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Single-crystalline CaFe,As, and (Ca,_,Na,)Fe,As, polycrystals (0 < x < 0.66) are synthesized and charac-
terized using structural, magnetic, electronic transport, and heat capacity measurements. These measurements
show that the structural/magnetic phase transition in CaFe,As, at 165 K is monotonically suppressed by the
Na doping and that superconductivity can be realized over a wide doping region. For 0.3 < x < 0.36, the
magnetic susceptibilities indicate the possible coexistence of the spin density wave (SDW) and superconductivity.
Superconducting phases corresponding to the Na doping level in (Ca;_,Na,)Fe,As, for nominal x = 0.36, 0.4,
0.5, 0.6, and 0.66, with Tc = 17, 19, 22, 33, and 34 K, respectively, are identified. The effects of the magnetic
field on the superconductivity transitions for x = 0.66 samples are studied from which high upper critical fields
H:, ~ 103 T is deduced. A phase diagram of the SDW and superconductivity as a function of the doping level is

thus presented.

DOL: 10.1103/PhysRevB.84.184534

I. INTRODUCTION

With the discovery of FeAs-based LaFeAsO,_F, super-
conductors having a superconductivity transition temperature
(Tc)of 26 K, aseries of “1111-”“122-“111-," or “1 1”-type
pnictide superconductors, together with Fe-chalcogenide ones,
was synthesized.>” The superconductivities of Fe pnictides
were developed, similarly to those of high-T ¢ cuprates, from
a magnetically ordered parent state.'®"'> Among the afore-
mentioned materials, the “122”-type systems were extensively
studied because of their relative stability in air and capability
to grow large-sized single crystals.

The alkaline earth-based AFe, As, (where A is Ca, Sr, or Ba)
is a typical “122” parent compound. BaFe;As,, with its tetrag-
onal ThCr,Si,-type structure, exhibits a spin-density wave
(SDW) anomaly at 140 K and undergoes a structural transition,
with the space-group symmetry changing from tetragonal
(I4/mmm) to orthorhombic (Fmmm).% %7 Similar anomalies
were observed in CaFe,As, at 165 K!® and SrFe,As, at
198 K,'* which exhibit strong Fermi surface nesting between
hole and electron pockets. Their size mismatch, which is
induced by the electron or hole doping, weakens the nesting
effects.?®3* Therefore, the K doping at the Ba or Sr site
can monotonically suppress the structural/magnetic phase
transition and induce superconductivity over a certain region
of the system, with T¢ = 38 and 35 K for the optimal doping
of (BagsKo4)FesAs,;® and (Srp¢Ko4)FesAs,,'° respectively.
For CaFe,As;, the chemical doping at the Ca site results
in a superconductivity transition with a Tc¢ of ~26 K¢ for
Cag¢Nag 4FesAs, or 20 K'® for Cay sNag sFe,As. A T'c higher
than 33 K was recently observed for (Cag33Nag¢s)FerAs;.
This higher Tc is due to the higher Na content with the two-
thirds Na doping at the Ca site.!” At SDW temperature, resis-
tivity increase is observed in CaFe,As,,'? whereas a resistivity
decrease is observed in BaFe,As,® and SrFe,As,.3! Moreover,
the lower Tc (~10 K) and the sensitivity of Cal22 under
pressure (2.3 to 8.6 kbar)'? are quite different from those of
the BaFe; As, and SrFe; As,, which exhibit a superconductivity
of up to 29 K between 28 and 60 kbar.>>” A pressure-induced
tetragonal-to-tetragonal structure phase transition was also
observed in Cal22 at above 0.35 GPa at 50 K.2® Therefore,
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Cal22 is somehow different from Bal22 or Sr122. The current
paper compares the temperature-composition phase diagrams
of the (Ca;_.Na,)Fe,As, with those of the (Ba;_,K,)Fe,As,
system based on the magnetization and electrical transport
measurements. An overlapping composition region where
SDW and superconductivity may coexist was observed in
0.3 < x < 0.36 for (Caj.Na,)Fe,As,. Three distinct su-
perconducting phases in (Ca;_,Na,)Fe,As, were identified
for x = 0.36, 0.5, and 0.66 at Tc = 17, 22, and 34 K,
respectively, and the heat capacities in these three phases were
compared.

