting fields Hp, which were ~26 and 28 T in this pa-
per, with the weak coupling BCS formula Hp ~ 1.84T;. This
substantial difference between the orbital- and Pauli-limiting
fields suggest the presence of unconventional superconductiv-
ity. The high upper critical fields obtained for FeSeq 4Teg ¢ are
consistent with those reported [13,51-55] and imply that an
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unconventional superconductivity of perhaps triplet p-wave
character in FeSe 4Teg ¢ [56].

In view of the 2D-like behavior of Hy, ,,(T) at tempera-
tures near T, we can attribute the 2D-like electrical transport
to the surface conducting channel within a thickness of ~dj..
In Table I, we estimate the corresponding superconducting

thickness dy. using Hes (1) = %(1—%) 172 based on
the resulting fitting curves shown in the insets of Figs. 3(e)
and 3(f). In this equation, £g1.(0) represents the GL coherence
length determined with the value of &,,(0). Notably, as the
temperature approaches the critical temperature, the coher-
ence length &g becomes larger than dg, indicating that the
sample would reach the 2D superconductivity limit. Consid-
ering that &6.(T) = &6L(0) - (1-T/T.)”"/ and &G1.(0) ~ 2.5
nm, the crossover temperature can be estimated as dy. = &g,
with di. ~ 35 nm and a crossover temperature of 7 /T, =
0.995 (i.e., at T=14.2 and 15.2 K for Sy and Sy, respec-
tively). These values align with the observed 2D behavior
of He 4»(T), as shown in the insets of Figs. 3(e) and 3(f).
This finding provides valuable insights into surface conduc-
tivity, which can be explored through electrical transport
measurements. One way to further explore the surface super-
conductivity phenomenon behavior near 7T; is by investigating
the third critical field H.3, which corresponds to a surface
parallel field that the surface superconductivity can nucle-
ate at a metal-insulator interface [57,58]. The third critical
field H.3 is higher by a factor of 1.7 than He 4 [59-61].
Thus, the resistivity measurement with the configuration of
magnetic fields parallel to the ab plane is possible to de-
tect the contributions from both the bulk (H.,) and surface
(H.3) superconductivity phenomena. The determination of
the absolute value of H.3 was somewhat uncertain because
the resistivity approaches the normal value in the surface
sheath gradually and is affected by the measuring current.
Thus, detecting H.3 with a very low measuring current was
favorable [62]. In the transport measurement on FeSeq 4Teg 6,
extremely small current densities were used for the determina-
tion of H 3 values. Figures 3(g) and 3(h) show the temperature
dependence of resistivity by measuring current densities of
0.049 and 0.143 ;\/cm2 for the S, and Suy, samples in a
surface-parallel field of 10 kOe, respectively. As seen, with
a small current applied, the resistivity went to the super-
conducting transition at higher temperatures, corresponding
to a higher critical field H.3 as predicted. The temperature
dependence H.3(T') extracted from the low-current resistivity
measurement for the Syse and S,n, samples is also illustrated in
Figs. 3(e) and 3(f), respectively. The zero-temperature H.3(0)
values derived from the WHH formula for the S,s and S,y
samples were 131 and 231 T, respectively. The data show
that H.3(0) ~ 1.3 x H 4(0) for the S,s, sample, whereas for
the S, sample, it was He3(0) =~ 1.4 x Hep 45(0). The ratio
of H3(0)/Hc, 4(0) for both samples is close to the theo-
retical value of 1.7, indicating that the magnetotransports of
FeSe 4Teg ¢ single crystals were dominated by the 2D surface
superconductivity in the high-field regime.

The 2D superconductivity in FeSe( 4Teg ¢ was further clar-
ified by the experiments with field angle-dependent p,, vs H
measurements at a constant temperature. Figures 4(a) and 4(b)
show the magnetic field dependence of the resistivity un-
der different angles 6 at 13.8 and 14.6 K for the S, and
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FIG. 4. (a) and (b) Variation in resistivity as a function of mag-
netic field at different angles 6 for S, at 13.8 K and S,,, at 14.6 K.
The angle 0 is defined as the angle between the normal to the sample
plane and the direction of the applied magnetic field, as illustrated
in the diagram in the figure. (c) and (d) The angular dependence of
the upper critical field H,,(0), obtained from the above R-H curve for
Sasg and S,n,. The blue and green solid lines represent respective fits
using the three-dimensional (3D) anisotropic Ginzburg-Landau (GL)
and two-dimensional (2D) Tinkham formula.

