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The effects of isovalent Sb substitution on the superconducting properties of the
Ca0.88La0.12Fe2(As1−ySby)2 system have been studied through electrical resistivity measure-
ments. It is seen that the antiferromagnetic or structural transition is suppressed with Sb content,
and a high-Tc superconducting phase, accompanied by a low-Tc phase, emerges at 0.02 ≤ y ≤ 0.06.
In this intermediate-doping regime, normal-state transport shows non-Fermi-liquid-like behaviors
with nearly T -linear resistivity above the high-Tc phase. With further Sb doping, this high-Tc phase
abruptly vanishes for y > 0.06 and the conventional Fermi liquid is restored, while the low-Tc phase
remains robust against Sb impurities. The coincidence of the high-Tc phase and non-Fermi liquid
transport behaviors in the intermediate Sb-doping regime suggests that AFM fluctuations play an
important role in the observed non-Fermi liquid behaviors, which may be intimately related to the
unusual nonbulk high-Tc phase in this system.

Keywords Sb doped Ca0.88La0.12Fe2As2 superconductors, electrical resistivity measurement, phase
diagram
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1 Introduction

A wide range of iron-based superconductors (IBSs) have
been reported [1–4] ever since the discovery of super-
conductivity at 26 K in LaFeAs(O,F) [5]. The parent
compounds of IBSs usually undergo structure and spin-
density-wave (SDW) transitions, while superconductiv-
ity often arises when chemical doping [1, 2, 6–10] or
external pressure [11–14] are applied to suppress these
SDW order or structure transitions. Remarkably, isova-
lent substitution is widely used in the chemical doping
study, owing to its advantage that no extra carriers are
introduced to the band; therefore, the electronic struc-
ture is nearly unchanged. For example, among IBSs,
BaFe2As2 can be substituted with Ru [6] on the Fe site
or with P on the As site [7–9], Sb or P are often used
to substitute for As in 1111 systems [10, 15], and Pd is
doped in Pt sites in the platinum-based superconductor
SrPt3P [16]. Moreover, co-doping techniques have been

proved to be an effective way to enhance the supercon-
ductivity [17–21]. Kudo et al. [22] have demonstrated
that co-doping of La and P in the CaFe2As2 system can
significantly enhance the bulk superconductivity up to
45 K by tuning the lattice parameters and the number
of charge carriers. Very recently, the Tc of the newly dis-
covered Ca1−xLaxFeAs2 (112-type) superconductors has
been boosted to 47 K by La and Sb co-doping [23].

Among IBSs, much attention has been paid to study-
ing the physical properties of 122-type superconductors
owing to their available high-quality single crystals with
appreciable sizes. CaFe2As2 is a typical parent compound
of AeFe2As2 (Ae=alkaline earth, 122-type) superconduc-
tors, which exhibits an AFM ordering at TN = 170 K
that is concomitant with a structural transition from
tetragonal phase to orthorhombic phase at ambient pres-
sure [24]. Moreover, the tetragonal phase will transform
to a collapsed tetragonal (CT) phase upon applying ex-
ternal pressure [25, 26] or doping the rare-earth (Pr or
Nd) into the parent compound [24–27]. Superconductiv-
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ity can be induced by electron- or hole-doping on the Ca
site [28–32], transition-metal (Co, Ni) doping on the Fe
site [33, 34], isovalent substitution on the As site [9],
or applying external pressure [11, 35]. Distinct from
other 122-type IBSs, superconductivity with two suc-
cessive superconducting transitions (high-Tc phase and
low-Tc phase) has been observed in this system by rare
earth doping or applied pressure [27, 36, 37]. The high-
Tc phase reaches as high as 42–49 K and is believed to
be nonbulk in origin, since the diamagnetic signal is so
sensitive to the applied magnetization field and no zero
resistance is observed [31]. However, the mechanism of
this unusual nonbulk high-Tc superconductivity is still
controversial, which has been attributed to a minor for-
eign phase, interface, or filamentary superconductivity
in this system [31, 38–40].

To our knowledge, there have been no reports in
the literature regarding the isovalent substitution of
Sb for As in 122-type IBSs. In this paper, we re-
port the synthesis of new Sb-doped superconductors,
Ca0.88La0.12Fe2(As1−ySby)2. We study the effects of La
and Sb co-doping on the superconducting properties of
this system and construct the phase diagram through
electrical resistivity measurements. It is found that the
high-T c phase is closely related to the non-Fermi liq-
uid behaviors, which in turn may be correlated with the
AFM fluctuations. Our results, therefore, provide more
insight into the underlying origin of the unusual nonbulk
high-T c superconductivity in the (Ca,La)Fe2As2 system.

