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The transport properties in the mixed state of high-quality Ca,gLa,,Fe,5Cog,As, single crystal, a newly discovered 112-type
iron pnictide superconductor, are comprehensively studied by magneto-resistivity measurement. The field-dependent activation
energy, U,, is derived in the framework of thermally activated flux flow (TAFF) theory, yielding a power law dependence Uy~H"
with a crossover at a magnetic field around 2 T in both HLab and H//ab, which is ascribed to the different pinning mechanisms.
Moreover, we have clearly observed the vortex phase transition from vortex-glass to vortex-liquid according to the vortex-glass
model, and vortex phase diagrams are constructed for both Hlab and H//ab. Finally, the results of mixed-state Hall effect show
that no sign reversal of transverse resistivity p,,(H) is detected, indicating that the Hall component arising from the vortex flow is
also negative based on the time dependent Ginzburg-Landau (TDGL) theory. Meanwhile, the transverse resistivity p,, (/) and the
longitudinal resistivity p,(H) follow the relation |p_U,(H)|=Apxx(H)ﬂ well with an exponent f~2.0, which is in line with the results
in theories or experiments previously reported on some high-T, cuprates.
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1 Introduction

Investigations of vortex physics for high-T, superconductors
are important both from superconducting mechanisms and
potential application point of view. Vortex properties of iron-
based superconductors (IBSs) have attracted a lot of interest
since the discovery of superconductivity in LaFeAs(O,F) [1],
and rich vortex phenomena were detected in the mixed state
[2-8]. Similar to high-T, cuprates, due to rather high 7, and
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small coherence length, most classes of IBSs also show
strong thermal fluctuations. Generally, thermal fluctuations
directly affect the vortex motion in the mixed state by the
thermally activated flux flow (TAFF), which leads to large
broadening of the resistive transition and a tailing-off be-
havior near the completion in magnetic fields [2,9-12]. The
thermal activation behavior of vortices in superconductors
determines their magneto-transport properties, which are
critical for practical applications. Meanwhile, under the in-
fluence of strong thermal fluctuations, the vortex lattice
transforms into vortex-glass state and will further transform
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to a liquid state, and disappear at H > H,, where H,, is the
upper critical field [2,4,9,10,13-15]. Depending on the type
and strength of the disorder, different types of vortex-glass
state can be obtained below the glass temperature, 7, [16].
Vortex-glass state has been experimentally demonstrated in
IBSs, such as BaFe,As, system [4,14,15], (Li,Fe)OHFeSe
[10], Li(NH;) Fe,(Te,Se; ), [9] and SmFeAsOgs [2], etc.
On the other hand, the Hall effect in the mixed state has
intimate connections with the vortex dynamics. In the mixed
state of a type-II superconductor, flux motion driven by
Lorentz force (perpendicular to the transport current
density j) generates a dissipative fields (£//j) based on the
Josephson’s relation E=—V xB, where V; is the velocity of
vortex motion and B is the magnetic induction [17]. Also, the
vortex motion along the direction of transport current will
result in the Hall electric field (EL j, B) [17-19]. Thus, the
mixed state Hall effect measurement is a useful probe of
vortex dynamics. The mixed state Hall effect shows very
unusual features, one of the most puzzling and controversial
phenomena is the Hall sign reversal that has been observed
below T, in high-T, cuprates and some conventional super-
conductors [18-27]. The sign change is not expected by the
classical theories in which the Hall sign in the super-
conducting and normal state should be the same [28,29].
Another phenomenon is a scaling law between transverse
resistivity p,,(H) and the longitudinal resistivity p,,(H) in the
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superconducting transition region, i.e., |pxy(H)|=Apxx(H)/}
with different values of f for different materials [21,26,30-
32]. Numerous attempts have been made to interpret the Hall
sign reversal and scaling behavior so far, but its microscopic
origin remains controversial. IBSs provide a new platform to
further enhance the understanding of the mixed state Hall
effect, and examine the previous experimental and theore-
tical statements. However, only a limited amount of studies
on the mixed state Hall effect have been explored in IBSs
until now [9,33-36].