II. EXPERIMENTAL

High-quality CaFe;As, single crystals were grown with
FeAs as flux.'® Shiny platelike CaFe,As, crystals, with typical
dimensions of approximately 3 x 2 x 0.05 mm?®, were ob-
tained. The (Ca;_Na,)Fe,As; polycrystals were synthesized
using the solid-state reaction method. In the current paper, the
use of CaAs or NazAs precursors instead of Ca or Na elements
is proposed to achieve a homogenous reaction with increased
Na contents, considering that alkaline or alkaline earth metals
are very volatile at high temperatures. The synthesis of CaAs,
NazAs, and FeAs was described in an earlier paper.'® The
starting materials, namely, CaAs, NasAs, FeAs, and high-
purity Fe powders, were mixed according to the nominal
composition of (Ca;,Na,)Fe,As,. The mixture was sealed
inside an evacuated titanium tube that is, in turn, sealed inside
an evacuated quartz tube. The mixture was heated until 800 °C
at 3°C/min. Then, the temperature was maintained for 30
h before it was slowly decreased to room temperature at
a rate of 2°C/min. Samples were characterized via x-ray
powder diffraction with a Philips X’pert diffractometer using
CuK,; radiation. Diffraction data were collected with 0.02°
step width and 15 s/step, and the Rietveld analysis was
performed using the General Structure Analysis System pro-
gram software package.’> The dc magnetic susceptibility was
characterized using a superconducting quantum interference
device magnetometer (Quantum Design, Inc.), whereas the
electric conductivity and the specific heat were measured

©2011 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.84.184534

ZHAO, LIU, WANG, DENG, LV, ZHU, LI, AND JIN

PHYSICAL REVIEW B 84, 184534 (2011)

. T . T T . . . . 20000 T '§ T T T T T T T T T T
100000 4 002 (Ca‘\-xNax)FezASZ (a) _ F A (b) B
o 114 x=0.66 16000 cares,
011 M2 2020000 54116 01F0g 1252 ] %X obs i
80000 A | 206 cal
M { . o b = 0 —— obs-cal
g 1 x=0.5 ] § 12000 Rwp=6.16%, Rp=3.74%. -
S 60000 ‘ P k)
= .,JL L ) JU 04 ] =
7} ] _ 4 ‘®
E x=0.36 E 8000 ¥
< 40000+ __‘_)L___J h x=0.3 £
1 | , . x=0.2 ]
b A AN e ] 4000 -
20000 ] x=0.1
) A \ |8 M .
] =0 1
0 _JL__T__A IJL_J\ . be . A o
o 20 % 4 s e 70 20 40 60 80 100 120
20(Dea) 20(Dea)
20000 T T T i T T T i T 'ig T T T T T T
x () 4~ % (d) |
20000 Ca  Na FeAs,
16000 « Cao.GANao.ssFezAsz - % obs
o X obs 16000 4 cal _
g cal 0 obs-cal
5 12000 4 % obs-cal < % Rwp=7.16%, Rp=4.36%
S X Rwp=6.81%, Rp=4.33% S
g S
= £
0 T T T T

: : : : I : I
20 40 60 80 100 120
20(Dea)

: : : : T : T
20 40 60 80 100 120
20(Dea)

FIG. 1. (Color online) (a) X-ray diffractions of the (Ca,,Na,)Fe,As, polycrystals for x = 0, 0.1, 0.2, 0.3, 0.36, 0.4, 0.5, 0.6, and 0.66.
(b) Rietveld refinements of the x-ray diffractions of the CaFe,As, polycrystals with space group I4/mmm resulting in @ = 3.8907 A and ¢ =
11.7212 A with Ry, = 6.16% and Rp = 3.74%, respectively. (c) Rietveld refinements of the x-ray diffractions of the (Cage4Nag 36)FerAsy
polycrystals with space group I4/mmm resulting in a = 3.8590 A and ¢ = 12.0155 A with Ryp = 6.81% and Rp = 4.33%, respectively.
(d) Rietveld refinements of the x-ray diffractions of the (CagsNags)Fe,As, polycrystals with space group I4/mmm resulting in a = 3.8510 A

and ¢ = 12.0874 A with Ry, =7.14% and Rp = 4.35%, respectively.

using the standard four-probe method with a physical property
measuring system.

