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We investigate the scaling behavior between Hall resistivity (po.,) and longitudinal resistivity (o) in the mixed
state and the vortex phase diagram for FeSeq;Tey s (FST) thin films. The p,, and the p,, are simultaneously
measured as functions of temperature and magnetic field, and p.,(H, T') is expressed using the power law relation
oxy(H, T) = Ap_ﬁ,(H , T). Interestingly, FST thin films show a two-slope behavior in the power law relation with
different exponent values of B, and B,. For the temperature sweep (T sweep) at a fixed magnetic field, g,
(=2.0 £ 0.16) is insensitive to the magnetic field, whereas for the magnetic field sweep (H sweep) at a fixed
temperature, the value significantly increases from 1.93 to 3.82 with an increase in temperature. On the other
hand, changes in the 8, value are relatively small for both cases. Two B, and $, values result in two vortex liquid
regimes, which could be ascribed to different pinning strengths within the 8, and B, regions. In addition, the
tangent of the Hall angle (tanfy) with respect to the magnetic field exhibits a crossover behavior at the critical
field H*, which coincides with the magnetic field corresponding to the boundary of the 8, and 8, regimes. These
results suggest that various B values are possible in FST thin films and are closely related to the flux pinning

characteristics.
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I. INTRODUCTION

Fe-based superconductors (FeSCs) have attracted signif-
icant attention in the study of their pairing mechanism and
superconducting properties for practical applications because
of their high superconducting transition temperature (7.) and
the strong field performance of the critical current density (J.)
[1-3]. In general, FeSCs can be classified into two groups:
Fe-chalcogenides FeCh (Ch = Se, Te, and S) and Fe-pnictides
FePn (Pn = As and P) [4-8]. The FeCh system is suitable
for investigating the intrinsic properties of FeSCs owing to
its simple crystal structure compared with FePn compounds,
such as LnOFeAs (Ln = rare earth elements, 1111 system)
and AFe,As; (A = alkaline earth elements, 122 system). In
addition, the FeCh system has recently been intensively stud-
ied owing to the observation of electronic nematicity in FeSe
[9] and potential Majorana bound states on the vortex core in
FeTe;_,Se, [10].

Vortex dynamics in type-II SCs is not only a fundamentally
interesting phenomenon but also an extremely important area
for practical applications because the motion of vortices gen-
erates power dissipation [11]. Hall scaling, the relationship
between longitudinal (py,) and Hall (py,) resistivities in the
mixed state of type-II SCs, is one of the representative meth-
ods for investigating vortex dynamics. In addition, an analysis
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of the Hall scaling behavior can provide the origin of the Hall
effect related to vortex motion in type-II SCs. A quantized
magnetic flux (¢y & 2.07 x 10T m?), i.e., a vortex com-
posed of a normal core, can penetrate into the type-II SC when
H. < H < H.,, and when an electric current is applied, vor-
tices can be moved by the Lorentz force Fr, = J x B, where
H., and H., are the lower and upper critical fields, respec-
tively, J is the applied current density, and B is the magnetic
induction field corresponding to the product of the number of
vortices and the magnitude of vortex ¢y. The Hall resistivity,
i.e., pxy, perpendicular to the J and B directions, is mainly
generated by the motion of vortices produced by Fy, [8,12].

The value of p,, in the type-II SC mainly consists of two
terms: quasiparticle scattering and vortex motion. Quasiparti-
cle scattering is related to the motion of quasiparticles in the
area of the vortex core, whereas vortex motion, which signif-
icantly contributes to the Hall effects, results in an electric
field caused by the time-dependent magnetic flux. In addition,
thermal fluctuations induce a thermally activated flux flow,
which usually causes a broad SC transition, and the broadness
becomes more noticeable with an increase in the magnetic
field [13]. Consequently, the value of p,, in the mixed state of
type-II SCs is associated with longitudinal resistivity (p,,) and
can be expressed using the power law relation o, (H,T) =
Apfx(H , T), where B is the scaling exponent, and A is almost
constant [12].