In 2013, novel 112-type IBSs were discovered based on the
compound Ca;_La FeAs, with maximum 7,=34 K [37]. The
large values of critical current density and upper critical field
also suggest a promising potential for applications [6,38,39].
In contrast to other commonly IBSs that own centrosym-
metric lattice, these compounds crystallize in a low-sym-
metry crystal structure (Monoclinic, space group P,;) with an
additional metallic spacer-layer, containing one-dimensional
zigzag As chains (as shown in the inset of Figure 1(a))
[37,40], which significantly increases the distance between
the superconducting FeAs layers, and will affect the inter-
layer coupling on vortex interaction. Besides, the rather
high-T, and moderate anisotropy y (2.3-5.4) [39] make the
112-type superconductors a proper system to study correla-
tion in the vortex dynamics between IBSs and high-T7, cup-
rates. Thus, it is of interest to clarify the pinning properties,
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Figure 1 (Color online) Temperature dependence of the in-plane resistivities of Cagglay,Fe,03C0g,AsS, single crystal under various magnetic felds with
Hlab (a) and H//ab (b). Inset of (a): crystal structure of 112-type IBSs. Arrhenius plots of the resistivities for HLlab (c) and H//ab (d). The solid lines are

fitting results from the Arrhenius relation.
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diverse phases and vortex dynamics, which will also be
helpful for practical applications of 112-type IBSs. It is well
known that the intrinsic vortex behavior of a superconductor
should be studied using high-quality single crystals, since the
nature of the vortex is highly sensitive to the type and density
of defects. Recently, we have synthesized high-quality
Cayglag,Feg93Coq pAs, single crystals with bulk 7,~38 K
by La and small amount of Co co-doping method [38,41],
avoiding the poor quality with inhomogeneity and low su-
perconducting volume fraction commonly existed in 112-
type IBSs. Benefit from the high-quality single crystals, it
becomes possible to study the intrinsic vortex dynamics in
112-type IBSs.

The electrical transport measurement in the mixed state is a
powerful probing technique of vortex motion. In order to
gain more insight into the vortex phase and dynamic of the
112-type IBSs, in this paper, we report the vortex properties
of Cagglay,Fe,3C0grAs, single crystal in the mixed state
by magneto-resistivity measurement. It is found that the flux
pinning energy shows double-linear field dependences, in-
dicating a crossover from single vortex pinning region to
collective creep pinning region with increasing field.
Meanwhile, a clear phase transition from vortex-glass to
vortex-liquid was confirmed based on the vortex-glass the-
ory, and the vortex phase diagrams were constructed for both
Hlab and H//ab. Beside these, the Hall effect in the mixed
state were also examined, and compared to previous findings
in high-7, cuprate superconductors, MgB, and other IBSs.

2 Experimental details

Single crystals of Cagslag,Fey03C0o0As, investigated in
this work were synthesized by the self-flux method. Details
of the crystal growth and characterizations were described in
our previous reports [38,41]. Magneto-transport measure-
ments were carried out in a PPMS-9 T system (Quantum
Design) with a standard six-probe technique. Magneto-re-
sistivity data were extracted from the difference of the
transverse resistivity measured at positive and negative fields
in order to eliminate the effect of misalignment of the Hall
contacts, i.e. po(u)=[p(+tuoH)tp(—1oH))/2 and p,,(uoH)=
[p(t1eH)—p(—poH)]/2.