III. RESULTS AND DISCUSSIONS

Fig. 1(a) shows the x-ray diffraction patterns of the samples
with the nominal composition (Ca;_,Na,)Fe,As, for x = 0,
0.1, 0.2, 0.3, 0.36, 0.4, 0.5, 0.6, and 0.66, respectively. Each
peak is labeled with the corresponding crystal face index (hkl),
which indicates the single-phase nature. The x-ray diffraction
patterns with a wide 26 range (10 to 135) were collected for the
structure refinements, and the least-squares method was used
to determine the lattice parameters of all polycrystalline sam-
ples. Figs. 1(b)-1(d) show the detailed structures of CaFe,As,,
(Cag ¢4Nag36)FerAsy, and (CagsNags)FepAsy, respectively,
obtained using the Rietveld refinement method. The results
indicate a ThCr,Si, structure with space group /4/mmm and
a tetragonal lattice. Table I lists the crystallographic data
of (Ca;,Na,)Fe,As, for x = 0, 0.36, 0.5, and 0.66," and
(Ba,.K,)Fe,As, for x = 0,0.4.°

Given the nature of hole doping and the larger ionic radius
of Nat! (1.18 A) than that of Cat? (1.12 A),21% the g-axis
shrunk and the c-axis expanded, in relation to the parent
compound CaFe;As,. Moreover, the lattice parameters and
volume monotonically changed with increasing the Na doping
level, as shown in Fig. 2. Some samples were analyzed
using the energy dispersive x-ray fluorescence spectrometer
analysis, and the results agree with that of the nominal x.
For (Cag34Nag ¢6)FesAs;, the atomic ratio of Na/(Na + Ca)
is 0.66(3). This result is confirmed by the linear dependence
of the lattice parameter on the nominal x following Vegard’s
law.

Figure 3(a) shows the temperature-dependent magnetic
susceptibility curves of (Ca;_,Na,)Fe,As, for x = 0, 0.1,
0.2, and 0.3 with a magnetic field of H = 5 T. The SDW
anomaly of the CaFe,As, single crystal appeared at 165 K
in the H //ab plane. As the temperature decreased, the mag-
netic susceptibility of the polycrystal slowly reduced until a
certain temperature. Below this temperature, the susceptibility
showed a Curie-Weiss-like behavior, increasing rapidly with
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TABLE I. Crystallographic data of (Ca,,Na,)Fe,As, (x = 0,
0.36, 0.5, and 0.66) and (Ba,_,K,)Fe,As, (x = 0 and 0.4°).

(Ca;.,Na,)Fe,As; (Ba;K,)Fe,As,

300 K (x =0, 0.36, 0.5, 0.66) (x = 0,0.4"
Atomic sites
Ca (Ba) 2a (0, 0, 0) 2a(0,0,0)
Fe 4d (0.25,0,0.5) 4d (0.25, 0, 0.5)
As 4e (0, 0, 0.3658/ 4e (0, 0, 0.3545/0.3538)
0.3645/0.3645/0.3648)
Average bond lengths (in angstroms)
Ca(Ba)-As 3.169/3.178/3.180/3.178 3.382/3.384
Fe-As 2.372/2.370/2.373/2.377 2.403/2.396
Fe-Fe 2.751/2.729/2.725/2.716 2.802/2.770
Average bond angles (in degrees)
As-Fe-As (2)110.19/109.02/108.58/107.77 111.1/109.7
As-Fe-As () 109.11/109.70/109.92110.33 108.7/109.4
Anion height 1.357/1.376/1.384/1.401 1.359/1.379

from Fe layer
(in angstroms)