2 Experiments

Single crystals of Ca0.88La0.12Fe2(As1−ySby)2 were
grown from FeAs flux as previously reported [36, 37].
The FeAs precursor was first synthesized by reacting a
stoichiometric amount of Fe powder with As chips at
1065◦C or 10 h in a vacuum quartz tube. Stoichiometric
mixtures of Ca:La:FeAs:Fe:Sb=0.88:0.12:4(1 − y):4y:4y
were placed in an alumina crucible and sealed in an
evacuated quartz tube. The samples were heated to
1180◦C slowly and held for 10 h before slowly cooling
down to 960◦C to grow the single crystals. Plate-like sin-
gle crystals were harvested mechanically from the flux.
Single crystal and powder X-ray diffraction (XRD) mea-
surements were performed using a Rigaku diffractometer
with Cu Kα radiation. The resistivity was measured us-
ing the standard four-probe method on a Physical Prop-
erty Measurement System (Quantum Design).

3 Results and discussion

Figure 1 shows the single crystal XRD patterns of
Ca0.88La0.12Fe2(As1−ySby)2 with various Sb-doping lev-

els. Only (00l) peaks are observed, indicating good c-axis
orientation of the samples. The lattice parameters as a
function of y are shown as the inset of Fig. 1, the lattice
parameters c were also obtained by fitting the powder
XRD data (not shown).We find that the lattice parame-
ters remain almost unchanged with doping, the strange
origin may come from the interaction between the Ca/La
atoms and the As/Sb atoms, similar to the results of the
Sr and Sb co-doped PrFeAsO system [19]. In addition,
we notice that the c parameter is also hardly changed by
isovalent doping of Sb in Ca1−xLaxFeAs2 (112-type) su-
perconductor [23]. The actual La content is close to the
nominal composition by EDX measurement, while the
actual content of Sb could not be determined by EDX
because of the substantial peak overlaps of Sb and Ca
in EDX spectra [23], so the nominal values of Sb doping
will be used in what follows. As we will show below, the
suppression of AFM/structural transition, the variation
of the high-Tc phase, as well as subtle changes in the nor-
mal state transport coefficients with doping all suggest
that Sb atoms were indeed incorporated into the system.

Figure 2 presents the T -dependence of resistivity nor-
malized to their respective 300 K values for the crystals
used in this study. The resistivity anomaly associated
with the SDW or structure transition shifts to lower tem-
peratures and disappears around y = 0.04. Meanwhile,
the high-Tc superconducting phase emerges at y = 0.02.
Two superconducting transitions (high-Tc phase and low-
Tc phase) can be observed up to y= 0.06. Extending to
higher substitution levels (y > 0.06), the high-Tc phase
vanishes abruptly and only the low-Tc phase persists.
However, non-zero resistivity was observed for some dop-
ing levels, indicating a nonbulk superconducting charac-
ter, in contrast to the La and P co-doping which can
induce bulk superconductivity up to 45 K [22].

Fig. 1 The single-crystal X-ray diffraction patterns of
Ca0.88La0.12Fe2(As1−ySby)2 for different doping y. Inset:
The lattice parameters as a function of nominal Sb content
y. The dashed lines are guides to the eye.
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Fig. 2 T -dependence of the renormalized in-plane electri-
cal resistivity for Ca0.88La0.12Fe2(As1−ySby)2 single crystals.

In order to check the influence of magnetic fields on
the two superconducting phases, the electrical resistiv-
ity under different magnetic fields applied along the ab-
plane and the c-axis are presented for y = 0.04 sample
in Figs. 3(a) and (b), respectively. Tc is gradually sup-
pressed and the transition is broadened by increasing the
fields for both directions. However, the effect of fields ap-
plied along the c-axis is more sensitive to the field than
along the ab-plane, which is a typical response to the
field directions in the (Ca,RE)Fe2As2 system [32, 37, 41].
Hc2-T phase diagram obtained by 90% of normal state
resistivity is plotted in Fig. 3(c). Two upper critical
fields, corresponding to the high-Tc phase and the low-
Tc phase respectively, are clearly observed. Hc2 exhibits
upward curvature near Tc for both the in-plane and out-
of-plane directions, which has been commonly observed
in this system [37].