3 Results and discussion

Figure 1(a) and (b) present the temperature dependence of
resistivity in different magnetic fields for HLlab and H//ab,
respectively. In zero field, the sample shows a sharp super-
conducting transition around 38.8 K (~50%p,) with transi-
tion width AT.~1.1 K (90%p,-10%p,,), indicating the high
quality of our sample. With the increase of applied magnetic
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field, the superconducting transition gradually shifts to lower
temperatures and the width becomes significantly broa-
dened. Additionally, the tailing effect just before reaching
zero resistivity at low temperatures becomes more evident
with a gradual suppression of the temperature corresponding
to zero resistivity. Similar phenomena, which have also been
observed in many other high-7;, superconductors such as
cuprates [20,42,43], (Li,Fe)OHFeSe [10], Li/(NH;)Fe,
(Te.Se;-.), [9], Tl ssRbg 4oFe; 72Se, [11] and 1111-type iron
pnictides [2,12], are generally interpreted in terms of TAFF
that is intimately linked to the thermal fluctuations. The
magnitude of thermal fluctuations is quantified by the
Ginzburg parameter, G =[(2muekpTA, (0)/(@y E,(0))]/2,
where 4,,(0) is the penetration depth at 0 K for H//ab and
£.0) is the coherence length at 0 K for H//c [44]. Assuming
4a(0)=300-500 nm (The penetration depth 1,(0) was cal-
culated from the lower critical field H,,, details of which will
be published in elsewhere.) and £.(0)=1.44 nm taken from
ref. [39], G, number is estimated to be 2x(10 >-10"), this
value is in a range comparable to that of cuprates and other
iron pnictides, indicating that the strong thermal fluctuations
is expected to be substantial in Cajglag,Fejo5C0grAS,.
According to the TAFF theory [44—46], the resistivity in
TAFF region can be expressed as:
p(T,H)=2p, U/ T)exp(-U/T)

=poexp(-U/T), (1)
where U is the thermally activated energy (TAE), and the
prefactor 2p U/T is usually assumed as a constant py;. As-
suming U(T, H) = Uy(H)(1—t), where t = T/T,, then eq. (1) can
be simplified to the Arrhenius relation:
(T, H) = Inp (H) ~ U(H) / T, (2
where Inpy(H) = Inpy; + Uy(H)/T, and Uy(H) is the apparent
activation energy, which plays the role of effective pinning
barrier. Furthermore, it can be concluded that —dInp/d(1/7) =
Uy(H). Hence Inp vs 1/T should be linear in the TAFF region.
The slope is —Uy(H) and its y intercept is represented by
Inpy(H). As shown in Figure 1(c) and (d), the resistivities as a
function of 1/T follow an exponential dependence, as pre-
sented by the solid lines.

Figure 2 depicts the magnetic field dependence of Uy(H)
for Hlab and H//ab, calculated from the linear slope of the
Arrhenius plot. It is worth mentioning that the value of Uy(H)
is much larger than that deduced from the magnetic relaxa-
tion rate in our previous report [6]. This is due to a relatively
low current density applied in our transport measurement,
since Uy(H) is closely dependent on current density. Differ-
ent from the Co-free Cagg,la, gFeAs, [47], the values of
Uy(H) for H//ab are much larger than that for Hlab, in-
dicating the intrinsic pinning between the FeAs and CaAs
layers is dominant for H//ab, and is stronger than the ex-
trinsic pinning due to stacking faults and defects dominant
for HLlab. This result is consistent with many high-7, su-
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Figure 2 (Color online) Field dependence of U, for Ca,glag,Fegos
Coy ,As, single crystal (double logarithmic scale). The solid lines indicate
the fitting of UyocH .

perconductors [9,15,36,48,49]. In addition, for both config-
urations, it is found that Uy(H) presents two different de-
pendence of magnetic fields, a double linearity in double-
logarithmic scale. For H<2 T, the Uy(H) values decrease
respectively as H 2 and H"** for Hl//ab and HLab, while
scale respectively as H~ %% and H "% for H>2 T, indicating
different pinning mechanisms for low and high magnetic
fields. Similar crossovers were also observed in other IBSs,
e.g., CaygLag gFeAs, [47], SmFeAsOggs [2], Nd(O,F)FeAs
[12] and Fe,,(Te,_,,S,). single crystals [36], etc. The weaker
field dependence of Uy(H) below 2 T for both configurations
indicate that single-vortex pinning is dominant. The vortex
spacing becomes significantly smaller than the penetration
depth in higher fields and a crossover in a collective-pining
regime where the activation energy becomes strongly de-
pendent on the field above 2 T, i.e. the collective creep is
dominant [50].
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In order to have more insight into the nature of the vortex
state in Ca, gla,,Fej 93C0g 02AS,, Wwe have analyzed our data
using the known vortex-glass theory. According to the vor-
tex-glass theory [51], the resistivity close to the glass tran-
sition temperature 7, decreases following the power law:

3

where p, is a characteristic resistivity in normal state, and s is
a constant related to the various types of disorder. Therefore,
T, can be extracted by applying the Vogel-Fulcher relation to
the resistive tail region:

(dinp/dT) ' = (T-T,)/s. 4

As depicted in Figure 3(a) and (b), T, T* and the critical
exponent s are estimated by fitting the linear region of the
curves, as indicated by the arrows. The vortex-glass critical
temperature, 7%, corresponding to the upper temperature
limit of the critical region associated with the vortex-glass to
vortex-liquid phase transition, is defined as the temperature
which the curve deviates from straight line. The resistivities
of Cajglay,Fej93C0, 0nAs, single crystal are well described
by the vortex-glass picture in a temperature range of
T,<T<T*, symbolizing the presence of the vortex-glass state
in Cagglag,Feg95C0g o,As,. Due to the scattering of the data,
the values of the exponent s for the different field curves are
found to be 3.6+0.2 and 4.7+0.2, for Hlab and H//ab, re-
spectively. These values are in the range of 2.7-8.5 predicted
for the 3D vortex-glass state [44]. Furthermore, according to
the modified vortex-glass model [52], the normalized re-
sistivity p/p, can be rewritten as:

s
p=po\T/Tg—1|,

&)

Thus, using the scaled temperature Ty, = [T(T.—T,)/T (T
—T)—1], the curves of the normalized resistivity in different
magnetic fields should scale into one single curve.

plpy = [T(T-1) 117 -T)-1].

2.0 ——
{b)

(dinpd )

Figure 3 (Color online) Temperature dependence of [d(lnp)/dTT1 data at several selective magnetic fields H =1, 3, 5, 7, and 9 T for (a) Hlab and
(b) Hi/ab. The vortex glass temperature T, and critical temperature 7" are estimated based on the linear fitting (see text for detail).



X. Z. Xing, et al. ~ Sci. China-Phys. Mech. Astron.

10"?—(3)

.
107E 2T

3T
4T
5T
6T
o7T
*8T
9T

plp,

107k

104E

001 041 1 10 100
(M(T-T )T (T~T)]-1

Figure 4 (Color online) The normalized resistivities p/p, as a function of scaling temperature

crystal at various magnetic fields in the cases of (a) HLab and (b) H//ab.

Figure 4(a) and (b) depict p/p, plotted as a function of T,
clearly, all data can be well scaled in both directions, further
confirming the presence of vortex-glass region in this com-
pound.

Based on the values of 7T, and T* extracted from above
analyses, we constructed the static vortex phase diagram of
CagygLlag,Fey93Cog grAs, with different dynamic character-
istics, as depicted in Figure 5(a) and (b). The upper critical
field of H, is determined from the criterion of the 90%p,,.
Four different regimes are clearly distinguishable: (1) Vor-
tex-glass state, which governs the region below the vortex-
glass line H,. (2) Vortex-glass critical region, which holds
between H, and H*, where the vortex lattice becomes softer
and melts via a first-order transition into the vortex liquid
phase. In this region, resistivity follows the power law as
eq. (3). (3) Vortex-liquid phase, the region between the H*
line and the H,, line corresponds to the thorough vortex-
liquid behavior. (4) Normal state, the region above H.,.

The Hall effect in the mixed state could provide additional
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pivotal information on the vortex dynamics. Figure 6(a) and
(b) present the field dependence of longitudinal resistivity
p(H) and transverse resistivity p, (), respectively, from 30
to 40 K with Hlab. With increasing H, superconductivity is
suppressed gradually and the transitions of p,(H) are shifted
to lower fields at high temperatures. The Hall resistivity
po(H) (Figure 6(b)) in low fields is zero, and increases in the
absolute value at high fields and gradually reaches the p,(H)
curve obtained in the normal state at 7=40 K, slightly higher
than T,. The negative p,,(H) indicates the electron type car-
riers dominate in the mixed state as well as in the normal
state. Moreover, anomalous sign reversal of p, () typical for
high-T, cuprates below T is not observed [18-21,23-27].
Until now, a variety of theories have been proposed for
interpreting the sign reversal, but have not yet given an ex-
haustive description. It has been suggested, for instance, the
appearance of sign reversal is intimately related to the pin-
ning strength, which may induce a backflow of charge car-
riers and then contribute to the sign reversal [53]. However,
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Figure 5 (Color online) Static vortex phase diagram of Ca,gLa,,Fe;03Coy 1,As, for (a) HLlab and (b) H//ab. The upper critical fields H, are estimated from
the criterion of the 90%p,. The characteristic field /, and H* are determined from Figure 3. The lines are a guide for eyes.
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Figure 6 (Color online) Magnetic field dependence of (a) longitudinal resistivity p..(H) and (b) Hall resistivity p,,(H) of Ca,gLa,,Fe) 95Coq 0rAs, at various

