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CaKFe4As4 (1144) is a unique stoichiometric iron-based superconductor which harbours high upper critical
fields and large critical current densities. In this work, we describe a study to optimize the synthesis conditions
of stoichiometric polycrystalline samples of CaKFe4As4 and asses their structural, magnetic and transport prop-
erties. The samples were prepared over a wide temperature range (900-1100◦C) and the pure phase formation is
centered around 955◦C. Outside this temperature region, impurity phases of KFe2As2 and CaFe2As2 can also
form. Magnetic susceptibility and resistivity measurements establish that the critical temperature reaches ∼34
K for the optimum synthesis conditions and the critical current reaches 2 × 104 A-cm−2. The post-annealing
process demonstrates the stability of the 1144 phase up to 500◦C, however, under higher temperature annealing,
phase degradation occurs. Our study indicates that the formation of phase-pure 1144 occurs over a much nar-
rower window and its highly prone to multi-phase formation as compared with the 122 family. As a result, the
superconducting properties are enhanced for the pure 1144 phase but they are likely to be affected by the inter-
and intra-granular behaviour originating from the microstructural nature of polycrystalline CaKFe4As4, similar
to other iron-based superconductors. Based on our study, we construct the phase diagram for polycrystalline
1144 and compared it with that reported for 1144 single crystal.

1. INTRODUCTION

Iron based superconductors are exciting multiband elec-
tronic systems that display complex physics and an unique
pairing mechanism in different crystallographic families1.
Furthermore, they show great potential for practical applica-
tions due to their high transition temperature up to 58 K2,
extremely high upper critical field (µ0Hc2 ∼ 100 T), very
low anisotropy and rather large critical current density (Jc
∼ 106-108 A/cm2) with independent of the field at low
temperatures3–5. Among various families of iron-based su-
perconductors, the 122 family (AEFe2As2, AE = Ba, Sr) was
believed to be suitable for applications due to its excellent su-
perconducting properties, stable pure phases obtained by an
easy synthesis process and an advantageous grain-boundary
nature4,5. Significant research efforts have been directed to-
ward fabrication of superconducting 122 wires/tapes5. How-
ever, to archive optimum superconductivity, the materials are
chemically doped and the highest superconducting tempera-
ture of 38 K was reported for K doping6, but it still remains a
challenge to control of the actual doping level of these mate-
rials.

To overcome this issue, a new family 1144 of stoichio-
metric iron-based superconductors, AeAFe4As4 (Ae = Ca, Sr
and A = K, Rb, Cs) were discovered with critical tempera-
ture, Tc, between 31 and 36 K without the need for addi-
tional doping7,8. Recent studies on 1144 single crystals3,8,9

reveal highly improved superconducting properties as com-
pared with those reported for the 122 family10,11. These in-
clude a high critical current density of the order of 108 A/cm2

at low temperature, a rather robust field dependence as well
as an isotropic upper critical field of up to µ0Hc2 ' 100 T.
These experimental findings place the 1144 family as a strong
contender for magnet application at around 20 K, where the
niobium based superconductors12 cannot play a role owing to
their lower Tc.

The fabrication of superconducting tapes and wires for bulk
applications requires the development of high quality poly-
crystalline (powder) materials. Iyo et al7 synthesized pow-
der CaKFe4As4 but found that these samples can form also
the impurity phases of CaFe2As2 and KFe2As2. Furthermore,
single crystal growth phase diagram of CaKFe4As4

13 shows
that the 1144 phase can be only formed in the temperature
range between 920 ◦C to 980◦C and has a strong sensitivity to
impurity phase formation outside this range13. For the wires
and tapes fabrication, a robust synthesis process is needed that
can produce very high quality and large amount of the 1144
precursor powders. Therefore, it is important to optimize
the synthesis of powder CaKFe4As4 for revealing its intrinsic
superconducting properties. Recently CaKFe4As4 tapes and
wires14,15 have been produced with a critical current density
of 104 A/cm2 at 4.2 K, despite a large amount of impurities.
This could be increased dramatically if the powder synthesis
process is improved.

In this work, we present a detailed study of superconduct-
ing properties of stoichiometric CaKFe4As4 in polycrystalline
form. We use a broad range of synthesis temperatures to op-
timize the growth process, similar to those used for the sin-
gle crystal13. We performed a series of physical properties
studies to asses the structure, microstructure, magnetization
and resistivity of different batches of these samples. Different
types of characterization suggest that synthesis temperature of
955◦C for 6 h (T opt

synth) is the optimum condition for synthesiz-
ing phase pure polycrystalline CaKFe4As4 with highest onset
Tc value of 34.2 K with a sharp transition width ∆Tc ' 2 K.
The superconducting properties of the best samples are char-
acterised further by different measurements and are found to
show behaviour similar to those reported for single crystals of
CaKFe4As4

13.
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FIG. 1. Synthesis block diagram followed for each set of polycrys-
talline samples of CaKFe4As4 (1144) prepared at different synthesis
temperatures, Tsynth, as described in detail in the text.

