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Effects of post-growth heat treatment on electronic phase diagrams and critical current densities
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In this paper, we investigated the effects of annealing on the physical properties of Ba(Fe;_,Co,),As, and
BaFe,(As;_,P, ), single crystals systematically. In both systems, the effects of annealing on the phase transition
temperatures and the critical current density J. are contrasting; the superconducting and magnetostructural
transition temperatures 7. and Ty, respectively, increased for all doping levels after annealing, whereas the critical
current density J. only increased around the optimally doped region while it decreased in the other regions. These
facts indicate that the changes in 7; and J. caused by annealing are governed by different mechanisms and that
the mechanism for J, varies depending on the doping level. The results demonstrate that the enhancement of 7
and T,y as well as the decrease of J. can be attributed to the reduction of disorder, while the enhancement of J,
is associated with the enhanced pinning arising from the antiferromagnetic-orthorhombic phase mixed into the

superconducting phase.
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I. INTRODUCTION

Annealing, a heat treatment that causes various effects on
materials such as removing defects and dislocations, improving
chemical homogeneity or promoting phase separations, intro-
ducing or extracting elements from materials, and changing
crystal structure or texture, is an essential process to im-
prove material properties. In the field of superconductivity
research, annealing has played important roles. For example,
the critical current properties of Nb-Ti alloys can be largely
enhanced by annealing due to the appearance of the «-Ti
phase, leading to the practical applications of superconducting
(SC) magnets. For high SC transition temperature (high-T7¢)
cuprate superconductors, the carrier concentration can be
controlled by annealing through the change in oxygen content.
Annealing is an essential tool to establish a doping phase
diagram and to optimize SC properties of high-T, cuprates,
and thus contributes to the understanding of the mechanism
of high-T; superconductivity as well as the development of
superconductivity applications.

Various reports have stated that annealing significantly
changes the physical properties of high-7; iron-based su-
perconductors (IBSs). For example, annealing on as-grown
single crystals of REFePO (RE, rare-earth elements) [1],
AE(Fe, T M),As, (AE, alkaline-earth elements; TM, transi-
tion metals) [2-5], AEFe,(As;_Py), [6-8], and FeTe;_,Se,
[9-12] enhances T, or introduces superconductivity. For a
parent CaFe,As;, which shows a phase transition upon cool-
ing, the annealing condition controls the low-temperature
phase, i.e., the antiferromagnetic-orthorhombic (AFO) phase
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or collapsed-tetragonal (cT) phase [13,14]. In addition, a
stacking structure of AFO- and cT-phase layers in a crystal is
realized through a proper annealing process. In such a crystal,
superconductivity emerges although each layer, either AFO or
cT phase, is non-SC [15]. Moreover, the annealing enhances
notonly 7; butalso the critical current density J. in FeTe;_, Se,
[16,17] and Ba(Fe;_,Co,),As; [18] single crystals.

For the mechanism of the enhancement of superconducting
properties of IBSs by the annealing, various interpretations
have been proposed; the annealing (i) improves crystallinity
and chemical homogeneity [REFePO, AE (Fe, T M ),As,, and
FeTe;_,Se,] [1-6,9], (ii) removes excess Fe between SC
layers (FeTe;_,Se,) [12], (iii) changes the pnictogen height
which is correlated with T, for IBSs [SrFe,(As;_,Py),] [7,8],
(iv) leads to interface-induced superconductivity (CaFe;As;)
[15], and (v) promotes clustering of dopant elements which
causes nanoscale phase separation into underdoped (UD) or
overdoped (OD) regions [Ba(Fe,_,Co, ),As,] [18]. Especially
for the doped-AEFe,As, system, no consensus has been
reached regarding the origin of the 7, and/or J. enhancement
caused by annealing. To elucidate the underlying enhancement
mechanism, it is desirable to establish experimentally how the
effects of annealing on 7; and J; depend on the dopant elements
and concentrations.