Sann samples, respectively, where 6 is the tilt angle between
the normal sample surface plane (parallel to the ¢ axis) and
the direction of the applied magnetic field [see the inset of
Fig. 4(c)]. Clearly, the superconducting transition shifted to
a higher field with the external magnetic field rotating from
parallel 6 = 0° (H // ¢ axis) to perpendicular 6 = 90° (H //
surface ab plane of applied current). Figures 4(c) and 4(d)
show the extracted upper critical field H, as a function of
the tilted angle 6, displaying that the critical field gradu-
ally increased as the angle increased. A cusplike peak was
clearly observed at 8 = 90° for the S,,, sample. The angular

dependence of H.(0) was plotted using the 2D Tinkham

2

formula [63] |#2gLel | 4 [HaBISP)" — 1 and the three-

dimensional (3D) anisotropic GL model [64] [%)20059]2 +

ing <2 . . .
[W] = 1, using the previously obtained values of H,; .

(@ =0° and Heqp (0 =90°). The cusp-shaped angle de-
pendence was consistent with the 2D Tinkham formula and
deviated from the 3D anisotropic GL model for the S,,, sam-
ple, while the S,,, sample exhibited a 3D-like dependence
of H.;(0). The result again demonstrates that the annealed
FeSe4Teg ¢ single crystals indeed display more of the 2D
nature of superconductivity.

The dimensionality of superconductivity can also be
characterized by the mixed-state vortex dynamics under a
magnetic field analyzed using thermally activated flux flow
(TAFF) theory. As seen in Figs. 3(a) and 3(b), the resis-
tivity under a magnetic field showed a broadening behavior
due to thermally activated flux motion proposed by Ander-
son and Kim [65] and can be described by o(T,H) = po
exp(—U/kgT). Here, U is the activation energy, which is nor-
mally both field and temperature dependent and corresponds
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FIG. 5. (a) and (b) Arrhenius plot of resistivity in relation to
magnetic fields oriented perpendicularly to the sample surface plane
for S, and Sy, The solid lines depict the fits of the thermally
activated flux flow (TAFF) formula to the Arrhenius relationship
at temperatures below 7* as indicated. (c) and (d) Magnetic-field-
dependent activation energies derived from the Arrhenius plot above
with magnetic fields, both perpendicular and parallel to the sample
surface plane, for S,s, and S,,,. The solid lines in the figure represent
the fitting of U o In(H).

to the magnitude of effective pinning energy in the Anderson-
Kim model. Figures 5(a) and 5(b) show the Arrhenius plot of
resistivity as a function of 1/T for the Sy, and Sy samples
in the magnetic field of 1 T parallel to the crystal ¢ axis and
ab plane, respectively. The resistive transition at temperatures
below a specified temperature 7* exhibited a linear behav-
ior in the Arrhenius plot, as illustrated with straight solid
lines. This indicates that the mixed-state resistivity follows the
equation of thermally activated flux motion within the temper-
ature range. Figures 5(c) and 5(d) show the field-dependent U
extracted from the theory of Anderson and Kim [65], respec-
tively, for the S,n, and S, samples, in which U(H) is plotted
as a function of the magnetic field on a semilogarithmic scale.
The obtained U values for our FeSe4Teps samples were
slightly higher than those of 100-200 K for Fe(Te, Se) single
crystals [66] and decreased monotonically with the increased
magnetic field due to the vortex depinning arising from an
increased vortex density and interaction between the vortices.
Larger U values in the H // ab plane than those in the H // ¢
axis demonstrate the anisotropic nature of flux pinning in
layered-structure FeSey 4Te ¢, as reported previously [67]. A
relationship of U(H) o< —In(H) could be observed in both
Sann and Sy samples. In the low magnetic field region under
1 T, both samples exhibited a weak dependence of H, which
may suggest the occurrence of single-vortex pinning [68].
When the applied field H exceeds 1 T, a pronounced rela-
tionship between U(H) and In(H) was observed in both S,
and S, samples. As pointed out, U was expected to follow
a logarithmic dependence on the magnetic field based on the
collective flux creep model in a clean 2D superconductor [69].
The 2D vortices could overcome pinning through thermal
energy and demonstrate a resistance behavior, characterized
by a relationship between U(H) and In(H) [70].
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FIG. 6. Berezinsky-Kosterlitz-Thouless (BKT) nature of S, and
Sam- (2) and (b) I-V isotherms on a logarithmic scale at zero field
across varying temperatures for Sy, and S,n,, respectively. Straight
black lines indicate linear power-law fits to the data. (c) and (d)
The temperature dependence of the power-law exponent ¢, de-
rived from the power-law fits above for S, and S,,. Dashed lines
represent o values of 3 and 1. Inset: Highlights of the zero-field
resistivity-temperature p,,(7") curve close to the BKT transition
regime, corresponding with the Halperin-Nelson (HN) relation, ex-
cept for the unique p,,(7") jump in the normal state, as depicted by
the solid red line.