2. EXPERIMENTAL DETAILS

In order to optimize the growth conditions, a series of poly-
crystalline samples of CaKFe4As4 were prepared at differ-
ent synthesis temperature, Tsynth, varying between 900◦C
and 1100◦C following the block diagram shown in Figure 1.
High purity starting reagents: Ca chunks (99.99%), Fe pow-
der (99.99%), K (99.99%) and As (99.99%) pieces were used.
Firstly, precursors CaAs and KAs were prepared by placing
stoichiometric amounts of Ca or K and As in a Ta tube, then
welded sealed Ta tube in Ar atmosphere and then sealed in
an evacuated quartz (silica) tube. The sealed tube is kept at
860◦C for 30 h for CaAs and at 650◦C for 12 h for KAs. A
similar method was used to prepare FeAs by heating Fe pow-
der and As powder at 700◦C for 12 h. For the synthesis of
the 1144 powder, the starting precursors were mixed accord-
ing to a stoichiometric CaKFe4As4 ratio in an agate mortar,
then placed into a Ta tube. Other possible crucible materi-
als, such as quartz tube and Nb have not been used in order
to minimize the possible side reactions of Ca, K and As, re-
spectively. The Ta tube was clamped closed by pliers and then
sealed by welding in an Ar atmosphere to prevent any oxida-
tion. Finally, the Ta tube was inserted in an evacuated quartz
tube, sealed and placed inside a box furnace and kept at Tsynth

for 6 h for each sample. The resultant powder was ground,
pressed into pellets by applying a uniaxial pressure of 3 MPa,

sealed into a fresh Ta tube which was sealed in an evacuated
quartz tube and then heated at the same synthesis tempera-
ture Tsynth for 6 h (step 2 in Figure 1). After this reaction,
the obtained pellets were brittle. Hence, the synthesized pel-
lets were reground and the powder was pressed by applying
a pressure of 3 MPa. These pellets were again placed in Ta
tube that was sealed afterwards in Ar atmosphere. Finally, this
Ta tube was inserted in an evacuated quartz tube and placed
in a furnace at same Tsynth for 2 h (step 3, Figure 1). It is
worth to note that for each step the furnace was heated up to
Tsynth before placing the sample inside. At the end of each
step, the sample was taken out of the furnace at Tsynth and
quenched into ice water. These procedures are very important
to avoid the formation of 122 phase containing KFe2As2 or
CaFe2As2. Once we had identified the optimum temperature
for the phase pure sample, we further optimized this phase
by post annealing. All the powder handling procedures were
done inside the glove box. Powder X-ray diffraction patterns
were used to characterize the resulting bulk samples within
the 2θ angular range from 5 to 80◦ and the data were collected
in Bragg-Brentano reflection geometry with Cu-Kα radiation.
The samples were stable in air, however, they were prepared
inside glove box by using a home designed sealed holder for
X-ray measurements to protect against possible degradation in
air. The profile analysis and lattice parameters were obtained
from Rietveld refinements on the XRD data employing the
Fullprof software suite16. Microstructural characterizations
were performed using a field-emission scanning electron mi-
croscope (FESEM). Magnetic measurements up to 16 T were
performed using Vibrating Sample Magnetometer (VSM) im-
plemented in a Quantum Design PPMS in temperature range
between 2 to 50 K under zero-field and field-cooling condi-
tions. The zero-field cooled (ZFC) magnetization was mea-
sured by cooling the bulk sample under zero field to 2 K, then
the magnetic field was applied and the data were collected dur-
ing the warming up process. For field-cooled (FC) mode, the
sample was cooled down to 2 K in preferred field and the data
was recorded in heating cycle in presence of the same applied
field. The temperature dependence of the resistivity in zero
magnetic field was measured in a home-made flow cryostat in
the temperature range 4.2 to 300 K and the magnetoresistance
was measured up to 16 T. The electrical contacts were made
using thin gold wires with the help of silver epoxy. The upper
critical field, Hc2, was extracted both from the temperature
dependence of magnetization and resistivity in the tempera-
ture range of 2 to 40 K and different constant magnetic fields.

3. RESULTS AND DISCUSSION

3.1. XRD and microstructural analysis

Powder X-ray diffraction patterns were recorded for each
set of samples synthesized at different Tsynth, as shown in
Figure 2(a). CaKFe4As4 crystallises in P4/mmm space group
with Ca and K ordering on distinct crystallographic sites, dif-
fering from the I4/mmm structure of Ca0.5Na0.5Fe2As2 in
which the Ca and Na share a single crystallographic site7,13.
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FIG. 2. (a) Powder x-ray diffraction patterns (XRD) of CaKFe4As4
prepared at different synthesis temperatures, Tsynth. (b) Temperature
dependence of the impurity phases CaFe2As2 and KFe2As2 (122) es-
timated as the ratio between the main diffraction peak of the 122 and
1144 phases. (c) Experimental and calculated diffraction patterns
and their difference for the room temperature X-ray diffraction data
of CaKFe4As4 prepared at optimum synthesis conditions (T opt

synth).

