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ABSTRACT: Fe-based superconductors have attracted research interest
because of their rich structural variety, which is due to their layered crystal
structures. Here we report the new-structure-type Fe-based super-
conductors CaAFe,As, (A = K, Rb, Cs) and SrAFe,As, (A = Rb, Cs),
which can be regarded as hybrid phases between AeFe,As, (Ae = Ca, Sr)
and AFe,As,. Unlike solid solutions such as (Ba,_,K,)Fe,As, and
(Sr;_,Na,)Fe,As,, Ae and A do not occupy crystallographically equivalent
sites because of the large differences between their ionic radii. Rather, the Ae
and A layers are inserted alternately between the Fe,As, layers in the c-axis
direction in AeAFe,As, (AeA1144). The ordering of the Ae and A layers
causes a change in the space group from I4/mmm to P4/mmm, which is
clearly apparent in powder X-ray diffraction patterns. AeA1144 is the first
known structure of this type among not only Fe-based superconductors but
also other materials. AeA1144 is formed as a line compound, and therefore,

CaRbFe,As,
(P4/mmm)

CaFe,As,
(14/mmm)

(Cap sNag 5)Fe,As,
(14/mmm)

each AeA1144 has its own superconducting transition temperature of approximately 31-36 K.

B INTRODUCTION

The Fe-based superconductors discovered in 2008 by Kamihara
et al.' have attracted significant research interest because of
their rich material variety as well as their high superconducting
transition temperatures (T.).” The material variations are due
to the layered crystal structures of these superconductors. A
large number of related Fe-based superconductors with various
types of crystal structures have been found to date.” The search
for materials with new structural types is important because it
can trigger further discovery of new superconductors. In fact,
such discoveries often occur in relation to both Fe-based and
Cu-based superconductors.

Superconductors based on AcFe,As, (Ae = Ca, Sr, Ba
(alkaline-earth metal)) parent compounds with a ThCr,Si,-type
structure (I4/mmm), ie., the so-called “122” system, are the
most popular materials for both physical explorations and wire
applications because of their high upper critical fields and low
anisotropies.4 Superconductivity in AeFe,As, is primarily
induced by alkali metal (A = Na, K, Rb, Cs) substitution at
Ae sites. The structure’s crystallographic space group (I14/
mmm) is not changed by this A substitution because Ae and A
randomly occupy crystallographically equivalent sites. Thus,
(Ae;_,A,)Fe,As, ((Ae,A)Fe,As,) are solid solutions between
AeFe,As, and AFe,As, compounds with the same structural

type.
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(Ba,K)Fe,As, is the first high-T superconductor induced in
AeFe,As,.” The T. of this material varies depending on the
substituted K fraction, and the maximum T, can be as high as
38 K. Triggered by the discovery of (Ba,K)Fe,As,, super-
conductors with similar structural types have been found for
several combinations of Ae and A: (Ca,Na)Fe,As,,° * (Ca,K)-
Fe,As,,” (Sr,Na)Fe,As,,'”"" (Sr,K)Fe,As,'> (Sr,Cs)Fe,As,,"”
(Ba,Na)Fe,As,,"* and (Ba,Rb)Fe,As,."* However, supercon-
ductor materials formed by combinations of Ae and A with
large differences between their ionic radii (Ar), such as Ca and
Rb or Ca and Cs, have not yet been realized.

In this paper, we report Fe-based superconductors with a
new structural type, CaAFe,As, (A = K, Rb, Cs) and SrAFe,As,
(A = Rb, Cs), hereafter abbreviated as AeAl144. These
materials include the above-mentioned unrealized Ae and A
combinations. Because A does not mix with Ae in such cases as
a result of the large Ar, AeA1144 crystallizes through alternate
stacking of the Ae and A layers across the Fe,As, layer. The
ordering of the Ae and A layers changes the space group from
I4/mmm to P/4 mmm. AeA1144 is formed as a line compound,
and all of the AeAll44 compounds are found to have
superconductivity at their own T, values of approximately
31-36 K
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B EXPERIMENTAL PROCEDURE

Polycrystalline AeA1144 samples were synthesized using the stainless
steel (SUS) pipe and cap method, which has been described
elsewhere."' The AeAs, AAs, FeAs, and Fe,As starting materials were
prepared via the reaction of Ae, A, or Fe with As. The starting materials
were ground with an agate mortar in a nitrogen-filled glovebox and
pressed into a pellet. Excess Ae, A, and As were employed in the
starting compositions at 10—15 atom %, taking into account element
evaporation during heating in the pipe. A pellet weighing
approximately 0.2 g was placed directly into an SUS pipe with outer
and inner diameters of 8 and 6 mm, respectively, and a length of 60
mm. Both ends of the pipe were sealed with tube-fitting caps.