The observed logarithmic dependence of U(H) was in ac-
cordance with the model of thermally assisted collective flux
motion in 2D, as recently observed in other 2D crystalline
superconductors [71-75]. Moreover, the activation energy U
of Sann was smaller than that of S, in both magnetic field
directions. The observed reduction of the activation energy
U after the annealing process is presented here. The reduced
activation energy U indicates a decrease in the impurity levels
in Synn compared with Sy, being in accordance with the result
of FC susceptibility as discussed previously.

C. BKT transition

One way to confirm the 2D nature of superconductivity
in the sample is to examine its electrical transport properties
within the framework of a BKT transition, characterized by
the BKT temperature Tgxr [76-79]. Figures 6(a) and 6(b)
present the isothermal current-voltage I-V curves for the Sy
and S,,, samples, respectively, plotted on a logarithmic scale
to reveal their power-law behavior V o I*. The temperature
measured in Fig. 6(a) ranged from 13.6 to 15 K, with current
in the range of 10 mA to 20 nA. In Fig. 6(b), the temperature
measured ranged from 14.4 to 15 K, with the same current
range in Fig. 6(a). When T exceeded T, the I-V curves exhib-
ited a slope of 1 on the logarithmic scale, indicating ohmic
behavior of the system. When the temperature was at Tgkr,
the logarithmic I-V curve of the system shows a slope of 3,
in line with theoretical predictions V oc I*. This specific value
indicates the onset of the BKT transition.
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The power-law exponent & of S, and S, extracted from
Figs. 6(a) and 6(b) are presented in Figs. 6(c) and 6(d), respec-
tively. The isothermal /-V curves were also examined under a
small applied field, which should break up vortex-antivortex
pairs and suppress the BKT transition. The behavior of BKT
transition could be further verified. The BKT theory proposes
a form of the Halperin-Nelson (HN) relation [80] to describe
the zero-field resistivity py(T) for a 2D superconductor. The
HN relation at temperatures just above Tkt is expressed
as px(T) = pyexp[—b(T — TBKT)_O'S], where p, and b are
material-dependent parameters.

The temperature dependences of the zero-field power-law
exponent « in Fig. 6(c) decreased gradually to be 1.0 (ohmic
character) for temperatures higher than Tggr, showing the
characteristic of a BKT transition occurring at Tgxt =~ 13.74
K in the S, sample. The inset in Fig. 6(c) shows the p,(T')
curve of the S, sample. The red line in the inset is the
HN relation fitting of the zero-field p,.(T) curve above the
Tkt regime with p, = 6.24x107* Qcm, Tpxr = 14.08 K,
and b = 0.40K!/2. Although Tgkr obtained from the «-T
plot decreased gradually with the external magnetic fields,
the «-T relation did not appear to be greatly influenced by
the magnetic fields. The discernibility of the change became
more pronounced with the magnetic field up to 500 Oe. This
phenomenon was not consistent with the behavior of a 2D
BKT transition. The S, more likely exhibited 3D transport
behavior. With strong spin-orbital coupling (SOC) in an iron-
chalcogenide superconductor, quantum anomalous vortices
(QAVs) were formed spontaneously due to the interaction of
a magnetic impurity and SOC. QAVs were 3D bulk vortices,
and the presence of hysteresis in these QAVs could suggest
the breaking of time-reversal symmetry. Thus, an external
magnetic field could interact with the magnetic moments of
the impurities, potentially altering the formation and behavior
of QAVs. The observed suppression depicted in Fig. 6(c) may
be attributed to the influence of a strong magnetic field on the
3D QAVs [81].