The presence of the 001 reflection at a d-spacing of ∼12.9 Å
(∼6.9 degrees two-theta for Cu-Kα radiation) is indicative of
whether the Ca and K are crystallographically ordered. The
synthesised compounds are well fitted with the ordered struc-
ture in space group P4/mmm, but additional impurity phases
occur in some samples. We have estimated the concentra-
tion and nature of the impurity phases by using the compara-
tive intensity of the different phases, as shown in Figure 2(b).
We find that the sample prepared at 900◦C is dominated by
impurity phases formed mainly of KFe2As2 (∼ 50%) and
CaFe2As2 (∼ 25%). With increasing Tsynth, both impurity
phases decreased significantly and no impurity phase is de-
tected in the CaKFe4As4 synthesized at 955◦C for 6 h. For
higher Tsynth, the 1144 phase coexists with a dominant impu-
rity phase CaFe2As2 evident in the diffraction pattern (∼ 25%
for the growth at 1000◦C). A small amount ( ∼1-2%) of
KFe2As2 is also observed in the diffractogram (as shown in
Figure 2(b)). Furthermore, we have observed that samples
prepared at 955◦C for a longer period of time of 17 h have
the tendency to start forming CaFe2As2 impurity phases, as
shown in Figure 2(a) and (b). These studies suggest that the
pure phase of polycrystalline samples of CaKFe4As4 could
be formed in a very narrow temperature window and for a
short heating duration i.e. 955◦C for 6 h (T opt

synth). This re-
sult is similar to the optimized temperature for the phase pure
single crystals of CaKFe4As4 which is lying between 920 to
980◦C13.

Figure 2(c) shows the measured and Rietveld-fitted XRD
patterns of the 1144 sample prepared in optimum conditions
at T opt

synth. The refined lattice parameters for different sam-
ples are listed in the Table I and the lattice parameters vary
slightly between the samples imply that there is a subtle struc-
tural difference in their compositions. However, there is no
trend in the lattice parameter variation and it should be noted
that the samples synthesized at non-optimal temperatures pos-
sess impurity phases, and thus these small variations may be
the result of the large error bar in the refinement. The lat-
tice parameters for the optimum samples grown at 955◦C are
comparable to that of the reported single crystals8,13. Ad-
ditionally, the energy dispersive X-ray (EDAX) technique
found for the optimum sample that the molar ratio Ca:K:Fe:As
was 1:0.99:4.1:3.98. This is consistent with a stoichiometric
CaKFe4As4 composition and similar to other reports based on
1144 single crystals8,13.

In order to investigate the local chemical composition, the
morphology and grain boundaries of the polycrystalline 1144
samples prepared by the optimum conditions (T opt

synth) we used
backscattered scanning electron microscopy (BSE-SEM) as
shown in the images in the Figure 3(a)-(d). The sample sur-
face was carefully polished by using sand papers without lu-
bricants. The crystallographic density from lattice parame-
ters and the calculated density from sample dimensions for
our optimal 1144 sample is 5.22 g/cm3 which is similar to
the reported value7,13. However, the sample has a denser
micro-structure and microscale pores appeared along many
grain boundaries as shown by the light gray and black con-
trasts corresponding to the 1144 phase and pores, respectively.
We have not observed any micro-cracks between the grains,
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TABLE I. Lattice parameters and the goodness of fit expressed by RBragg of different samples of CaKFe4As4 (1144) prepared at various
synthesis temperatures, Tsynth.

Tsynth (◦C) a (Å) c (Å) RBragg

925◦C, 6h 3.8657(4) 12.893(5) 2.61
955◦C, 6h (T opt

synth) 3.8673(1) 12.841(1) 1.35

955◦C, 17h 3.8644(5) 12.893(5) 1.46
975◦C, 6h 3.8683(3) 12.853(3) 3.77
1000◦C, 6h 3.8673(4) 12.842(3) 3.65
600◦C post-annealed, 1h 3.8615(2) 12.883(2) 3.04
900◦C post-annealed, 1h 3.8544(4) 12.862(5) 3.07

Pore

Pore

Well-connected

grains

Micro Pore

Pore

FIG. 3. (a)-(d) Back-scattered electron SEM images of the polycrystalline CaKFe4As4 (1144) sample prepared at T opt
synth. Light gray and black

contrasts correspond to 1144 and pores respectively. In (a)-(b) no cracks are observed and the slightly white contrast could be related to small
deviations from the CaKFe4As4 stoichiometry during polishing.

as found in other iron-based superconductors like REFeAsO
(RE1111, RE = rare earth) and 122 where extensive cracking
appears either at the grain boundaries or within grains5,17–19.
Images in Figure 3(c)-(d) revealed a disk-like shape of grains
with an average size of 3-4 µm, quite clean grain boundaries
and many well-connected grain boundaries. The supercon-
ducting properties are likely to be affected by the presence of

larger pores that would lead to poorer connections between
the corresponding grains as compared with the samples con-
taining well-connected grains. Future studies could improve
the grain connectivity using other techniques, such as hot or
cold pressing or high pressure synthesis method5. In other
iron-based superconductors, slow cooling generally helps the
grain connectivity2,20. To address this issue, we have slowly
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cooled a sample from 955◦C and we observe that already be-
low 940◦C the impurity phases of CaFe2As2 and KFe2As2

had started to appear. This was also confirmed by the XRD
data analysis which suggests that 1144 can be prepared only in
a very narrow temperature region, similar to the single crystal
growth13. The microstructure of the 1144 samples prepared at
different Tsynth indicate many white spots in BSE images and
EDX at these spots confirmed the presence of oxygen which
indicates that the impurity phases CaFe2As2 and KFe2As2 are
not stable in air. During polishing the surface of these sam-
ples, CaFe2As2 and KFe2As2 could react with moisture or air
and these 122 phases are not very stable in air, as reported in
other studies21,22 .