temperature decrease. The susceptibility transformation was
attributed to the occurrence of tetragonal-to-orthorhombic and
SDW transitions with 7's = 150, 135, and 120 K for x =
0.1, 0.2, and 0.3, respectively. As a result, the Na doping at
the Ca site monotonously suppressed the SDW and finally
induced superconductivity over a certain doping region. The
suppression is very similar to the behavior observed in the
(Bay.,K,)Fe,As, system.'> Furthermore, a structural and mag-
netic transition split was observed in the Ba(Fe; ,Co,),As;
single crystals.*”*® In the d(R(T)/R(200 K))/dT versus T
plot of (CaggNay 1 )Fe, As, in Fig. 3(b), abulge can be observed
around 150 K, which is consistent with the magnetic transition
temperature. However, we cannot determine the structural and
magnetic transition split in the polycrystalline samples. Further
studies involving neutrons, low-temperature x-ray diffraction,
and single crystals are required to investigate the transition
split in (Ca;_Na,)Fe,As;.
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FIG. 2. (Color online) Lattice parameters and volumes of the
(Ca;.,Na,)Fe,As, polycrystals for x =0, 0.1, 0.2, 0.3, 0.36, 0.4, 0.5,
0.6, and 0.66, respectively.
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In Fig. 3(c), the susceptibility transformations attributed to
the SDWs in (CagggNag 3)Fe, As; and (Cag g7Nag 33)FesAs,y
can be observed at 65 and 50 K below 5 T. With a zero-field
cooling (ZFC) signal at 30 Oe, the superconductivities can
be observed at 14 and 15 K, respectively. Given the SDW
transitions and the superconductivities in (Cag ggNag 32)Fe, Asy
and (Cag¢7Nag 33)FesAsp;, SDW and superconductivity may
therefore coexist in (Ca;.,Na,)Fe,As; in the region of 0.3 <
x < 0.36. The (Ba,..K,)Fe,As, system' exhibits a similar
phenomenon in the region of 0.2 < x < 0.4. Moreover,
the SDW anomaly in the (Ba;.K,)Fe,As, system occurs
at about 140 K and is fully suppressed for x ~ 0.4.1> The
SDW temperatures of (Ca;_Na,)Fe, As, and (Ba;_, K, )Fe,As,
are different, but they entirely disappear for x =~ 0.36 and
0.4, respectively. This phenomenon is attributed to the Fermi
surface structure of 122-type parent compounds. The hole
pockets at the I" point and the same-size electron pockets at the
M point in the Brillouin zone cause the SDW-type instability
via strong interband nesting effects.®** In Na or K doping,
the hole pockets expand, whereas the electron pockets shrink,
resulting in a mismatch between the two kinds of pockets
and the destruction of the interband nesting. Therefore, carrier
density, as well as the Fermi surface size mismatch, plays
a crucial role in suppressing the SDW anomaly in the two
systems. In addition, phase separation is one possible cause of
the SDW and superconductivity coexistence in a macroscopic
scale. This possibility cannot be excluded based on the
current experiment. In Ref. 15, for (Ba;_, K, )Fe,As,, the phase
separation is excluded from the high-resolution synchrotron
x-ray experiment with A = 0.1067 A because there is no peak
split. However, in Ref. 39, a mesoscopic phase separation
is observed using a Magnetic Force Microscope and muon
spin rotation (..SR). Further investigation is needed to confirm
the occurrence of phase separation in (Ca,;.,Na, )Fe,As, using
microscopic analysis.

In Fig. 3(d), both ZFC and field cooling (FC) signals at 30
Oe indicate a superconductivity transition at 17, 19, 22, 33,
and 34 K for x = 0.36, 0.4, 0.5, 0.6, and 0.66, respectively.
Large superconducting volume fractions can be estimated
from the FC signals, particularly for (Cap4Nag¢)Fe,As, and
(Cag34Nag 6)Fer Asy, with a 35% superconducting volume
fraction, which indicates the bulk superconducting nature of
the samples. Moreover, the magnetic susceptibility evolutions
for the x =0.36 and x = 0.66 samples are different. For the x =
0.36 sample, the susceptibility monotonically decreases after
the superconductivity transition. This result is the same as that
of the authors of Ref. 36, who observed the superconductivity
in (Ca,Na)Fe,As, with low Na doping. Their M(T) curves
were also broad. This observation seems common for Cal22
with low Na doping partly because the inhomogeneity at low
Na doping induces a broad transition.