In the case of the S,,, sample shown in Fig. 6(d), the
value of o approaches 3 at 14.57 K temperature. The display
of results gradually diminished and decreased continuously
from 5.9 to 1.0. The inset demonstrates that the zero-field
P (T) curve is also well described by the HN relation with
pn = 13.21x107* Qcm, Tk = 14.63 K, and b = 1.00K'/2.
The Tk of the S, sample obtained from the two approaches
were highly consistent and corresponded closely to 7.. Ad-
ditionally, the corresponding isothermal /-V curves with an
applied field of 5 Oe are also illustrated in Fig. 6(d). Compared
with the results of zero field, a 5 Oe magnetic field can induce
a significant suppression of the BKT transition in the S,,,
sample. Here, Tggr undergoes a substantial decrease from
14.57 to 14.10 K. The experimental results demonstrated that
the S,n, sample, after undergoing annealing, transformed into
the S,z sample, exhibiting a transition from predominantly
3D transport to a nearly 2D transport.

D. Normal-state WAL transport

A negative or positive MR, due to weak localization
(WL) or WAL effect, respectively, has been regarded as
a signature of magnetotransport properties for topological
materials [27,82-85]. The WL or WAL effect is a quantum-

transport phenomena of electronic systems in a diffusive
transport regime, mainly arising from the interference of a
wave function in a topological surface state. WL differs from
WAL based on its effects on electron movement. In WL, elec-
trons moving in opposite directions interfere constructively,
causing a decrease in resistance. However, WAL results in
destructive interference, inducing electron backscattering and
decreasing conductivity while increasing resistivity. When
a perpendicular magnetic field is applied, it induces oppo-
site phase shifts for counterclockwise and clockwise paths,
impacting electron transport. Consequently, the measured re-
sistance varies with the applied magnetic field [86]. The
topological surface conductivity contribution due to WL can
be described by owp /H, whereas the WAL transport is
described as owaL o< —/H, giving a negative or positive
contribution for transverse MR [87]. Thus, the conductivity
contribution due to WL and WAL effects can be described by
the formula:

0 = 00 + OwL, WAL + ON

=00 % aTWH + (oo +ANHD ', ()
where oy is the residual conductivity, owr and owar, are the
topological surface conductivity from WL and WAL cor-
rections, respectively, related to intranodal scattering, a(7)
is a positive temperature-dependent coefficient, and oy is
the commonly considered positive MR due to the conven-
tional nonlinear band contribution around the Fermi level and
has the field dependence of onx = (pno +ANH2)71 with a
temperature-dependent coefficient Ay [87]. Hence, to conduct
a comprehensive quantitative analysis based on Eq. (2), it
is necessary to perform fitting of the magnetoconductivity,
accounting for both WL and WAL effects.

Figures 7(a) and 7(b) respectively present the results of
normal-state MR of the S, and S,,, samples, defined as
MR(H) = [0x:(H) — p1x(0)]/0x:(0), with applied fields per-
pendicular to the sample surface and temperature from 15
to 200 K. Within the magnetic field range of 6 T, positive
and negative MR exhibited a monotonic behavior with re-
spect to the magnetic field. Also, the positive MR showed
a significantly greater magnitude of variation than negative
MR across the entire range of magnetic fields. At low tem-
peratures, at ~15 K, a pronounced decrease in the resistivity
of the normal state was observed. As the temperature in-
creased, the resistivity at low magnetic fields decreased more
extensively, while the MR demonstrates a linear behavior
at higher magnetic fields. The dip in positive MR at lower
temperatures implies the presence of the WAL effect [87].
As temperature increased, the broadening of the MR dip at
small magnetic fields corresponded to a diminishing phase
coherence length at these elevated temperatures. In the high
magnetic field region of the positive MR, the MR exhibited a
linear behavior. This behavior is likely due to the combined
contribution of the bulk insulating and metallic surface states
that form two parallel conduction channels. A crossover field
(H*) was determined by identifying the intersection point of
two linear fitting lines depicted in the figures. Above this
field, the normal-state transport properties exhibit a crossover
from WAL-dominated to linear-dependent-like behavior of
MR. As the temperature increased, the phase coherence length
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FIG. 7. Normal-state magnetoresistance (MR) and magnetocon-
ductivity of S, and S,,, samples. (a) and (b) Field-dependent
normal-state MR with applied fields perpendicular to the sample
surface of S, and S,,,, respectively. The temperature range for
the measurements spans from 15 to 200 K. To improve clarity, the
negative MR values of S, and S, are multiplied by factors of 50
and 500, respectively. The intersection of two dashed lines denotes
the crossover field H*. (c) and (d) The transverse magnetoconduc-
tivity change ratio AMC/o(0) with temperature in the range of
15-20 K. The red lines in both figures represent the fittings of
the weak antilocalization (WAL) formula. (e) Corresponding tem-
perature dependences of WAL parameters a(T) of S, and Sgn,,
respectively. A gradual decrease within the WAL effects as the
temperature increases indicates their gradual absence. The dotted
lines serve the purpose of guiding the eye. (f) The MR in relation
to H? for both S, and S,,,. The depicted solid line highlights
a linear correlation, indicating the Kondo effect. (g) and (h) The
temperature-dependent MR at magnetic field of 6 T for S, and Sy,
samples. Insets: A magnified view of the MR near zero, highlighting
the occurrence of negative extremum around 50 K for both samples.