3.2. Magnetic property measurements

To assess the superconducting properties of the CaKFe4As4

polycrystalline samples prepared at different Tsynth we mea-
sure the temperature dependence of the magnetic susceptibil-
ity both zero-field-cooled (ZFC) and field-cooled (FC) con-
ditions in µ0H = 20 Oe, as shown in Figure 4(a). Here, the
magnetic susceptibility is corrected for the demagnetization
factor, as described in Ref. 3 and 23. Perfect diamagnetic sus-
ceptibility is obtained for the optimum sample (T opt

synth) shown
in Figure 4(b)-(c) which has the highest transition temperature
of 33.2 K and a sharp transition, similar to other reports7,8.
The variation of transition temperature with respect to the syn-
thesis temperature is shown in Figure 4(c) which clearly de-
picts a high Tc for the optimum synthesis conditions similar
to XRD data. By increasing the Tsynth above 955◦C, the su-
perconducting transition decreased very rapidly and the tran-
sition to superconducting state broadens. Furthermore, for the
sample prepared at 955◦C for longer time (17 h), the transi-
tion temperature is almost similar to the optimum sample but
the superconducting volume fraction is reduced. This may be
caused by a small amount of the impurity phases as observed
from the XRD data in Figure 2(a). On the other hand, the sam-
ple prepared at 900◦C shows a broad jump near 160 K due
to the magnetic-structural transition of non-superconducting
phase CaFe2As2

11 and a huge paramagnetic background is
also observed due to the presence of other impurity phases
(not shown here). As the synthesis temperature is increased,
the samples heated at 925◦C exhibits a marked drop at 30.3 K
in both ZFC and FC curves, indicating the occurrence of su-
perconductivity. However, the transition is very broad with
a relatively low superconducting volume fraction suggesting
the presence of the 1144 phase together with other phases, as
discussed in the previous sections.

3.3. Transport properties

Figure 5(a) shows the temperature dependence of the elec-
trical resistivity for the polycrystalline 1144 samples syn-
thesized at various temperatures Tsynth. The data reveal a
metallic normal state for all samples, similar to single crys-
tal studies3,8. The sample prepared at 900◦C does not shows

0 1 0 2 0 3 0 4 0
- 1 . 0

- 0 . 5

0 . 0

m 0 H  =  2 0  O e

Z F C

T  ( K )

4p
c

T c  =  3 3 . 2  K
T c  =  3 2 . 2  K
T c  =  3 0  K

          T s y n t h
 9 5 5 ° C ,  6 h
 9 5 5 ° C ,  1 7 h
 9 7 5 ° C ,  6 h
 9 2 5 ° C ,  6 h

T c  =  3 0 . 3  K

F C
a

9 2 0 9 4 0 9 6 0 9 8 0 1 0 0 02 7
2 8
2 9
3 0
3 1
3 2
3 3
3 4c

9 5 5 ° C ,  1 7 h

C a K F e 4 A s 4 1 0 0 0 ° C ,  6 h

9 7 5 ° C ,  6 h

9 5 5 ° C ,  6 h

9 2 5 ° C ,  6 h

 H e a t e d  t i m e :  6 h
 H e a t e d  t i m e :  1 7  h

T c 
(K

)

T s y n t h  ( ° C )

FIG. 4. (a) The temperature dependence of the magnetic suscepti-
bility of CaKFe4As4 prepared at different synthesis temperature with
zero-field-cooling (ZFC) and field-cooling (FC) in magnetic field of
µ0H = 20 Oe. (b) ZFC and FC magnetization in 20 Oe for the sample
prepared at T opt

synth. (c) The dependence of critical temperature, Tc,
versus the synthesis temperature, Tsynth, obtained from the magneti-
zation data.

the superconducting transition but has a broad jump in the re-
sistivity near 160 K that might be due to the structural tran-
sition of the impurity phase, CaFe2As2

24. For other samples,
the resistivity decreases monotonically with decreasing tem-
perature and the onset of superconducting transition occurs
between 32 to 34 K which is slightly higher than that from the
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FIG. 5. (a) Temperature dependence of the resistivity, ρ, between 4 to 300 K for the polycrystalline CaKFe4As4 samples prepared at different
Tsynth. (b) Low-temperature superconducting region of the normalized resistivity by the room temperature resistivity value is shown for all
samples. (c) Low-temperature resistivity for the CaKFe4As4 sample prepared at T opt

synth. The inset shows the resistivity up to room temperature
for the same sample. (d) The evolution of the onset transition temperature, T onsetc , and the residual resistivity ratio, RRR = ρ300K /ρ35K , with
the synthesis temperature, Tsynth.

magnetization study shown in Figure 4, due to the percolative
effects present in transport. The resistivity values of differ-
ent samples vary with Tsynth, as shown in Figure 5(d), where
higher resistivity suggest a larger concentration of impurity
phases, as mentioned in the XRD section. To compare differ-
ent samples, the resistivity data are normalized with respect to
the room temperature, as shown in Figure 5(b). We find that
the sample synthesized in optimum conditions (T opt

synth) is the
most conducting having the lowest resistivity, as compared to
the other samples. It is worth to mention that its resistivity
is smaller than that of polycrystalline CaKFe4As4 samples in
previously reports7. The remarkable reduction of the resistiv-
ity of the best 1144 sample is an evidence for a much better
grain connectivity compared to other samples.