temperatures for Hlab.

controversial experimental results have been reported on the
influence of disorder on the mixed state Hall effect in
YBa,Cu;0,5 single crystal [25]. Additionally, Samoilov
et al. [31] and Budhani et al. [21] have also proven that the
mixed-state Hall conductivity does not depend on the pin-
ning strength, based on the irradiation experiments in
Tl,Ba,Ca,Cu;0,, film, Tl,Ba,CaCu,0y epitaxial film and
YBa,Cu;0; single crystal. In what follows, we would like to
analyze the absence of Hall sign reversal in terms of Hall
conductivity, axy(H)=px}/(pxy2+pM2), which has been pointed
out to be independent of disorder by a general argument of
the vortex dynamics [21,31,54]. The phenomenological
theory based on the time dependent Ginzburg-Landau
(TDGL) equation, which does not include the effect of vortex
pinning, has been shown to be quite successful in describing
the mixed state Hall effect [55,56]. According to the TDGL
theory, there are two contributions to the Hall conductivity
0,,(H) in the superconducting state:

oo (H) = 0,,,(H) + 0, (H). (6)

O-xy,n

The first term originates from the motion of the quasi-
particles inside and around the vortex core. This term has the
same sign as the normal state and is proportional to H. The
second term is the contribution of the vortex flow and is
proportional to 1/H [55,56]. Therefore at low magnetic
fields, the Hall sign is determined by o, (H). The sign re-
versal can take place if o, (H) have a sign opposite to that
of g, ,(H) below T,. We replots Figure 6 in terms of ,,(H) as
depicted in Figure 7(a). It is clear that o,,(H) tends to diverge
to a large negative value and sign reversal is not detected,
suggesting that the signs of o,,,(H) and o, (H) for
Cayglay,Feyo3CogrAs, are the same. In the framework
within the BCS theory, several authors have also calculated
0,y,5(f]) and emphasized the importance of the electronic
structure of the materials for understanding the Hall effect.
For instance, according to the theory proposed by Fukuyama,
Ebisawa, and Tsuzuki (FET) [57], the sign of g, (H) is
determined by the energy derivative dN(0)/du of the density

of states NV(0) averaged over the Fermi surface, where u is the
Fermi energy. On the other hand, Aronov, Hikami, and
Larkin (AHL) have found that the sign of o, (H) is de-
termined by dIn7,./du, derived from the Ginsburg-Landau
equation and its gauge invariance [58]. In any case, the sign
of the Hall effect in the mixed state depends on the details of
the band structure. Whereas, Nagaoka et al. [24] have ex-
perimentally found that the sign of o,,(/) is universal and is
determined by the doping level in cuprates, i.e., a sign re-
versal occurs in an underdoped regime but diminishes in
overdoped ones. This is opposite to what is expected from
the predication of the AHL model, suggesting that such
model derived from the weak coupling s-wave BCS theory
fails to evaluate the hydrodynamic force acting on the vortex
of high-T, cuprates [24,58]. The absence of Hall sign reversal
in our study may be consistent with this argument since
CaygLag,Feq93Coq gpAs, is located in the overdoped region
[59]. However, further studies on both theoretical calcula-
tions and experiments are greatly needed to understand the
Hall sign reversal, and their relation to the doping level in
IBSs.