decreased, and the dominance of the bulk states over the
surface state contribution became more prominent [88]. For
the S, sample, the MR exhibited a tiny negative value at
T > 30 K. As the temperature increased, the absolute mag-
nitude of the variation of MR with respect to the magnetic
field progressively increased, reaching a maximum of ~50 K.
Moreover, as the temperature further increased, the variation
of MR with respect to the magnetic field decreased gradually.

The behavior of the MR in the S,,, sample was parallel to
that of the S,,, sample. The MR underwent a sign change
from positive to negative when the temperature reached
40 K. Subsequently, the absolute variation of the negative
MR relative to the magnetic field also reached its maximum
~50 K. While the MR behavior in both samples was com-
parable, the MR variation in the S,;, sample was noticeably
greater than that in the S, sample.

Figures 7(c) and 7(d) display the change ratio in magne-
toconductivity AMC/o (0), defined as AMC = o (H) — o(0)
with respect to the applied magnetic field for S,s; and Supy,
respectively. As mentioned above, the MR/AMC data can
present strong evidence of topological surface states, signified
by the observed WAL effect. The WAL effect is a product of
strong SOC within the band structure, leading to a distinc-
tive phenomenon known as spin-momentum locking in the
topological surface states. Consequently, this effect becomes a
common occurrence in topological materials, acting as a key
manifestation of this spin-momentum locking. Additionally,
the complete suppression of backscattering, a hallmark of
surface states, further corroborates the presence of WAL and
emphasizes its role as a critical indicator of topological sur-
face states. The field dependence of the magnetoconductivity
change AMC fits with Eq. (2) mentioned above, represented
as the red line in the figure. The WAL transport formula
aligns closely with the magnetoconductivity change AMC
with the negligible contribution of normal conductivity (on)
at low temperatures. This implies a dominance of topological
surface states induced by strong SOC and demonstrated by
the characteristic WAL effect. The corresponding temperature
dependence of the fitting parameter a(7) for the Sy, and S,y
samples is illustrated in Fig. 7(e). The observed decrease in
la] values with respect to increasing temperature indicates a
gradual absence of the WAL effect on the field-dependent
transverse magnetoconductivity. The dotted lines in the figure
are for the purpose of guiding the eye. The steep dip in MR
and the sharp tip in MC seen in both S, and S, are con-
sistent with the observations reported in AuSny [27] single
crystals, BipTes thin films [82], and Bi,Ses films deposited
on nonmagnetic Al,Os substrates [85], strongly suggesting
the manifestation of 2D behavior from the topological surface
states. Furthermore, it is worth nothing that the predicted
square root behavior of AMC for the topological case is not
well observed in the S,,, sample at temperatures <15.75 K.
This characteristic of S,,, will be discussed in the follow-
ing sections. In this context, the MR/AMC data present
strong evidence for the essential magnetotransport properties
of FeSep4Tepe, in which the topological superconductiv-
ity was examined and signified by the observed WAL
effect for the first time. This observation aligns with the
previous findings in articles that relied on angle-resolved pho-
toemission spectroscopy (ARPES), scanning tunneling mi-
croscopy (STM)/spectroscopy, and density functional theory
[1-10].