The onset transition temperature, T onset
c , and the residual

resistivity ratio, RRR = ρ300K /ρ35K , of all samples are plot-
ted in Figure 5(d). The T onset

c reaches the maximum value
of 34 K and it has a sharp transition for the sample prepared

at T opt
synth as shown in Figure 5(c). This is a clear indication

of higher homogeneity, better grain connectivity and a phase
pure sample. On the other hand, for the samples grown in
different synthesis conditions, Tc is always lower, the transi-
tion width, ∆Tc=T onset

c -T offset
c , is wider and the resistivity

value at the room temperature (ρ300K) decrease with increas-
ing synthesis temperature, Tsynth. The maximum of RRR and
the minimum of ∆Tc for the optimum grown sample are an-
other transport signature of the high quality of this polycrys-
talline CaKFe4As4 bulk sample. Note that the RRR is 4.6
for our best sample, almost factor three smaller than the value
reported for the 1144 single crystal3,8. Furthermore, the ob-
tained Tc and RRR for the optimal 1144 polycrystalline have
similar values to that reported for the 1144 powder by Iyo et
al.7 (Tc ∼33 K and RRR ∼7), which has higher resistivity
value (∼3.5 milliohm-cm at 300 K) and low superconducting
volume fraction (∼80%).

Next we discuss the upper critical field Hc2 obtained from
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FIG. 6. (a) Temperature dependence on the resistivity measured is different magnetic fields for the best sample of CaKFe4As4 prepared at
T opt
synth. (b) The upper critical field, Hc2 (close rectangle) and the irreversibility field, Hirr , (close circle) of the same sample is determined as

the 90% and 10% of the normal state resistivity, respectively. (c) Arrhenius plot of the electrical resistivity of CaKFe4As4 in the presence of
various magnetic fields for the same sample. Black dashed lines show linear fits in the low temperature regime, reflecting thermal activation
behaviour. (d) The field dependence of the activation energy (U0/kB) for CaKFe4As4 prepared at T opt

synth. The red dashed line shows the fitting
according to a power law dependence, U0 ∼H−η .

magnetotransport studies for our best polycrystalline sample
grown in optimum conditions (T opt

synth). Figure 6(a) shows the
temperature dependence of the resistivity under various mag-
netic fields up to 16 T and the magnetic field is applied per-
pendicular to the direction of the current flow. The resistivity
curve shows a sharp transition at zero magnetic field, indi-
cating that grains maintain a good percolation path between
them. The onset transition and zero resistance temperature
exhibit a gradual shift to lower temperatures with increas-
ing magnetic field. We estimate the upper critical magnetic
field, Hc2, and the irreversibility field, Hirr, respectively as
the magnetic field at which the resistivity reaches 90% and
10% of the normal state resistivity, ρn, respectively. Based on
these parameters we construct the H-T phase diagram for the
polycrystalline CaKFe4As4, as shown in Figure 6(b). Fur-
thermore, we can estimate the zero-temperature upper crit-
ical field Hc2(0) using the Werthamer-Helfand-Hohenberg

(WHH) formula25: µ0Hc2 = −0.693 Tc (dHc2/dT) T→Tc
.

The slope of the upper critical field (µ0dHc2/dT ) is estimated
from the Hc2 versus T plots, and the value is −5.86 T K−1.
Using transition temperature Tc = 34 K, we find µ0Hc2(0) =
138 T, similar to the reported value for the single crystal3,8.
Also, the calculated irreversibility field µ0Hirr(0) is esti-
mated as 100 T for a high quality CaKFe4As4 polycrystalline
sample. This obtained Hc2 value of polycrystalline 1144
from this magneto-resistance study is almost a factor of 2
smaller than that of the previous report from the magnetiza-
tion measurements3. It suggests that grain boundaries or pores
increase the density of the pinning centers to give rise to large
upper critical fields during the magnetization measurements
of the polycrystalline 1144 sample. From the upper critical
field Hc2 one can estimate the coherence length, ξ, using Hc2

= φ0/(2πξ2), where φ0 is the flux quantum. The coherence
length is estimated to be 1.5 nm for CaKFe4As4, similar to
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the reported value for a single crystal3,8. Furthermore, this
Hc2 value of this stoichiometric CaKFe4As4 superconductor
is much higher than other stoichiometric iron-based supercon-
ductors, such as LiFeAs26.

The broadening of the resistive transitions with increasing
magnetic fields can be explained in terms of energy dissipa-
tion due to vortex motion in the mixed state. Energy is dissi-
pated whenever vortices move27. Traditionally, one can dis-
tinguish two regimes of dissipation in the mixed state: flux
creep when the pinning force dominates and flux flow when
the Lorentz force dominates. The resistive broadening is gen-
erally due to the creep of vortices which are thermally ac-
tivated. The resistivity in the thermally activated flux flow
(TAFF) regime of the flux creep is given by an Arrhenius
equation ρ = ρ0 exp[−U0/kBT], where ρ0 is the field inde-
pendent pre-exponential factor that is normal state resistivity
above the Tc, kB is Boltzmann’s constant and U0 is the TAFF
activation energy. To reveal the origin of thermally activated
ρ(T, B), we present the Arrhenius plots of representative low
resistive data as shown in Figure 6(c), where the resistivity
is plotted on a logarithmic scale (logρ) versus the inverse of
temperature (T−1). From the Arrhenius plots below Tc we
extract the activation energy U0, related to the slope of each
curve with respect to field. Figure 6(d) shows the magnetic
field dependence of the activation energy, U0, of the optimum
CaKFe4As4 sample and it displays two different regimes in
magnetic fields up to 16 T. The activation energy varies as
H−0.24 up to 7 T then follows a H−0.43 dependence in high
magnetic fields suggesting different pinning mechanisms in
low and high magnetic fields. Similar crossovers were also
observed in cuprates and other iron-based superconductors,
such as Nd1111, Sm1111 and FeSe1128–30. The weaker field
dependence of U0(H) in low fields indicates that single-vortex
pinning is dominant. When the magnetic field is increased
to a certain amount, the vortex spacing becomes significantly
smaller than the penetration depth and there is a crossover to a
collective-vortex pinning regime where the activation energy
becomes strongly dependent on the field above 7 T, as the col-
lective creep is dominant. The weaker field dependence of
U0 in the single-vortex pinning causes the larger value of U0.
However, in the high field region U0 tends to decrease faster
than with field. Furthermore, the range of U0 is much smaller
than that reported for single crystal of iron-based supercon-
ductors, indicating a lower pinning force for this 1144 poly-
crystalline sample, as compared with single crystals, which in
turn, will affect the values of the critical current densities31–33.