The scaling behavior of p,, between p,,. for Cayslag,
Fey93Coq gAs, single crystal is plotted in Figure 7(b). It is
evident that p,, and p,, follow the relation \(pxy(H)|:Apxx(H)/i
very well and the f values are close to 2 as shown in the inset.
Various f values have been found in several types of high-T,
superconductors, such as YBCO single crystals (5~1.7) [30],
BSCCO ($~2) [32] and TBCCO (p~2) [20, 21] in cuprates,
and Fe(Te,S) (5=0.9-1.0) [36], Ba(Fe,_,Co,)As, (=2.0-3.4)
[33] and Li(NH;),Fe,Se, (5~2.0) [9] in IBSs. The Hall
scaling behavior is a complicated phenomenon, many ef-
forts, both theoretical and experimental, have been made to
account for it. The first theoretical attempt was presented by
Dorsey and Fisher [60], who developed a scaling theory with
an exponent f=1.7 in the framework of glassy scaling near a
vortex-glass transition, and explained the experimental re-
sults of Luo et al. [30] for YBCO films. A phenomenological
model was put forward afterwards by Vinokur et al. [54],
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Figure 7 (Color online) (a) Field dependence of the Hall conductivity o, (H)=p,, /(pn +pxx ) measured at various temperatures. (b) Scaling behavior between
|p,,| and p,, at various temperatures for Ca, gLay,Fe95C0g 02As,. Solid lines are fitting results using the relation |(p,,(H)| Ap”(H) Curves for below 35 K are
shifted along the vertical axis for the sake of clarity. Inset: temperature dependence of (7).

who suggested that the scaling behavior with an exponent
[=2 is believed to be a general feature in the flux-flow region
and independent of the pinning strength. This model was
strongly supported by the experimental results [31,32]. An-
other phenomenological model was proposed by Wang,
Dong and Ting (WDT) [53], who claimed that § could
change from 2 to 1.5 as the pinning strength increased, which
agreed with the results reported for YBCO crystals [61] and
Hg-1212 films [62]. Nevertheless, this theory seems to fail in
explaining all the scaling behavior of high-7, super-
conductors. For instance, no influence of disorder on the
scaling exponent have confirmed in TBCCO film and YBCO
single crystal irradiated via heavy ions [21,31]. A similar
case was also found in MgB, films, which follows a uni-
versal Hall scaling behavior with a constant exponent f of
2+40.1 and is independent of the pinning strength [63]. The
above controversial experimental and theoretical results in-
dicate the scaling behavior in the mixed state is not yet fully
understood, especially whether or not the pinning effect
plays an important role on it. Herein, for Cayglay,Feqoq
Cog nnAs, single crystal, the appearance of the second mag-
netization peak, critical current density and large values of
activation energy U, imply relatively strong pinning in this
compound [6]. Considering the above-mentioned theories,
our experiment result (f~2) seems to be in agreement with
the theory proposed by Vinokur et al. [54], but is inconsistent
with the WDT theory in which claims the scaling behavior is
closely related to the pinning strength, i.e. a § value less than
2 is generally expected to be in the strong pinning case
[9,35,53]. However, more work is necessary for better un-
derstanding of the scaling law and the influence of pinning
strength on it in the future.

4 Conclusion

To summarize, we have studied the transport properties in

the superconducting mixed state of Ca,gla,,Fej95C0 orAS,
single crystal. The magnetic field dependence of the acti-
vation energy, which is derived in the framework of TAFF
theory, shows double-linear field dependence in both field
directions, i.e. weak power law decrease of Uy(H) in low
fields and more rapidly decrease of Uy(H) in high fields,
respectively, signifying a transition from single vortex pin-
ning to collective creep pinning with increasing field.
Meanwhile, vortex-glass to vortex-liquid state transition was
detected based on the vortex-glass theory, and the static
vortex phase diagram was also depicted. Besides these, the
mixed-state Hall effect indicates that there is no sign re-
versal. Also, the scaling behavior |(pxy(H)|=ApM(H)ﬂ with the
scaling exponent S~2.0 in the relative strong pinning
Cayglag,Fej93Coq grAs,, in accordance with many previous
reports on high-7, cuprates and MgB,, possibly coincide
with the phenomenological theory which suggested the
scaling behavior to be independent of the pinning strength.
Our results provide new insight into future theoretical and
experimental studies on the vortex motion in the mixed state
of IBSs.
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