As the temperature rises, the WAL effect decreases in
both samples. As mentioned above, both samples exhib-
ited negative MR at temperatures 7 > 40 K. The parabolic
field dependence of negative MR may signify the potential
Kondo effect on MR. The temperature-dependent changes
in mobility could impact the Kondo effect and lead to
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FIG. 8. (a) and (b) [llustration of normal-state magnetoresistance
(MR) at 15.5 K for both as-grown and annealed FeSe(4Tep¢ sam-
ples, each with varying thicknesses. (c) and (d) The corresponding
changes in magnetoconductance [AMC/o (0)] for FeSe( 4Teg ¢ sam-
ples of different thicknesses, after the comparison of both as-grown
and annealed samples. Inset: The thickness dependency of the abso-
lute values of parameter a, suggesting that the occurrence of WAL
gradually decreases as sample thickness increases. The dashed line
serves as a visual guide.

fluctuations in the MR. The competing balance between ther-
mal agitation and the Kondo effect could cause negative
MR. The field-dependent Kondo effect can be expressed as
MR(H) = —S(T) - H?, where S(T) represents the coefficient
of MR [89,90]. Shown in Fig. 7(f) is MR as a function of
the square of applied field H for samples S,se and Su,, at
50 K. MR showed a linear dependence with the square of
the field MR oc —H?, suggesting the presence of the Kondo
effect [91,92]. Figures 7(g) and 7(h) show the temperature-
dependent MR of the S,y and S,,, samples with a magnetic
field of 6 T. As the temperature increased, MR of both samples
became negative, reaching a minimum value of ~ — 0.05% at
~50 K. The Kondo effect in the system could result from the
interaction between charge carriers and the fluctuating mag-
netic moments of interstitial Fe ions. The presence of these
ions may induce spin-flip scattering in the carriers, causing
alterations in the MR.

WAL may signify the presence of topological surface states
within a system, particularly those that exhibit strong SOC. To
confirm the implications of these topological surface states,
we further investigated the WAL transport behavior on sam-
ples with varying volumes. Figure 8(a) illustrates MR for the
as-grown sample with thicknesses of 20, 80, and 180 um at
15.5 K. Meanwhile, Fig. 8(b) depicts MR for the annealed
sample with thicknesses of 10, 120, and 200 um at 16 K. The
field-dependent MR variations demonstrate an inverse corre-
lation with the thickness of the samples. This is a promising
observation, as thinner samples are more desirable, as they
reduce the contribution from bulk conductivity. This suggests
that MR behavior, being predominantly influenced by effects
on topological surface electrons, is better observed in thinner
samples. Figures 8(c) and 8(d) are corresponding conductance
AMC for different thicknesses of as-grown and annealed sam-
ples, respectively. The solid lines in both figures represent

the fitting curves of the WAL equation mentioned above. The
WAL parameter a obtained from the fitting in relation to the
sample thickness is illustrated in the inset figure. The result
suggests the presence of a topological surface state in both as-
grown and annealed samples. The WAL effect progressively
diminishes as the thickness of the as-grown samples increases.
The dashed line in the inset serves as a guide to the eye,
indicating that the WAL effect decreases with an increase in
sample thickness. It is noted that, for the annealed samples,
only the 10-um-thick sample can be well described by the
WAL formula. For both as-grown and annealed FeSe( 4Te ¢
single crystals, the normal-state behavior just above 7; of
thinner ones exhibited a more pronounced influence from the
WAL effect of the topological surface state.