The electronic transport measurement in Fig. 4(a) also
indicates a transition at the superconducting temperature for
the three distinct superconducting phases corresponding to x =
0.36, 0.5, and 0.66. This transition can be determined from
the onset of the magnetic and resistivity curve transitions,
as shown in the inset of Fig. 4(a). The samples display a
behavior similar to that of a metal at normal states with
the ratios of residual resistance (RRRs) at 10, 18, and
30, respectively. Here, RRR = Rj3g0x/Ro, Where R3px is
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FIG. 3. (Color online) (a) Temperature-dependent magnetic susceptibility curves of the CaFe,As, single crystal for H//ab and the
(Ca;.Na,)Fe,As, for x = 0.1, 0.2, and 0.3 with a magnetic field of H = 5 T. (upper inset) Enlarged magnetic susceptibility curves
around 135 K. (b) R(T)/R(200 K) versus T of (CapgNag)Fe,As,. (inset) d(R(T)/R(200 K))/dT versus T. (c) Temperature-dependent
magnetic susceptibility curves of the (Cag¢sNag 32)FeyAs, and (Cag 67Nay 33)Fe, As, with a magnetic field of H = 5 T. (lower inset) Magnetic
susceptibilities [ x (7)] of the (Cag¢sNag32)Fe,As, and (Cag67Nag 33)Fe, As, measured in a magnetic field H = 30 Oe with both ZFC and FC
modes. (d) Magnetic susceptibilities [x(7")] of the (Ca;.,Na,)Fe,As, for x = 0.36, 0.4, 0.5, 0.6, and 0.66 measured in a magnetic field H =

30 Oe with both ZFC and FC modes.

the resistivity at 300 K, and Ry is the residual resistivity
presumably extracted from T = 0 K. Fig. 4(b) shows the effects
of the magnetic field on the superconductivity transition for
x = 0.66 phases. The upper critical field H, is determined
using the middle point of the superconductivity transition.
The slope of the curve at dH./dTly—7, is —4.49 T/K.
Taking 34 K as 7., based on the Werthdamer-Helfand-
Hohenberg formula?> of H,(0) = —0.693(dH.,/dT)T,,
the upper critical fields are calculated as 106 T for the
x = 0.66 phases. The upper critical fields of the x =
0.66 polycrystal are comparable with those of the x = 0.66
single crystal,19 indicating dH., /dT | 7=, slopes of —3.73 and
—7.53 T/K for H5(0) and Hé‘zb(O) and, consequently, 85 and
172 T for HS(0) and H¥(0), respectively.

The specific-heat capacities of the polycrystalline samples
with x = 0.36, 0.5, and 0.66, respectively, are measured
to further investigate the superconducting properties of the
(Caj_yNa,)Fe,As; system. In the normal state, the specific
heat of a sample includes the electron Cg and phone Cpy

contributions. At low temperatures, Ce; = y T and Cpp, = T3.
A second term of the harmonic-lattice approximation is used
to improve the reliability at higher temperatures. Hence, Cn
can be expressed as follows:

Cn=Cq+Cpn=yT + BT +nT°.

The data are fitted with Cn in a narrow region above T'c
to determine the parameters. Then, AC(C-Cn)/T is plotted
versus Tc. In Fig. 5(a), no obvious jump is observed for
C(T) between the 0 and 5 T magnetic fields, but a curvature
change exists in the AC/T curve of the x = 0.36 sample
around the transition temperature. This curvature change is
attributed to the low superfluid density?} and is similar to
that of LaO;. F,FeAs**? with Tc = 26 K. A heat-capacity
difference between the C(T') curve in the O- to 5-T magnetic
field, and the peak of the AC /T curve around 22 K is observed
for the x = 0.5 sample in Fig. 5(b). Its maximum value is
AC/T =~ 20 mJ/(mol K?). As seen in (BagsKq.s)FeaAsy, 2
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FIG. 4. (Color online) (a) Temperature-dependent electrical re-
sistivity curves of the (Ca;_,Na,)Fe,As, for x = 0.36, 0.5, and 0.66.
(upper inset) R(T)/R(300 K) and d(R(T)/R(300 K))/dT versus T
for (Cag34Nag ¢6)Fe, As, around T c. (b) Effects of the magnetic field
on the superconductivity transition of the (Cag_34Nag ¢s)Fe,As, with
H=1,3,5and9T.

Fig. 5(c) shows a clear jump at 34 K for the x = 0.66 sample.
The jump is relatively sharp, and the value at its maximum is
AC/T =~ 66 mJ/(mol K?).