The SUS pipe was placed inside a preheated furnace in order to
suppress the formation of stable Ael22 and Al22 at lower
temperatures (T). The sample was heated to 860—920 °C, depending
on the specific A and Ae combination, for 2—6 h; this was followed by
rapid cooling to room temperature (RT). It should be noted that the
part of the sample in contact with the pipe was degraded through
reaction with the pipe; this degraded part was removed mechanically.
The reaction process was repeated following intermediate pulveriza-
tion and the addition of 15—20 atom % As. Samples of (CajsNays)-
FeyAs, ((CagsNags)122) and (SrosKos)Fe,As, ((SrosKos)122) were
synthesized using a similar method for the purpose of comparison.

Powder X-ray diffraction (XRD) patterns were measured at RT
using a diffractometer with Cu Ka radiation (Rigaku, Ultima IV)
equipped with a high-speed detector system (Rigaku, D/teX Ultra).
The lattice constants and the atomic positions were refined via
Rietveld analysis using the software Materials Studio Reflex."®
Magnetization (M) measurements were performed under a magnetic
field (H) of 10 Oe using a magnetic property measurement system
(Quantum Design MPMS-XL7). The electrical resistivity was
measured using a four-probe method.

B RESULTS

Powder XRD Analysis. Figure 1 shows the XRD pattern
obtained for CaRbl144 as a representative of AeAll44,
together with that of (Cay¢Nays)122 for comparison. The
diffraction indices of the (CagsNay;)122 hkl peaks are assigned
on the basis of a body-centered tetragonal structure with space
group I4/mmm (ThCr,Siy-type structure), for which only even
values of i + k + I can appear in accordance with the I4/mmm
extinction rule, as indexed in Figure 1.

On the other hand, we note that additional peaks that cannot
be assigned to the ThCr,Si,-type structure are apparent in the
case of CaRb1144, as indicated by the arrows in Figure 1. These
additional peaks can be indexed by assuming a primitive
tetragonal structure with space group P4/mmm. Because no
extinction rule applies to P4/mmm, peaks with hkl diffraction
indices corresponding to odd values of h + k + [ can appear.
The presence of such extra peaks shows that the CaRb1144
crystal structure differs fundamentally from that of (CaysNas)-
122.

The change in the space group can be explained by assuming
that the Ca and Rb layers stack alternately across the Fe,As,
layer in CaRb1144 whereas Ca and Na are randomly mixed in
the (Ca,Na) layers in (CagsNag;)122, as shown in Figure 1.
The ordering of the Ca and Rb layers changes the space group
from body-centered tetragonal I4/mmm to primitive tetragonal
P4/mmm. This assumption is supported by the crystal structure
refinement analysis, as shown below.

Similar characteristic diffraction patterns were also observed
for CaA1144 (A = K, Cs) and SrA1144 (A = Rb, Cs) samples
(see Figure SI in the Supporting Information), which strongly
indicates that the samples have the same crystal structure type
as CaRbl144. The lattice parameters of AeA1144 obtained

3411

[ CuKal 1 og 1
° -
As(2)°0— =@ Ca
: 08000
Fe D 1
a As(1) ‘*Rb |
CaRbFe,As, ] y |
(P4/mmm) °‘7 [ ’o ]
s x. .3
— o M L. 4
[z v | @ g? o
= Y T e Sy 20 v, O ]
Sty D og s s KSRy
g g  EE(EE I8 RIETSRER 881
g ¥ s i i ettt e NI N S Y P S N B P, 4]
> o )
= ]
c
3 r
£
| (CagsNays)Fe.As, 8
(14/mmm)
2
3 =
= &
L s |
|
8
=3
AL
‘/‘NWW“WW,.‘\,‘Q‘
All"llllllllll'l|xl||A|l|||||l||||||l||
0 10 20 30 40 50 60 70 80
20 (deq)

Figure 1. Powder XRD pattern of CaRbFe,As,, together with that of
(CaysNay5)Fe,As, for comparison. All of the peaks are identified as
corresponding to a ThCr,Siy-type structure for (CaysNags)Fe,As,.
The CaRbFe,As, peaks are indexed on the basis of a primitive
tetragonal structure with space group P4/mmm. Peaks that can appear
for P4/mmm only are indicated by arrows. The crystal structures are
depicted using VESTA.>' The solid lines represent unit cells.

through least-squares fitting of the d values of the peaks are
listed in Table I, together with those of Ae122 and A122. The a
and ¢ lattice parameters of CaAll44 (SrA1144) are located
almost centrally with respect to those of Cal22 (Sr122) and
A122, which is both reasonable and consistent with the above
structural picture.