IV. DISCUSSION
A. H-T phase diagrams

The comprehensive conclusions of as-grown and annealed
samples (Sasg and Sun,, respectively) are illustrated in phase
diagrams in Figs. 9(a) and 9(b), respectively. The diagrams
are constructed using the abovementioned results, including
the lower critical field H.;(T'), the characteristic temperature
T*(H), the upper critical fields H., (T') and He3(T ), and the
normal-state characteristic field H*(T'). These diagrams illus-
trate the transformation of transport properties in response to
changes in vortex dynamics and band structure in terms of
magnetic field and temperature. The S,s, and Su,, samples
presented similar phase diagrams. In regions of low temper-
atures and low magnetic fields, the samples exhibited typical
BCS superconductivity characteristics. The Meissner state
(MS) of BCS bulk superconductivity is defined by H.(T)
and is marked as the light green region. The values of the
lower critical fields were relatively small for both samples,
so we multiplied them by a factor of 10* to highlight this
region more distinctly. As the magnetic field intensified, it
penetrated the sample, inducing the formation of vortices.
Driven by thermal fluctuations, these vortices moved and
demonstrated 2D transport characteristics. This mixed-state
region (represented in blue) is known as TAFF. When the
temperature and magnetic field further increased, it entered
the flux flow (FF) region (represented in gray). At this point,
the characteristics of the vortices were mainly affected by
the applied magnetic field or electric current. We used the
characteristic temperature 7*(H) to distinguish between the
TAFF and FF regions, as shown in Fig. 5(a). The FF re-
gion ended at the upper critical field H,, ., representing the
disappearance of superconductivity of the type-II supercon-
ductors. Furthermore, we introduced the third critical field
H.; and BKT measurements to assess 2D surface supercon-
ductivity. The presence of 2D superconductivity in 200 nm
FeSe(3Tep 7 thin films has been confirmed through the BKT
transition [93]. The region between H,, . and H. signifies the
presence of surface superconductivity, which is classified as
a surface-superconductivity-dominated (SSCD) phase (illus-
trated in light red). The WHH curves of H, (T') and H3(T),
as mentioned previously, were incorporated into the phase
diagram. Above the mix-state region, we measured MR to ex-
amine its topological properties. In addition to having a larger
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FIG. 9. (a) and (b) Phase diagrams of S, and S,,, respectively,
depict the variations in properties considering magnetic field and
temperature. The diagrams incorporate results from H., (T'), T*(H),
Hy; o (T), H3(T) [H(T) for S,y was multiplied by a factor of
0.6], and the normal-state H*(T). The ratio of the normal state to
H*(T) (multiplied by a factor of 20) indicates a transition from weak
antilocalization (WAL)-dominant transport (highlighted in cyan) to
a negative magnetoresistance (MR) transport (highlighted in purple).
The surface-superconductivity-dominated (SSCD) phase, separated
from the normal state by the H.3(T) line. H, (T) then determine
the superconducting mixed state, consisting of a thermally activated
flux flow (TAFF) regime (region in blue) and an flux flow (FF)
regime (shaded in green), differentiated by the temperature 7*(H ).
At sufficiently low temperatures and magnetic fields, the Meissner
state (MS, shaded in green) of superconductivity is characterized by
the H,;(T) line (multiplied by a factor of 10*). Conversely, when the
temperature is high, negative MR can be observed (region in purple).

orbital field, it also exhibited a larger spin-orbit scattering,
preventing its critical field from becoming very large at low
temperatures. In conditions where temperatures exceed the
transition temperature, the transport properties were primarily
influenced by WAL effects, depicted in cyan. The WAL effects
were mainly encountered within systems with 2D structure
and significant SOC. Until now, MR of various compositions
Fe;,Se;_«Te, has been proposed as a means to address the
transition from incoherent to coherent electronic states [94].
However, in previous experiments, the samples were ~1 mm
thick, and they only observed negative MR without any WAL
effects. As temperature further increased, the impact of the
WAL effect diminished gradually. The system then entered a

state characterized by negative MR, marked in purple. This
transformation could link to the onset of the Kondo effect.

B. Differing characteristics of as-grown and annealed samples

Even though their diagrams are similar, the samples
exhibited different dimension characteristics in magneto-
transport properties. In sample S,,, we mainly observed
3D-like electrical transportation, whereas in sample Sy, 2D-
like transportation was observed. This phenomenon could
be related to the topological superconducting state of the
FeSe,_,Te, single crystals, in which zero-energy vortex-
bound states have been detected within the vortex cores on the
surface of samples [3,95,96], as evidenced by STM. However,
both vortexes, observed with and without zero-energy states,
could be attributed to the different behaviors of singlet and
triplet pairing [97-101]. As indicated, under weak Zeeman
coupling, typically the intraorbital singlet pairing that domi-
nates, leading to zero-energy states being localized at the ends
of the vortex on the surface. Conversely, when the Zeeman
coupling due to more Fe impurities intensifies to a substantial
degree, the vortices with zero-energy states delocalize and
extend into the bulk of the superconductor [100]. Our findings
have been explained by prior research.