A two-thirds Na doping at the Ca site is the limit to obtain
a single phase in the current experiment. The nominal carrier
densities for (Ca;_,Na,)Fe,As, with x = 0.36, 0.5, and 0.66
are 0.18/Fe, 0.25/Fe, and 0.33/Fe, respectively. Compared
with the samples with x = 0.36 and 0.5, the sample with x =
0.66 shows a higher Tc and a sharper superconductivity
transition.

However, this case is not similar to that of the
(Ba;..K,)Fe,As; system, where an optimal doping level of
x = 0.4 with Tc = 38 K exists and the transition temperature
decreases with higher doping levels. In Table I, as the Na
doping increases from x = 0 to x = 0.66, As-Fe-As («)
decreases from 110.19 to 107.766 and As-Fe-As (8) increases
from 109.11 to 110.331. The evolution of the FeAs tetrahedron
in (Caj;.Na,)Fe,As, has the same trend as that of the
(Ba;.,K,)Fe,As, system.32 Meanwhile, the anion height of
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FIG. 5. (Color online) (a) Temperature-dependent specific heat

of the (Cagg¢4Nagsc)FesAsy with H = 0 and 5 T. (upper inset)
AC(C-Cn)/T versus Tc. (b) Temperature-dependent specific heat
of the (CagsNags)Fe,As, with H 0 and 5 T. (upper inset)
AC(C-Cn)/T versus Tc. (c) Temperature-dependent specific heat
of the (Cag34Nagge)Fe,As, with H = 0 and 5 T. (upper inset)
AC(C-Cn)/T versus Tc.
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FIG. 6. (Color online) Phase diagrams of the (Ca,,Na,)Fe;As,
system. T ¢ denotes the superconductivity transition temperature, and
T's represents the structural and magnetic transitions.

the Fe plane changes from 1.357 A of CaFe,As, to 1.401 A
of (Cag34Nag¢5)FerAs,. This change is consistent with the
value change from 1.359 A of BaFe,As, to 1.379 A of
(Bag Ko 4)FesAs,. In (Bag Ko 4)Fes As,, the FeAs tetrahedron
is almost regular and the anion height is 1.38 A, which is
recommended in Ref. 29 as the ideal empirical distance for
high Tc. These results explain the x = 0.4 optimal doping
level in the (Ba;_,K,)Fe;As; system.

These differences may be caused by the structure details
of the two compounds, that is, Ca 122 is more sensitive
to pressure’®?’ or doping change. In fact, the supercon-
ductivity of Fe-based superconductors is very dependent
on doping.>® Furthermore, pressure and chemical doping
have similar effects on the structure distortions of BaFe,As,
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superconductors,” implying that a higher T'c could be stabi-
lized under pressure in (Cag 34Nag g6)Fe, As;.

The temperature-composition phase diagrams of the
(Ca;,Na,)Fe,As, system in a wide Na doping range can be
summarized and constructed based on the structural, magnetic,
electronic transport, and heat-capacity measurements reported
earlier. The structural and SDW transitions are suppressed al-
most linearly in the Na-doped samples in x < 0.3 until x &~ 0.36,
where no SDW transition occurs. For 0.3 < x < 0.36, SDW and
superconductivity coexist in the (Ca;_Na,)Fe,As, system, as
also observed in the (Ba;,K,)Fe;As, and SmFeAsO,_,F,3°
systems. However, superconductivity for 0.3 < x < 0.66 and
higher T ¢ with higher Na doping are observed, which are
different from those in the (Ba;,K,)Fe,;As, system.

IV. CONCLUSION

Single-crystalline CaFe,As; and (Ca;_,Na,)Fe,As; poly-
crystals (0 < x < 0.66) were grown and characterized using
structural, magnetic, electronic transport, and heat-capacity
measurements. As the Na doping was increased, the SDW
transition was continuously suppressed and superconductivity
was observed over a certain region. Hence, SDW and super-
conductivity may coexist in (Ca;_ Na,)Fe,As; in the 0.3 < x
< 0.36 region. A temperature-composition phase diagram of
the (Ca;_Na,)Fe,As, system was summarized, constructed,
and compared with that of the (Ba;.,K,)Fe,As; system. The
carrier density and the size mismatch of the Fermi surfaces
were found to be crucial factors in suppressing the SDW
anomaly in Fe-based 122 systems.
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