Crystal Structure Refinement. We performed crystal
structure refinement for CaRb1144, and Figure 2 shows the
powder XRD pattern and Rietveld refinement for this material.
The crystal structure model expected from the XRD analysis
fits the diffraction pattern with a weighted-profile reliability
factor (pr) of 11.0% and an expected reliability factor (R,) of
7.7%. These values are sufficiently small to allow us to conclude
that the assumed crystal structural model is appropriate.

The refined structural parameters of CaRbl144 are
summarized in Table II. Furthermore, the CaRb1144 crystal
structure is illustrated in the inset of Figure 1 using the
obtained structure parameters, together with that of
(Cag3Nays)122 for comparison.20 Ca and Rb in CaRbl144
occupy separate unique sites, whereas Ca and Na in
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Table I. Space Groups, Lattice Parameters, and T, Values for AeAFe As,, AeFe,As,, and AFe,As,

compound

CaKFe,As,

CaRbFe,As,

CaCsFe,As,

SrRbFe,As,

SrCsFe As,

BaCsFe,As, or (Ba,Cs)Fe,As,
CaFe,As,

SrFe,As,

BaFe,As,

NaFe,As,

KFe,As,

RbFe,As,

CsFe,As, 1

space group”

P

or [

— e~~~ g g g g Y

a (A) c (A) T. (K) ref
3.866(1) 12.817(5) 33.1 this work”
3.8757(9) 13.104(3) 35.0 this work”
3.891 (1) 13.414(2) 316 this work”
3.897(1) 13.417(5) 35.1 this work”
3.910(1) 13.729(3) 36.8 this work?
3.927(2) 14.134(6) 26 this work”
3.900(1) 11.62(1) NS¢ 6
3.9266(5) 12.370(2) NS¢ 11
3.9612(3) 13.006(1) NS* 15
3.8090(5) 12.441(3) 25 17
3.8414(2) 13.837(1) 3.8 12
3.888(2) 14.534(7) 2.6 18, 19
3.8894(2) 15.066(5) 1.8 12

“P = P4/mmm; I = I4/mmm. T, was determined from the onset temperature of the superconducting transition measured via magnetization. ‘NS =

nonsuperconductor at ambient pressure.
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Figure 2. Powder XRD pattern and Rietveld refinement of
CaRbFe,As, (Obs. = observed; Cal. = calculated).

Table II. Atomic Coordinates and Isotropic Displacement
Parameters (U,,,) of CaRbFe,As, at RT*

SO

atom x y z 1000U;,, (A%)
Ca 0 0 0 6.6(8)
Rb 0.5 0.5 0.5 9.8(4)
Fe 0 0.5 0.2246(1) 7.7(3)
As(1) 0 0 0.3336(1) 6.9(3)
As(2) 0.5 0.5 0.1193(1) 6.9(3)

“Space group: P4/mmm. a = 3.8778(1) A, ¢ = 13.1088(1) A. V =
197.12(1) A’. Z = 1. R, = 11.0%, R, = 7.7%, S = 1.42. Preferred
orientation parameter (Ry) = 1.838(4), direction (0.501, 0.198,
0.842). The occupancy is fixed to 1 at all atomic sites. Selected
structural parameters: dg._as(1) = 2.408(2) A; dpo_as) = 2.380(2) A;
hay = 142903) Aj an)—reeas) = 107.2(1)% dpg)-re-nsz) =
109.1(1)% hagry = 1429(3) A; hyyr) = 1.381(3) A

(CagsNays)122 are mixed on the same sites. CaRb1144 can be
regarded as a hybrid phase between Cal22 and Rb122. The
variation in crystal structure is considered to be based on the
ionic radii of Rb and Na. That is, the Ar between Ca>" and Rb*
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(0.49 A) is too large for these components to mix with each
other, whereas the ionic radius of Na* is almost identical to that
of Ca?* (the difference is only 0.06 A).**

We wish to briefly mention the single-crystal growth of
AAell44. We attempted to grow CaRbl144 and CaKl1144
single crystals using RbAs and KAs fluxes,” respectively, for
more precise structural analysis. However, only Rb122 and
K122 crystals were obtained. Appropriate fluxes and/or growth
methods must be determined in order to obtain single crystals.