Scaling exponent § values have been reported in both the-
oretical and experimental results [12,14-22]. Vinokur et al.
[12] proposed a universal Hall scaling behavior with g = 2,

©2022 American Physical Society
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FIG. 1. Temperature dependence of (a) p,, and (b) p,, under a fixed magnetic field (T sweep) and magnetic field dependence of (c) py.
and (d) py, at a fixed temperature (H sweep) for FST thin films. The inset in (a) represents the criterion of 7; used in this paper. The insets in
(b) and (d) are magnified views of p,,-T curves near zero resistivity for the 7 and H sweeps, respectively, showing the presence of a Hall sign

anomaly near 7; and at low fields, as indicated by the arrows.

irrespective of the flux pinning strength. In contrast, Wang
et al. [14] suggested changes in the § value from 2 to 1.5
when the flux pinning strength increases. These two models
have been widely used to explain the experimental results
for the Hall scaling behavior of type-II SCs such as high-7;
cuprates, MgB,, and FeSCs [15-21]. However, experimental
results with theoretically unexpected g values have been fre-
quently reported [19,22-25]. For instance, a large 8 value of
~3-4 has been observed in Co-doped BaFe,As; single crys-
tals and K-doped BaFe;As, thin films, which were thought
to be due to weak pinning [22,24,26]. In contrast, a small
value of 8 & 1, which is considered closely related to strong
pinning, has been reported for Fe(Te,Se) single crystals and
HgBa,;CaCu;0Og5 thin films with columnar defects [19,25].
Therefore, investigating vortex dynamics in correlation with
the Hall scaling behavior is important to determine the origin
of the B8 values beyond the theoretical approach.

In this paper, we investigated the Hall scaling behavior
of thin films of FeSey;Teps; (FST) and its vortex phase di-
agram. The p,, and p, for FST thin films were measured
simultaneously in a temperature sweep (7' sweep) at a fixed
magnetic field and a magnetic field sweep (H sweep) at a fixed
temperature. The value of p,, of FST thin films in the power
law relation p,, o pf was scaled with different exponents

of B; and B, for both cases of the T and H sweeps, which
led to two vortex liquid regimes of 8; and B,. The boundary
between the 8 and B, regions was found to be consistent with
the critical field H*, showing the crossover behavior in the
field dependence of the tangent of the Hall angle (tanfy). Our
results indicate that the Hall scaling relation in FST thin films
is strongly influenced by the vortex motion associated with the
flux pinning strength.

II. EXPERIMENTS

Highly c-axis-oriented FST thin films with a thickness of
100 nm were deposited on a CaF, (001) substrate with a
size of 5 mm x 10 mm by using a pulsed laser deposition
technique, and the details of the growth technique and the
quality of the prepared thin films are described elsewhere
[27]. The six-probe method was used to measure the longi-
tudinal resistivity (o) and the Hall resistivity (p,,), which
were simultaneously measured at the same magnetic field
and temperature in a Physical Property Measurement System
(PPMS 9 T, Quantum Design). Here, two measurement modes
were used to obtain p,, and py,, i.e., a magnetic field sweep
(H sweep) at a fixed temperature and a temperature sweep
(T sweep) in a fixed magnetic field. The direction of the
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FIG. 2. Hall scaling behaviors of FST thin films for (a) the T sweep under various magnetic fields from 0.5 to 9 T and (b) the H sweep
under various temperatures from 16.5 to 19.5 K. Dashed lines indicate the fitting results of the relation p,, o p?, where 8 is the scaling factor
that corresponds to the slope.

applied magnetic field was parallel to the c axis of the film and to eliminate the antisymmetric part of p,,, where p;;H and
perpendicular to the applied electric currer;t, and the size of py! indicate the Hall resistivities measured under a magnetic
the applied current density was ~400 A/cm”. The value of o,y field applied parallel and antiparallel to the ¢ axis of the film,
was determined from the average value oy = (03, — 0,/)/2,  respectively.
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FIG. 3. Scaling behaviors between p,, and py, of FST thin films for (a)-(c) the T sweep and (d)—(f) the H sweep at representative magnetic
fields and temperatures, respectively. A two-slope behavior with different 8 values, 8, and B,, appeared at uoH > 2T for the T sweep and at
T < 18K for the H sweep. Red and blue dashed lines indicate 8; and f,, respectively, and black arrows mark the crossover region between