3.4. Critical current properties

The critical current density, Jc, is extracted from the
isothermal superconducting hysteresis loops, M-H, at 2 K up
to 16 T for all 1144 samples prepared at different Tsynth. Fig-
ure 7(a) shows the M-H loops measured at different tempera-
tures below the critical temperature for the optimum sample.
We have not observe the fishtail effect, as found for single
crystals3. Although the origin of the fishtail effect is not fully
explained, however, it is commonly associated with an order-

FIG. 7. (a) M-H loops of the polycrystalline sample of CaKFe4As4
prepared in optimum conditions (T opt

synth) measured inside the super-
conducting state. (b) The field dependence of the critical current
density, Jc, at 2 K for different samples heated at Tsynth. (c) The
variation of the critical current density, Jc, with respect to the mag-
netic field for our best 1144 sample (pristine) prepared at T opt

synth.

disorder transition3. However, in a polycrystalline sample as
compared with single crystals, the distribution of grain sizes
as well as the grain boundaries are likely to smear out any
features normally seen in single crystal samples, as found in
many iron-based superconductors3,34. Furthermore, the pin-
ning energy of vortices in the polycrystalline sample is very
low and does not exceed the elastic energy in the entire field
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FIG. 8. (a) Powder X-ray diffraction patterns of the optimum sample of CaKFe4As4 (pristine)) (T opt
synth) annealed at different temperatures. (b)

The temperature dependence of the normalized magnetization for the sample post-annealed at 600◦C and 900◦C.

range in the mixed state, and this may affect also the order-
disorder transition3.

An estimation of the critical current density was carried
out assuming a homogeneous current flows within the sam-
ple using Bean model35 with Jc = 20∆M/a(a-a/3b), where a
(cm) and b (cm) are dimensions of the samples with a < b
and ∆M is the variation in magnetization when sweeping the
fields down and up for the same magnetic field. The calculated
Jc for and the field dependence of Jc for samples prepared at
different synthesis temperature are shown in Figure 7(b). We
find higher Jc values for the optimum sample compared to the
values for the other samples being also similar to that reported
value for 1144 wires and tapes14,15. The field dependence of
Jc behaviour for all samples is similar, decreasing rapidly at
low fields but becoming weakly field dependent at high fields.
As the highest values of Jc is obtained for 1144 sample pre-
pared in optimum synthesis conditions (T opt

synth), it suggests
that this sample has better grain connectivity and quality com-
pared to other samples, as also observed in the resistivity data
in Figure 5(a). The field dependence of the calculated Jc for
this sample at various temperatures is shown in Figure 7(c).
It is clear that the Jc value at 2 K is larger than 104 A/cm2

even at 5 T, and improved compared with other 1144 polycrys-
talline samples3. Such a large value has also been observed in
other polycrystalline sample of iron-based superconductors5

and it is much larger than that observed in specifically pro-
cessed C-doped MgB2

36.

3.5. Post-annealing effects

Our findings discussed above clearly emphasise that the
1144 phase is strongly dependent on preparation conditions
and the reaction temperatures. Hence, we have also stud-
ied the post-annealing effect of samples prepared in optimum

conditions to check the stability of the 1144 phase. The sam-
ples are annealed at temperatures ranging from 500 to 900◦C
for a very short time of ∼ 1 h and the powder diffraction of
two samples compared with the pristine sample prepared at
T opt

synth is shown in Figure 8(a). The impurity phases, such as
CaFe2As2 and KFe2As2, are present in the sample annealed
at 900◦C for 1 h, similar to the initial synthesis process, but
the volume fraction of the impurity phases is smaller as the an-
nealing temperature is reduced. For example, the 1144 sample
annealed at 600◦C has very small peaks of impurity phases
whereas the sample annealed at 500◦C has similar patterns to
the pristine 1144 as no impurity phases were observed. Small
changes in the lattice parameters are observed for the samples
annealed at high temperatures, as shown in the Table I. To as-
sess the annealing effect on the superconducting critical tem-
perature Tc, the temperature dependence of the normalized
magnetic moment for post-annealed 1144 samples is com-
pared with the pristine sample, as shown in Figure 8(b). The
onset transition temperature for the annealed sample at 900◦C
∼ is 34.1 K which is slightly higher than that of the pristine
sample. Normally, the annealing of the polycrystalline sample
at higher temperatures can lead to larger grain size and im-
provement in intragranular superconducting properties5,37,38,
in particular the critical current. Furthermore, higher anneal-
ing temperature can slightly alter the stoichiometry of the ma-
terial and lead to the formation of impurity phases2,20,26. As
observed here, the higher temperature used for annealing is
likely to degrade the homogeneity of the material and cre-
ate additional impurity phases as shown in Figure 8 (a). So,
the observed slightly higher Tc can be possible due to the
small improvement of the grain size37,38 or slightly change in
stoichiometry5,26,39. However, the shape of the ZFC suscep-
tibility for the post-annealed 1144 at 900◦C shows two step
transitions in Figure 8 (b), much broader in comparison with
the pristine sample. This two-step transition is likely to be