In this paper, we systematically investigate the effects
of annealing on T, the magnetostructural transition temper-
ature Ty, and J. for Ba(Fe;_,Co,),As, (Co-Bal22) and
BaFe,(As;_,Py), (P-Bal22) single crystals. After annealing,
T, and Ty were increased at any doping level in both Co-Ba122
and P-Bal22, while J. was either increased or decreased
depending on the doping level. These results indicate the
multiple mechanisms and the dominant mechanism changes
depending on the doping level. We demonstrate that the effects
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of annealing can be consistently understood by considering
two factors: the pair-breaking effect of disorder and the vortex
pinning arising from the AFO phase.

II. EXPERIMENT

Single crystals of Co-Bal22 and P-Bal22 were grown
via the self-flux method using FeAs and Ba;As;/Ba,Ps,
respectively [6,19]. The as-grown crystals were sealed in
evacuated quartz tubes together with BaAs (for Co-Bal22)
or a BaAs/BaP mixture (for P-Bal22) and annealed at 800 °C
for two days [6,20-22]. The compositions of the single crys-
tals were determined by performing energy-dispersive x-ray
analysis. The samples were cut into rectangular shapes for
the physical property measurements. The dependence of the
in-plane resistivity p,, (7T ) on the temperature 7 was measured
by employing a standard four-probe method using a physical
property measurement system (Quantum Design). The depen-
dence of the magnetization M(H, T) on T and the magnetic field
H for the H//c axis were measured using a magnetic property
measurement system (Quantum Design). The Bean model
was applied to estimate J, from M(H) [23]. Note that these
measurements were performed on the same crystals before and
after annealing to ensure accurate evaluation of the annealing
effects. In addition, we performed the measurements on several
samples at each doping level to confirm the reproducibility.

III. RESULTS
A. Effects of annealing on 7, and Ty for Co-Bal22

First, we analyzed the effects of annealing on 7, and
T based on p,(T). Figures 1(a)-1(e) show p,,(T) for
representative Co-Bal22 samples with x = 0.050 (UD), 0.057
(slightly UD), 0.061 [optimally doped (OPT)], 0.069 (OPT),

and 0.078 (OD). The data for other compositions (x > 0.084)
are provided in Fig. S1 in the Supplemental Material [24].
In all of the figures, the black and red points correspond to
the as-grown and annealed samples, respectively. Magnified
views around 7, are presented in the upper panels. Here
we determined 7, based on the zero resistance temperatures.
The T. values are consistent with the onset temperatures of
the diamagnetic signals observable in magnetization measure-
ments (see Fig. S2 in the Supplemental Material [24]). After
annealing, T is increased by 2-3 K for all samples. There is
no significant change in the width of the SC transition. The
T, values of each sample before and after annealing (7,A° and
T,A™ respectively) are shown in Table S1 in the Supplemental
Material [24].

The lower panels show p,;,(T) below 150 K. The UD sam-
ples exhibit increases in p,;, with decreasing 7. This behavior
corresponds to the magnetostructural phase transition [25]. For
example, for x = 0.050 [Fig. 1(a)], the anomalies are evident at
65 and 72 K for the as-grown and annealed samples as indicated
by the black and red arrows, respectively. Thus, Ty is increased
after annealing. In particular, for x = 0.061 [Fig. 1(c)], the
anomaly in p,,(T') appears after annealing but is not clearly
observable for the as-grown sample. Note that the structural
and magnetic transition temperatures (75 and Ty, respectively)
are separated for x = 0.050, which can be determined based on
the T derivative of p,,(T). On the other hand, for x = 0.057
(as-grown) and x = 0.061 (annealed), where the anomaly is
very close to T, it is difficult to distinguish whether (i) only 7
remains or (ii) 75 and Ty are very close [26]. For more detail,
see Fig. S3 in the Supplemental Material [24]. Here, we use
Ty~ for simplicity, which makes it easy to compare the phase
diagram before and after annealing.