two different 8 values.
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III. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show the temperature dependence
of longitudinal resistivity (po..) and Hall resistivity (py,) for
FST thin films under an external magnetic field of up to
9 T, respectively. The superconducting transition temperature
(Ty) of the FST thin films is ~20.5 K, as presented in the
inset of Fig. 1(a). Figures 1(c) and 1(d) show p., and p,, as
functions of the magnetic fields, respectively, at various fixed
temperatures ranging from 16.5 to 19.5 K. The negative value
of py, under a normal state indicates that the dominant charge
carriers are electrons in FST thin films, whereas undoped
FeSe thin films have a positive py, [28], which is thought
to be related to a change in the electronic structure caused
by the larger atomic radius of Te than that of Se [29,30].
Interestingly, FST thin films showed Hall sign anomaly at
temperatures of around 7; and at low magnetic fields, as
shown in the insets of Figs. 1(b) and 1(d), respectively.
Similar behaviors have been observed in the FeSCs of Co-
doped BaFe,As; single crystals and FeSejsTegs thin films
and high-T; cuprates, such as YBa,;Cu3;O;_s (YBCO) and
HgBa,;CaCu,0¢-_5 [15,20,22,31]. Wang et al. [14] suggested
that a sign reversal of p,, in type-II SCs results from a pinning-
induced backflow effect together with thermal fluctuations.
However, the mechanism of the Hall sign anomaly in type-II
SCs is still unclear owing to complicated vortex phenomena
[32-34]. Further theoretical and detailed experimental studies
are required to understand the mechanism of the Hall sign
reversal in type-II SCs.

Figures 2(a) and 2(b) show the scaling behaviors between
Pxx and py,, expressed by the power law relation py, ,ofx of
FST thin films for the T and H sweeps, respectively, where
Oxy is indicated by the absolute value |py,|. For the T sweep
at fixed magnetic fields of 0.5 to 9 T, p,, was scaled with the
exponent B; = 2.0 £ 0.16, irrespective of the magnitude of
the applied magnetic field, as shown in Fig. 2(a). In contrast,
for the H sweep at fixed temperatures of 16.5 to 19.5 K,
the value of B; increased gradually from 1.93 to 3.82 as the
temperature increased, as shown in Fig. 2(b). The different
By values for the T and H sweeps suggest that the vortex
dynamics in FST thin films are dependent on the type of sweep
processes: T or H sweep.

Typically, type-II SCs have a single scaling exponent S
value in the Hall scaling relation py, pfx [15-20,22]; how-
ever, FST thin films show a two-slope behavior with different
exponents of 8; and §, for both T and H sweeps. Representa-
tive two-slope behaviors in the Hall scaling of FST thin films
are shown in Fig. 3. For the T sweep, px, was well scaled with
a single exponent B; of up to 1 T; however, another scaling
region appeared at uoH > 2T, as shown in Figs. 3(a)-3(c).
The H sweep also showed a two-slope behavior for 7 < 18K,
as shown in Figs. 3(d)-3(f), where the crossover points are
indicated by the arrows.

The scaling exponents 8; and B, with respect to the mag-
netic field and temperature for the 7 and H sweeps are
summarized in Figs. 4(a) and 4(b), respectively. The exponent
B for the T sweep was ~2, which is almost independent of
the magnetic field, whereas that for the H sweep showed a
large increase from 1.93 to 3.82 with increasing temperature.
The B, values for the T and H sweeps barely changed after
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FIG. 4. The B, and B, values of FST thin films for (a) the
T sweep and (b) the H sweep under various magnetic fields and
temperatures, respectively. The value of g, is almost independent of
magnetic field in the 7-sweep mode, whereas it gradually increases
with temperature in the H-sweep mode. (c) Simple diagram for
different flux flow processes between T' and H sweeps, where U, is
the effective pinning potential, and the red circle indicates a vortex.
For the T sweep under a fixed magnetic field, penetrated vortices
can be stably trapped on the pinning centers. By contrast, for an H
sweep at a fixed temperature, the relationship between the magnitude
of U, and the thermal activation energy play an important role. For
instance, the vortices introduced may not be effectively pinned to the
pinning sites because the effect of thermal fluctuations is relatively
large at temperatures near T, thus promoting a vortex motion and
large B values.

W
\
H-sweep

an initial decrease under low magnetic fields and high tem-
peratures, respectively. The Hall scaling behavior with g ~
2 for the T sweep agreed with the phenomenological model
proposed by Vinokur et al. [12]. They suggested the univer-
sal scaling law p,, pﬁx irrespective of the type of pinning
sites and vortex states, such as a vortex glass, vortex liquid,
thermally activated flux flow, and flux flow [12].