Superconducting Transition Temperatures. Figure 3a,b
shows the T dependence of the magnetization divided by the
applied field, M/H, for CaA1144 (A = K, Rb, Cs) and SrA1144
(A = Rb, Cs), respectively. All of the samples exhibit
superconducting transitions that are sufficiently sharp to allow
the onset T. to be clearly defined. The zero-field-cooled (ZFC)
magnetizations at 5 K are sufficiently large as bulk super-
conductors (47M/H = —1 corresponds to perfect diamagnet-
ism). The onset T. for each sample is listed in Table 1. The
AeA1144 samples have T, values within the 30 K region, similar
to (Ae,A)122 compounds. SrCs1144 has the highest T, of 36.8
K, which is comparable to those of (Sr,¢Ky,)Fe,As, (T, = 37
K)'?* and (Bay4K,,)Fe,As, (T. = 38 K).

Figure 4ab shows the T dependence of the resistivity p(T)
for CaAl144 (A = K, Rb, Cs) and SrAFe,As, (A = Rb, Cs),
respectively. The CaA1144 exhibit onset T, values of 33.4, 34.6,
and 32.0 K for A = K, Rb, and Cs, respectively. The SrA1144
have onset T. values of 35.7 and 37.0 K for A = Rb and Cs,
respectively. These values of T, are close to those determined
from the magnetization measurements. The normal-state p(T)
exhibits metallic behavior with convex curvature, which
resembles the behavior observed for (Ae,A)122 samples.s’6

Line-Phase Nature of AAe1144. Because AAell44 is
crystallized through ordering of the A and Ae layers, the
compound is formed as a line phase, ie., the atomic ratio of
elements in the crystal is fixed. In order to demonstrate this
characteristic feature directly, we synthesized a sample with a
nominal composition of Ca, K, ;Fe,As,. The sample separated
into two phases in accordance with the formula Ca, ;K,;Fe,As,
— 0.5CaKFe,As, + CaFe,As, (see Figure S2 in the Supporting
Information). The a- and c-axis lattice parameters and the T. of
the CaK1144 phase in the sample are 3.869(3) A, 12.804(5) A,
and 33.9 K, respectively, which are close to the results for the
CaK1144 sample given in Table I. This behavior never occurs
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Figure 3. Temperature dependence of the magnetization divided by
the applied field, M/H, for (a) CaAFe,As, (A = K, Rb, Cs) and (b)
SrAFe,As, (A = Rb, Cs). The magnetization was measured using zero-
field-cooled (ZFC) and field-cooled (FC) processes.

for (Ae,A)122 solid solutions. Therefore, this experiment clearly
demonstrates the line-phase nature of AAel144.

Synthesis of the BaCsFe,As, Phase. We attempted to
synthesize BaCsFe,As, samples by varying the synthesis
conditions over a wide range. However, we were unable to
obtain sufficiently high quality samples to determine the
structural type (see Figure S3 in the Supporting Information).
The sample exhibits superconductivity at 26 K. The lattice
parameters of (Ba,Cs)122 or BaCs1144 are estimated to be a =
3.927(2) A and ¢ = 14.134(6) A. The lattice parameters are
almost centrally positioned relative to those of Bal22 and
Cs122, which may indicate that the sample has a line-phase
nature. However, extra peaks that would appear only for the
P4/mmm space group are not apparent in the diffraction
pattern. Furthermore, the peak broadening and low peak
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Figure 4. Temperature dependence of the resistivity p(T) for (a)
CaAFe,As, (A = K, Rb, Cs) and (b) SrAFe,As, (A = Rb, Cs). The
insets exhibit enlargements near the superconducting transitions at low
temperature.

intensity prevented us from determining the structural type.
Improved sample quality is necessary to yield a conclusive
result.

B DISCUSSION

AAe1144 Crystal Structure. To the best of our knowledge,
this is the first time the crystal structure type determined via the
Rietveld analysis of CaRb1144 has been reported, not only for
Fe-based superconductors but also for other materials.
Although we have not refined the crystal structures of the
other CaAFe,As, (A = K, Cs) and SrAFe,As, (A = Rb, Cs)
samples, their distinctive diffraction patterns provide sufficiently

DOI: 10.1021/jacs.5b12571
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strong evidence to allow us to conclude that all of these samples
have the same structure type as CaRb1144.

In CaRb1144, the Fe layer is located in closer proximity to
the Ca layer than the Rb layer, as indicated by the atomic
coordinate of Fe (z = 0.225) in Table II. The displacement of
the Fe layer can be naturally understood by considering the
valences of the constituting layers. The negatively charged
Fe,As, layer ((Fe,As,)'"”) is more strongly attracted by the
Ca’ layer than by the Rb* layer. This is in contrast to
(CaysNays)122, in which the Fe,As, layers are exactly centrally
positioned between the (CaysNays) layers.