Figure 1(f) shows the doping phase diagram of Co-Bal22
before and after annealing. For the as-grown samples, the AFO
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FIG. 1. (a—e) p.(T) for Co-Bal22 samples (x = 0.050-0.078). The black (red) data correspond to the as-grown (annealed) samples. The
upper panels show enlarged views around 7. The lower panels depict p,,(T") below 150 K. The black (red) arrows indicate Tyy for the as-grown
(annealed) samples. The dashed lines are the extrapolations to 0 K from the fits to p,,(T) using p,,(T) = po + AT*. For the UD samples,
Pab(T) was fitted using @ =2 and A < 0. p,,(T') of the samples around the AFO end points was not fitted because it is difficult to extract
po reliably owing to the anomalies just above 7. (f) Doping phase diagrams before and after annealing. The black (red) circles and triangles
indicate T, and Ty for the as-grown (annealed) samples, respectively. (g—k) H dependence of J. measured at 5 K. (1) Doping dependence of J.
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phase transition line meets the SC phase between x = 0.057
and 0.061, while the AFO phase persists to higher doping
levels (x > 0.061) after annealing. The maximum value of T
increases from 24.0 to 26.9 K [27]. In addition, T, reaches its
maximum around x ~ 0.065 for the as-grown samples, while
this position is shifted to x ~ 0.069 after annealing.

B. Effects of annealing on J. for Co-Bal22

Next, we investigated the effects of annealing on J.. Fig-
ures 1(g)-1(k) depict the H dependence of J., J.(H), at 5 K
for Co-Bal22 samples with x values corresponding to those
in Figs. 1(a)-1(e). There are obvious differences between J,
before and after annealing. In particular, the changes in J;
caused by annealing are distinctly dependent on the doping
level. For the samples with x = 0.050-0.069, i.e., the UD to
OPT samples [Figs. 1(a)-1(d)], J. is increased after annealing.
On the other hand, J. decreases for the OD sample with
x = 0.078 [Fig. 1(e)]. The decrease in J. due to annealing
is observable for the samples with x up to 0.10. (Note that J,
increases for these samples at higher T close to 7. owing to
the higher T after annealing.) For the most OD sample with
x = 0.12, J. is increased again after annealing. The results for
x = 0.084-0.12 are provided in Fig. S1 in the Supplemental
Material [24].

Figure 1(1) shows the x dependence of J. (at 5 Kand 1 T),
J.(x), before and after annealing. The multiple data points at
each doping level indicate the J. values measured on different
samples with the same x. For the as-grown samples, J.(x)
is characterized by a sharp peak around x = 0.057. For the
enhanced J; in the UD region, twin boundaries and magnetic
domains arising from the AFO phase are proposed as pinning
center candidates [28-30]. Such x dependence is also evident
for the annealed samples; specifically, J. again exhibits a sharp
peak. Meanwhile, the increase in J, due to annealing is the most
prominent at x = 0.061 close to the OPT region, resulting in a
shift of the peak position from x = 0.057 to 0.061. Thus, while
annealing has the same effect on 7; and Ty, i.e., they always
increase, J. changes differently depending on the doping level.
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C. Effects of annealing for P-Bal22

We examined the effects of annealing on the other system,
P-Bal22, in a similar fashion. Figure 2 presents p,,(T)
[Figs. 2(a)-2(e)] and J.(H ) [Figs. 2(g)-2(k)] for the P-Bal22
samples with x = 0.25 (UD), 0.29 (slightly UD), 0.30 (OPT),
0.31 (OPT), and 0.38 (OD) before and after annealing (the
data for x = 0.33, 0.43, 0.52, and 0.61 are provided in Fig.
S1 in the Supplemental Material [24]). The obtained doping
phase diagrams and J.(H) are shown in Figs. 2(f) and 2(1),
respectively. Comparison of the results for P-Ba122 with those
for Co-Bal22 reveals that the effects of annealing on the two
systems are similar in that, after annealing, (i) 7 and Ty are
increased at any doping level, (ii) J. is either increased (only for
x = 0.30-0.31) or decreased depending on the doping level,
and (iii) the AFO end point, the maximum position of the
SC dome, and the peak position of J.(x) are shifted toward
higher x. Such common effects of annealing on Co-Bal22
and P-Bal22 suggest that the mechanisms underlying the
physical property changes are common to the two systems
independently of the dopant elements.