However, a large increase in 8 values exhibited in the H
sweep has not been predicted in any model thus far. Wang,
Dong, and Ting (WDT) developed another model that con-
siders both thermal fluctuations and flux pinning and showed
that 8 values varied from 2 to 1.5, with an increase in the
pinning strength [14]. Based on the WDT model, a noticeable
increase in B values in the H sweep for FST thin films can be
closely associated with the change in pinning strength from
strong to weak pinning with an increase in temperature [14].
Because the thermal effect on the vortices becomes signifi-
cant as the temperature approaches T, the effective pinning
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FIG. 5. (a) Magnetic field dependence of the absolute value of tanfy, |tanfy|, in FST thin film for several fixed temperatures. There are two
linear parts, and the crossover field between them (= H*) is indicated by the arrows. The dashed lines are guides to the eyes. (b) The vortex
phase diagram of FST thin films shows two vortex liquid regions divided by different 8 values of 8, and B,, and the boundary of two vortex

liquid regions are consistent with H*.

potential (Up) can be relatively small, which can lead to a
large exponent § [22,35]. Similar results for the large 8 values
were observed in YBa,Cu3 0, /PrBa,Cu30, superlattices, Co-
doped BaFe,As; single crystals, and K-doped BaFe;As, thin
films, and a weak flux pinning was suggested as a reason for
the large exponent §>2 [22,24,26,35].

To understand the changes in the 8; value in the H sweep,
a simple diagram of the vortex-pin interactions in the cases of
T and H sweeps for FST thin films is shown in Fig. 4(c). For
the T sweep, the vortices can initially penetrate into type-II
SCs when the applied magnetic field is larger than the low
critical field (H,); in addition, at a certain magnetic field and
at 0 K, most of the introduced vortices can be trapped in the
pinning sites, if the number of pinning sites is similar to the
number of vortices, and the pinned vortices will then begin to
creep or move gradually as the temperature increases because
the thermal effect reduces U,. In contrast, for the H sweep,
the number of vortices gradually increases with an increase in
the magnetic field, and the introduced vortices are relatively
difficult to be immediately captured in weak pinning sites
than in strong pinning sites. Therefore, particularly at high
temperatures close to T¢, the introduced vortices can be easily
mobile. These scenarios indicate that the flux pinning effect
on the H sweep can effectively weaken with an increase in
temperature, resulting in the possibility of an increase in 8 as
the temperature approaches 7T; [36].

Figure 5(a) shows the magnetic field dependence of the
tangent of the Hall angle ([tanfy|) for FST thin films. Here,
[tanfy| given by py,/p. Was expressed as an absolute value
owing to the negative value of py,, as presented in Fig. 1(b).
The value of |tanfy| with respect to the magnetic field ex-
hibited two linear parts within the temperature range of 17
to 19.5 K, and the crossover point (H*) is indicated by the
arrows. Since the Hall angle is strongly related to the vortex
motion, different slopes of the field dependence of |tanfy| at
the boundary H* indicate the existence of different vortex dy-
namics, which can be attributed to the different vortex liquid
regimes [37,38].

Figure 5(b) shows the T-H vortex phase diagram of the
FST thin films. Based on the results of Hall scaling and
[tanfy|, the vortex states of FST thin films were divided into
three regions: a vortex solid region and two vortex liquid
regions. Here, the vortex solid state was determined within the
irreversible field (Hy at p,, — 0), and the vortex liquid state
was separated into 8; and B, regimes, as shown in Figs. 2 and
3. Interestingly, the value of H* defined at the crossover point
of |tanfy| against the magnetic field is close to the magnetic
field corresponding to the boundary of the 8, and 8, regimes,
indicating that the origin of the crossover behavior in |tanfy|
is like the two-slope behavior in the Hall scaling behavior
pxy o pP. These discoveries evidence that the two scaling
exponents of B; and B, and the large change in §; in the
H sweep are associated with the flux pinning characteristics
of FST thin films, such as the number of effective pinning
sites and changes in the effective pinning potential against
temperature.

IV. CONCLUSIONS

In summary, we studied the scaling behavior between o,
and p,, for FST thin films and their vortex phase diagram.
The FST thin films followed the power law relation py, o p?,
where two exponents of 8; and 8, are observed for both 7" and
H sweeps. The scaling exponent 8, for the T sweep was ~2,
which was independent of the magnetic field. In contrast, for
the H sweep, the B, value significantly increased from 1.93 to
3.82 as T increased. Changes in 8, for both sweep processes
were insignificant when compared with the changes in ;. The
vortex liquid state in the vortex phase diagram of FST thin
films was divided into two regions, which were signified by
the different exponents of 8; and 8. The boundary of the two
vortex liquid regions corresponded to the critical field H* at
which the crossover behavior appeared in the field dependence
of the tangent of the Hall angle. These results underline that
a wide range of B values of FST thin films in the Hall scaling
relation py, o pZ, is strongly influenced by the vortex motion
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associated with the effective pinning potential related to the
thermal activation energy.
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