10

FIG. 9. (a) The magnetic field dependence of remanent magnetiza-
tion, MR and (b) The derivatives of remanent magnetization with
respect to applied magnetic field at 5 K for an optimum sample of
CaKFe4As4 prepared at T opt

synth. MR data are normalized by their
respective sample masses of 5.7 mg.

caused by the 1144 phase and the impurity phase KFe2As2

which shows a superconducting transition below∼5 K22. Our
post-annealing study suggests that the optimum samples start
to degrade when annealed above 500◦C but below this tem-
perature the 1144 phase is stable.

3.6. Granular nature

Polycrystalline samples contain a distribution of grains and
grain boundaries. These grain boundaries form a network
which must be crossed by the supercurrent as it passes through
the superconductor. To understand the behaviour of inter-
and intra-granular current density, we investigate the rema-
nent magnetization, MR, as a function of increasing applied
field for the pure bulk CaKFe4As4 sample at 5 K, as shown in

Figure 9(a)-(b). When a magnetic field is applied, the flux en-
ters into intergranular regions followed by grain penetration
above the lower critical field. The MR for the bulk sample
shows two separate steps, similar to that of other iron based
superconductors2,40. This is better visualized as two sepa-
rate peaks in the derivative of the remanent magnetization,
shown in Figure 9(b), specific to granular superconducting
samples34. Generally, the first peak at lower fields is related
to the breakdown of intergranular shielding characteristics of
the individual grains and grain boundaries and strongly de-
pends on the sample size. In this regime, the MR magnitude
reflects the local current densities multiplied by the loop over
which the supercurrent is flowing17,26,34,40. On the other hand,
the peak at the higher field is related to the breakdown of in-
tragranular shielding currents of intrinsic nature correspond-
ing to the superconducting state of the individual grains. Fig-
ure 9(b) shows that the intergrain peaks are located at 2.3 mT
at 5 K, as the magnetic granularity becomes progressively less
visible at higher temperatures and there is a better intergrain
coupling at lower temperatures. The field dependence of the
remanent magnetization can be used to calculate the intergrain
current as J i

c = 20 x (2 MR) /(a - a2/3b) using the extended
Bean model, as discussed in detail in Refs. 2, 20, and 40.
Here, 2MR corresponds to the width of the magnetization hys-
teresis loop at self field, H ∼ 0 Oe, and a and b are length and
width of bar shaped sample (a < b). We find that the cal-
culated intergrain current, J i

c value is ∼ 5.89 x 102 A/cm2 at
5 K, much smaller that the values of the total critical current
shown in Fig. 7(b).

The intergrain Jc is generally affected by the weak-link
between grains and strongly decreases with the application
of the magnetic field18,19,26. Microstructure of the polycrys-
talline samples is normally responsible for the weak-links be-
tween grains and the main obstacle for current blocking are
the presence of cracks, impurity phases at the grain bound-
aries, phase inhomogeneity and the misorientation angle of
grain boundaries.17,34. We expect that the 1144 are very sim-
ilar to the 122 phases, which have larger grain boundary an-
gle (up to 10 degree)17,34 compared with cuprates41. Further-
more, anisotropy of CaKFe4As4 is significantly suppressed
at low temperatures, as revealed by our recent upper critical
field studies42. The sample inhomogeneity can arise during
cooling from the melt due to the details of the phase diagram,
i.e. from thermodynamic and/or kinetic effects, but also can
be produced via the intentional introduction of dopant atoms
into the host lattice. In this study we are dealing with a stoi-
chiometric superconductor CaKFe4As4 and its microstructure
and compositional analysis along with X-ray diffraction sug-
gest a rather homogeneous and almost clean phase in the poly-
crystalline samples prepared in optimum conditions. Here the
mechanisms responsible for current blocking could be related
to the observation of micro and nano pores. The observed
pores in 1144 sample may form as a result of thermal stress
during the sample preparation due to the quench cooling pro-
cess. In order to reduce the presence of micro-pores, one
needs to optimize the best cooling process for these samples
during the synthesis process. As above mentioned, we had
tried to cool down the optimal sample to room temperature
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after the reaction with very slow rate but the impurity phases
such as CaFe2As2 and KFe2As2 were observed. The inter-
grain Jc of 5.89 x 102 A/cm2 at 5 K is very low, despite the
chemical homogeneity and the dense and clean phase, due to
weak conducting links caused by the presence of micro-pores
lying between grains that significantly reduces the current
paths. Possible routes to enhance the intergrain Jc is via the
optimization of heating patterns, metal additions like tin or sil-
ver, the densification by high pressure synthesis as well as sin-
tering under ambient pressure or hot isostatic pressing (HIP),
and the formation of a c-axis grain aligned microstructure17,34.
Recently, superconducting wires and tapes of 1144 show the
transport Jc values up to 105 A-cm−214,15 at the low temper-
ature. These wires were prepared by the hot isostatic press-
ing (HIP) method which can reduce the formation of pores
and lead to well-connected grains at low temperatures, de-
spite the presence of impurity phases in both the polycrys-
talline powder and the core of the wire. This suggests that to
achieve enhanced Jc values towards those reported for single
crystals3, not only the phase purity but also grain connectiv-
ity and grain orientation play very important roles. Our op-
timum 1144 samples show a clean and homogeneous phase
but the grain connectivity needs to be significantly improved
to enhance the intergrain Jc. Further studies will be needed to
understand and reduce the effect of pores and improvement of
grain connectivity in polycrystalline CaKFe4As4 to increase
its critical current density.