IV. DISCUSSION

A. Correlation between changes in 7, and p,

Notably, in addition to the changes in T, Ty, and Jq,
the residual resistivity pp is decreased after annealing. It is
known that 7. changes with py in unconventional supercon-
ductors, because of pair breaking caused by disorder. For
example, in particle irradiation studies, the change in T,
normalized by Tg—i.e., AT./Tey = (Teo—T.™)/ Ty, where
T, and T.™4( Ty > T.™9) are T, before and after irradiation,
respectively—and change in py (Apg > 0) are usually com-
pared in discussing the pair-breaking effect. In the present case,
considering that the as-grown samples are more disordered,
namely, T,A™ > T.AS and pp™ < po™S, we evaluated the
change in T, defined as AT, /T,A™ = (T,A"™-T,A%)/T,A™ and
that in py defined as Apy = pp™C — po™™.

Figures 3(a) and 3(b) show the x dependences of AT, /T,A™
and A py for Co-Ba22, and Figs. 3(d) and 3(e) show those for
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FIG. 2. Same data set as in Fig. 1 for P- Bal122 (x = 0.25-0.38). (a—e) p.»(T), (f) phase diagrams, (g-k) J.(H), and (1) J.(x).
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FIG. 3. Doping dependences of (a) (T.A™ — T.A%)/T.A™,
(b) Apg, and (c) change rate of 7. with respect
o po AITA™ = TA9)/TA™/Apy  (this  paper)  or
[(Teo — T/ T01/ A po (from Ref. [33])} for Co-Bal22. (d—f) Same
data set as in (a)—(c) for P-Ba122, where the [(T,y — T.™)/Two1/ Apo
data were taken from Ref. [34].

P-Bal22, respectively. The x dependences of AT,/T.A™ and
A pp are similar for Co-Bal22 and P-Ba122. AT, /T.A™ is close
to zero around the OPT region, while it is 0.2-0.3 in the UD
and OD regions. Apy is large in the UD region and small in
the OD region. Based on the data, the change rate of 7, with
respect to Apg[(AT,/T.A™)/Apo] is plotted in Figs. 3(c) and
3(f) for Co-Bal22 and P-Bal22, respectively. This change rate
depends on the doping level; for both Co-Bal22 and P-Bal22,
the change rate is small in the UD region and becomes larger
as the doping increases.

The quantitative correlation between the changes in 7, and
po following particle irradiation of IBS has been reported
in various studies [31,32]. Here, we compare the present
results with the previously obtained change rates of 7. with
respect to Apg caused by irradiation, i.e., (AT./T.0)/Apy =
[(Teo — T.'™)/T,0]1/ A po. The triangles in Figs. 3(c) and 3(f)
indicate the change rates for Co-Bal22 due to proton irra-
diation [33] and for P-Bal22 due to electron irradiation [34],
respectively. It can be seen that for both Co-Ba122 and P-Bal22
the change rates of 7, due to annealing and particle irradia-
tion, including their doping dependences, exhibit quantitative
agreement with each other. Thus, the 7. enhancement caused
by annealing can be quantitatively explained by the decrease in
0o, 1.€., the reduction of disorder. Moreover, it is known from
particle irradiation that the introduction of disorder suppresses
T., while it leads to enhanced pinning and thus enhances J..
The inverse, a reduction of disorder due to annealing, enhanced
T., while it weakened pinning due to the disorder, causing J.
to decrease despite the enhanced 7.

On the other hand, as shown in Figs. 1(1) and 2(1), J. promi-
nently increases for Co-Bal22 with x = 0.061 and P-Bal22
with x = 0.30. Note that the increases in T; for these samples
are rather small (AT,/T.A™ ~ 0) compared with those for
other samples [see Figs. 3(a) and 3(d)]. Thus, the large J, en-
hancement should arise from significantly enhanced pinning.