The observed large orbital limiting fields in both S,
and S,,, samples may be attributed to the spin-triplet pair-
ing induced by the presence of Fe impurities [97]. After
the annealing, the iron (Fe) impurities in the S,,, sample
were expected to reduce [13,39]. This can be confirmed
by the observation of a larger activation energy U of Sy
than that of S,,, in both magnetic field directions, as men-
tioned previously. The Zeeman fields around Fe impurities
decrease and are not strong enough to delocalize triplet pair-
ing into the bulk of the superconductor. As a result, the
vortices are maintained on the surface and exhibit more
2D-like characteristics. Our results of the BKT and field-
direction-dependent upper critical field H,,(®) measurements
are congruous with the above inference. The S,,, demon-
strated 2D-like transportation behavior, while S, exhibited
3D-like transportation since there are higher Fe impuri-
ties as expected [13], which induced strong Zeeman fields
and extended the zero-energy-state vortices into the bulk
of Sue [100]. Additionally, we also observed WAL in both
samples, indicating the existence of the topological surface
state. The WAL formula is typically utilized to charac-
terize MR behavior in the low magnetic field region. In
this paper, we focused the fitting on data up to ~0.2 T.
The fitting results for the S,;, sample are in good accord,
and the S,,, sample aligns well at 16 K and above. However,
the predicted square root behavior for the topological case is
poorly matched by the data of 15.75 K and below for the Sy,
sample, as seen in Fig. 7(d). Correspondingly, the parameter a
exhibits a higher deviation for S,,, at temperatures <15.75 K,
as shown in Fig. 7(e). Therefore, a more detailed explanation
for S, is needed.

Since the S,,, sample exhibits a higher 7, the MR behavior
in the 15-15.75 K temperature change may exhibit mixed
characteristics. When considering MR due to FF vortices
driven by thermal fluctuations, the FF resistivity is expected to
show a linear dependence on the applied magnetic field (the
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resistivity pr related to the motion of vortices is pf = d’i’f ,

where n represents the viscosity coefficient) [102]. However,
this does not align well with the low-field MR behaviors
observed at a temperature range of 15-15.75 K for Sy, Con-
sequently, the scenario of MR behavior arising from vortex
movement is ruled out. The MR/AMC behavior of S,,, at
low temperatures can also be attributed to a critical current
issue. In the proximity of the critical temperature, the S,,,
sample becomes superconductive, exhibiting high conductiv-
ity but with a very low critical current limit. When subjected
to external magnetic fields, the small superconductive grains
transition into a normal conductive state with lower con-
ductivity. This explanation aligns with the observation that
the S, sample displays a sharper superconducting transi-
tion, suggesting greater homogeneity after annealing. This
effect of superconducting critical current likely contributes
to the deviation from the WAL fit for S,,, at temperatures
<15.75 K.

Considering that the WAL effect effectively describes the
AMC behavior of both S, (at temperatures of 15-16 K) and
Samn (at temperatures of 16—17 K) in the normal-state region,
the findings of this paper reasonably indicate the potential
for FeSeq4Teps to exhibit a topological superconductivity
state. This intriguing discovery offers a promising opportu-
nity for further research, examining the potential influence of
impurities on the properties of Fe-based topological supercon-
ductors.

V. CONCLUSIONS

In summary, we explored the exotic topological nature
and superconductivity of as-grown and annealed FeSe( 4Teq ¢
single crystals in terms of their unique magnetotransport

properties. In their normal state, both samples exhibited a
WAL effect, which can be attributed to magnetotransports
dominated by topological surface states. The WAL effect
gradually decreases as the sample thickness increases. More-
over, the topological surface conductivity contributed to the
emergence of 2D-like superconductivity in the annealed sam-
ple; this was evidenced by a BKT transition and 2D-like
vortex dynamics in mixed-state transport. The angular de-
pendence of the upper critical field H(6) also demonstrated
2D-like behavior. Thus, the pinning energy as well as the
Fe impurities could be reduced via the annealing process.
As a result, the vortices were maintained on the surface and
exhibited more 2D-like characteristics. We utilized our results
to construct a phase diagram in the H-T plane, displaying
different transport regimes arising from the vortex dynamics.
Our work, demonstrating the 2D-like nature of FeSey4Teg ¢
single crystals, supports these claims and offers a perspective
on unconventional superconductors, paving the way for devel-
oping topological superconductors.

Note added. Following the conclusion of this study, recent
work by Sharma et al. [103] has reported the observation
of the topological properties of FeSeq sTe s single crystals.
Their research provides evidence of MR demonstrating a non-
saturating linear behavior and a WAL effect. Furthermore,
their first-principles calculations revealed the presence of a
topological Dirac-semimetal cone within the electronic struc-
ture.
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