3.7. Synthesis phase diagram

To summarize the main findings of our study, we present a
synthesis phase diagram for this stoichiometric CaKFe4As4.
Figure 10 shows the superconducting transition temperature
Tc and the critical current density Jc as a function of the
synthesis temperature, Tsynth, indicating the formation region
of pure 1144 phase. The 1144 sample prepared at 975◦C has
a mixed phase of CaFe2As2 and CaKFe4As4 with very small
amounts of KFe2As2. However, as the growth temperature
increases, CaFe2As2 becomes the majority phase, similar
to a previous report43. These results clearly depict that
above 960◦C, the 1144 phase transforms into the CaFe2As2

phase with very small amount of KFe2As2 phase and the
superconducting properties were suppressed.

Figure 10 indicates that a pure 1144 phase is dominant as
the system is prepared around 960◦C. The pure stable phase is
obtained around 955◦C and Tc and Jc reach the maximum val-
ues. Interestingly, the 1144 prepared below 940◦C becomes
again a mixed phase of 122 and 1144 and KFe2As2 phase is
dominant with lowering the temperature (around 900◦C or be-
low). We observe that CaFe2As2 appear as a main phase at
the higher temperature above 1000◦C whereas KFe2As2 be-
come a main phase at temperature below 900◦C. These re-
sults are also similar to the previous report22 where the opti-
mum synthesis temperature is 900◦C for KFe2As2 phase. Yi
et al.43 suggest that CaFe2As2 decomposes or melts at very
high temperature and this could be possible in our case also
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FIG. 10. Synthesis phase diagram for the polycrystalline
CaKFe4As4. The evolution of the critical temperature, Tc, (left) and
the critical current density, Jc, (right) estimated at 2 K as a function
of the synthesis temperature, Tsynth. The dash-dotted red lines are
guide for the eye to show the optimal synthesis region.

that CaFe2As2 decomposes into CaFe4As3 and other phases
at higher temperature ( 1000◦C). The reported phase diagram
for the single crystal growth of CaKFe4As4

13 is in good agree-
ment with our findings and it suggests that there is a small
temperature window for the growth of the 1144 phase. We
also find that the prepared pure 1144 phase further decom-
poses into the 122 phases during the re-sintering process at
above 500◦C and by increasing the sintering time at the opti-
mum temperature (955◦C).
The present study emphasizes the role of phase purity on the
superconducting properties of 1144. Besides this important
element, grain size and grain connectivity are another impor-
tant factor to the improvement of critical current densities34.
Other pnictide superconductors, such as the 122 family1,5,6,
have a larger thermodynamically stable regime of 122 phase
formation and annealing processes that improve the grain
boundaries and lead to the enhancement of the superconduct-
ing properties5,17,44. However, 1144 phase has a very narrow
synthesis window and they are prone to phase separation into
CaFe2As2 and KFe2As2. The obtained pristine sample has
a clean and homogeneous 1144 phase but due to weak grain
boundaries, the obtained the critical current density is very
low, as compared with the values found in single crystals3

and, in wire and tape14,15. However, this synthesis method is
suitable for the preparation of high quality and large amounts
of powder 1144 that is generally needed for the fabrication
of wires and tapes. Further improvement of grains and grain
boundaries in 1144 system requires, besides high quality start-
ing material, advanced processing techniques, such as high
impact ball milling, high pressure synthesis4,17,44.
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4. CONCLUSIONS

In summary, CaKFe4As4 polycrystalline samples have
been synthesized in a wide synthesis temperature range (900-
1100◦C) by the solid state reaction method and characterized
by magnetic and transport measurements. Our results indi-
cate that 1144 phase is sensitive with respect to the synthesis
temperature and time. Various characterization methods in-
dicate that the optimum superconducting properties with the
largest critical current densities, low resistivity values, sharp
superconducting transition, large residual resistivity ratio are
obtained when synthesizing at a temperature of 955◦C for
6 h (T opt

synth). This optimum synthesis conditions lead to the
formation of a phase pure polycrystalline samples and small
temperature differences of 20-25◦C generates impurity phases
in the form of 122 phases. A microstructural investigation
and critical current densities values of the optimum sample
revealed that superconducting grains have a disc shape and

better grain connectivity compared to other synthesis condi-
tions. The remanent magnetization study demonstrates the
coupled effect of inter- and intragranular behaviour due to the
origin of weak Josephson coupling between grains and con-
firms the granular nature of this 1144 compound similar to
other iron-based superconductors. The synthesis phase dia-
gram is in good agreement with that reported for single crys-
tals of 1144. Our study provides the details of a promising
synthesis route to develop high quality polycrystalline sam-
ples in order to help the development and the fabrication of
the tapes and wires of this promising material.
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