B. Correlation between changes in J. and phase diagram

To determine the origin of the enhanced pinning, we review
the changes in p,,(T) caused by annealing for Co-Bal22
(x = 0.061) and P-Bal22 (x = 0.30). In Figs. 1(c) and 2(c),
the anomaly in p,,(T') corresponding to the magnetostructural
phase transition is clearly observable for the annealed samples
of both compounds but not for the as-grown samples. This
characteristic indicates that the AFO phase is mixed into the
SC phase after annealing. Such a correlation between the
appearance of the AFO phase and the increase in J. indicates
that the existence of the AFO phase enhances pinning. For
these samples, the pinning enhancement due to the AFO phase
exceeds the decrease in the contribution from disorder such
as crystal defects and strain existing in the as-grown samples,
causing J. to be increased after annealing. Moreover, the AFO
phase is considered to compete with the SC phase, possibly
resulting in the suppression of T, [35]. The relatively small
increase in T, can be interpreted as a result of the compensation
of two effects: T, enhancement by the reduction of the disorder
and T, suppression owing to the competition between the AFO
and SC phases.

It should be noted that J. decreases after annealing for the
UD P-Bal22 samples (x = 0.25 — 0.29), which seemingly
contradicts the discussion above. The results suggest that the
pinning due to the mixing of SC and AFO phases becomes
less effective by underdoping with distance from the AFO end
point. One scenario is that the twin domain becomes finer, i.e.,
the number of pinning centers increases, around the AFO end
point, hence J. is sharply enhanced [28]. Another possibility is
that the nature of coexistence of SC and AFO phases changes
with doping, resulting in a difference in the pinning strength. In
fact, for Ba(Fe;_Ni, ), As,, it was reported that the AF order
shows a commensurate-to-incommensurate transition around
the end point of the AFO phase [26]. Also, for P-Bal22, it
was reported that when the doping approaches the OPT region
only part of the sample is magnetically ordered, suggestive
of a mesoscopic coexistence of AF and SC phases [36]. Such
incommensurate/short-range AF may be a more effective
source of pinning than the commensurate/fully-ordered AF
phase, and thus J. largely increases only around the OPT
region.

C. Possible origins of unusual pinning

The current results as well as those of our previous stud-
ies [29,30,37] strongly suggest the unprecedented pinning
mechanism which is related to the presence of the AFO
phase next to the SC phase. In our previous papers, we have
shown that J; of the detwinned Co-Bal22 samples shows a
large in-plane anisotropy near the AFO-SC phase boundary,
where we observe strong enhancement in J. [37]. Notably,
the in-plane anisotropy in J., J. ./ Jc.», nearly scales with the
anisotropy ratio of the normal state in-plane resistivity, o5/ 04-
The anisotropy of the in-plane resistivity is often attributed
as a signature of the electronic nematic order [38,39], which
does not break the translational symmetry but breaks the
fourfold rotational symmetry of the electronic system. The
present results together with our previous ones suggest that
the electronic nematicity exists not only in the normal state
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but also in the superconducting state and produces unusually
strong pinning.

Alternatively, the present observation is consistent with
the quantum critical point (QCP) picture. For P-Bal22, it
was reported that the vortex core energy shows a significant
enhancement around the AFO-SC phase boundary, the QCP
in other words [40]. To account for the results, the authors
proposed that the energy of the superconducting vortex is
enhanced around the QCP, possibly due to the microscopic
AF-SC mixing. Because the vortex core energy is related to the
pinning strength, enhancement of the vortex core energy leads
to the enhanced J, around QCP, as is observed experimentally
in the present case. The enhanced J. around the QCP was
recently also reported for heavy fermion superconductors
CeRh(In, Sn)s [41].

In the high-T;. cuprate superconductors, the signature of
the field-induced AF and/or charge density wave orders in-
side the vortex core has been detected by several experi-
ments, such as neutron scattering [42], scanning tunneling
microscopy/spectroscopy [43], nuclear magnetic resonance
[44], etc., under magnetic fields. The same techniques will be
also helpful to reveal the unusual vortex state in the iron-based
superconductors.

V. CONCLUSION

In summary, we systematically investigated the effects of
annealing on Tt, Ty, and J. for Co-Bal22 and P-Bal22 and
revealed that T, and Tyy increase at any doping level, while
J.. increases in a limited doping range around the OPT region
and decreases in the other doping regions. We demonstrated
that the effects of annealing can be consistently understood
for all doping levels by considering two factors: the reduction
of disorder and the enhanced pinning due to the AFO phase.
The present results also suggest that a proper heat treatment
is important for further J. enhancement of superconducting
wires, tapes, and thin films for practical applications.
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