Now, let us turn to the effects of Sb substitution
on the normal state transport properties. The normal
state resistivity follows a power-law behavior according
to ρ(T ) = ρ0+ATn in the range of Tc1(Tc2) < T ≤ 70 K,
where ρ0 is the residual resistivity and A is a constant.
Figures 4(a), (b), and (c) represent the fitting results us-
ing the power law as shown by red lines for some selected
samples y = 0.06, 0.08, and 0.14. T -linear resistivity was

observed in y = 0.06, indicating a non-Fermi-liquid be-
havior, which usually occurs around a quantum critical
point in iron-based superconductors [7, 8]. Upon further
Sb doping, n increases to a value of 2, suggesting the
restoration of the Fermi liquid (FL) ground state when
y > 0.06. Similar T 2 resistivity was also observed in Ni-
or P-doped CaFe2As2 single crystals [9, 34].

The resultant phase diagram of Ca0.88La0.12-
Fe2(As1−ySby)2 from the resistivity measurements has
been constructed in Fig. 5. In this diagram, supercon-
ductivity coexists with the AFM/structural transition at
low doping levels (y≤0.02). With increasing doping, the
AFM/structural transition is suppressed and vanishes
above y > 0.02. Meanwhile, a high-Tc superconduct-
ing phase emerges in the intermediate-doping region
(0.02≤y≤0.06). In the high-doping regime, the high-Tc

phase vanishes abruptly, in contrast to the sole rare
earth (La, Ce, Pr, and Nd) doping in CaFe2As2 where
the high Tc superconducting phase is hardly suppressed
once it emerges [24, 27, 36]. In contrast, the low-Tc

Fig. 3 T -dependence of the electrical resistivity for the
field (a) parallel, and (b) perpendicular to the ab-plane under
various applied fields for y = 0.04 sample. (c) T -dependence
of Hc2 extracted from the upper two panels.
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Fig. 4 Normal state transport for some typical samples with y = 0.06 (a), y = 0.08 (b) and y = 0.14 (c) at low
temperatures, the red lines are fits to ρ(T ) = ρ0 + ATn.

Fig. 5 The phase diagram of Ca0.88La0.12Fe2(As1−ySby)2
determined from the resistivity measurements, exponent n
was obtained by fitting the power law ρ(T ) = ρ0 +ATn.

phase, which is related to a strain-induced phase, as
that of SrFe2As2 parent compound [42], remains robust
against any Sb doping levels. On the other hand, it is
noteworthy that the exponent n from the ρ(T ) fitting is
closely related to the high-Tc phase in this system. In
the intermediate regime where the high-Tc phase arises,
the value of n is approximately equal to 1, whilst in the
high doping levels, the high-Tc phase disappears and n
amounts to 2. The concomitance between the high-Tc

phase and the non-Fermi liquid signature suggests this
high-Tc superconductivity be induced by the non-Fermi
liquid excitations. Similar to many other quantum
critical materials, the non-Fermi liquid behaviors in
our system may come from the AFM fluctuations in
the intermediate regime. These phenomena indicate
that the AFM fluctuations may play an important
role for the nonbulk high-Tc superconducting phase in
the (Ca,La)Fe2As2 system. We also note that similar
results were observed in CaFe2(As1−xPx)2 [9] across
the tetragonal to collapsed tetragonal phase transition,
which contributed to the reduction of interband nesting
in the electronic structure.

4 Conclusion

In conclusion, Sb-doped Ca0.88La0.12Fe2(As1−ySby)2 su-
perconductors have been successfully synthesized for the
first time. We systematically studied the electrical trans-
port properties and derived the phase diagram from
resistivity measurements. A high-Tc superconducting
phase, accompanied by T -linear resistivity in the nor-
mal state, was observed at 0.02 ≤ y ≤ 0.06 when
the AFM/structure transition was suppressed, but this
phase vanished abruptly once y > 0.06, where the Fermi
liquid transport recovers. The simultaneous disappear-
ance of the high-Tc superconductivity and the non-Fermi
liquid transport state suggests that the unusual nonbulk
high-Tc superconducting phase may be closely related to
the AFM fluctuations in the (Ca,La)Fe2As2 system.
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