Furthermore, the As around Fe are no longer crystallo-
graphically equivalent. The Fe—As interatomic distance is
divided into two different values: dg,_5 1) = 2.408(2) A and
dre—nsa) = 2.380(2) A for the Rb- and Ca-layer sides,
respectively. Consequently, two different As—Fe—As bond
angles (@p,_pe_as) and As heights from the Fe layers (f1,) exist
in CaRb1144. These are empirically important parameters
governing T, in Fe-based superconductors.”**> The As—Fe—As
bond angle for the Ca-layer side (aq(1)—pe-as(1) = 109.1°) is
close to that of a regular tetrahedron (109.5°), while that for
the Rb layer side (@pq2)-pe-asz) = 107.2°) is smaller than
Qps(1)—Fe-as(1)- Although the effect of the unequal As—Fe—As
bond angles on T, seems to be small, as the 1144- and 122-type
superconductors exhibit similar T, values, the electronic
structure of AAell44 is an interesting topic for future study.

Line-Phase Nature of AAe1144. It is well-known that the
T, values of (Ae;_,A,)122 systems vary depending on the
composition (x) value (formal Fe valence). In AeAFe,As,, the
Fe valence state is fixed at 2.25+, which is centrally positioned
between the values of 2.0+ and 2.5+ for Ael22 and Al22,
respectively. Therefore, each AeA1144 compound must have its
own T, and lattice parameters in principle (small deviations can
occur as a result of lattice defects). This is the origin of the
robustness of T, against composition deviation in the 1144 line
phase, as confirmed above.

We determined that the SrCsFe,As, and CaKFe As, samples
belong to AeAl144 on the basis of their characteristic XRD
patterns. On the other hand, superconductivity at 37 K has
been reported for (Sry4Csys)Fe,As, by Sasmal et al.'” Those
researchers reported that (Sr;_,Cs,)Fe,As, has a phase diagram
(which was not shown in their paper) similar to that of the
(Sr;_,K,)Fe,As, system. They synthesized (Sr;_,Cs,)Fe,As,
samples from mixtures of SrFe,As, and CsFe,As, in welded
Nb containers. Wang et al.” reported superconductivity at 35.5
K for a (Cay¢Ky4)Fe,As, single crystal grown via an FeAs flux
method. The experimental data concerning the crystal
structures were not supplied for the (Sry4Csy4)Fe,As, and
(Cag¢Ky4)Fe,As, samples. It may be possible to obtain solid-
solution (Sr,Cs)Fe,As, and (CaK)Fe,As, depending on the
synthesis process.

Conditions for 1144 Phase Formation. As already
mentioned, Ar is an important factor affecting the formation
of the 1144 phase. In addition, we found that the difference
between the a-axis lattice parameters of Ael122 and A122 is also
meaningful in regard to the formation of the 1144 and 122
phases. The ionic radii (VIII coordination) of the Ae ions ()
are 1.42, 1.26, and 1.12 for Ba, Sr, and Ca, respectively, and
those of the A ions (+!) are 1.74, 1.61, 1.51, and 1.18 A for Cs,
Rb, K, and Na, respectively.”> The a-axis lattice parameters of
Ael122 (a'??) and A122 (a*'*?) are listed in Table I

Figure 5 shows the relationship between Ar (= #* — r*°) and
Aa (= a*'?* — g*'2) for the Ae and A combinations given in
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Figure 5. Plot of Aa vs Ar for the Ae and A combinations in
AeAFe As,. The solid squares and circles show the AeA that yield 1144
and 122 phases, respectively. BaCs, whose structural type has not yet
been determined, is indicated by a solid triangle.

AeA form in Figure S. The solid squares and circles show the
AeA that yield the 1144 and 122 phases, respectively. The data
are clearly separated into two phase regions, one for 1144 and
the other for 122. Figure 5 suggests that a small Aa as well as a
large Ar are necessary for the formation of the 1144 phases.
BaCs, whose structural type is unknown, is located at the
boundary between the 1144 and 122 phases; this may partly
explain the sample synthesis difficulties. This kind of analysis
can provide guidance for the exploration of new 1144
compounds in materials other than Fe-based superconductors.

B SUMMARY

We found Fe-based superconductors with a new structural type,
CaAll144 (A = K, Rb, Cs) and SrA1144 (A = Rb, Cs), with T.
values of approximately 31—36 K. Because AeA1144 is formed
as a line compound, each AeA1144 material has unique lattice
parameters and T, unlike (Ae,_,A,)Fe,As, solid solutions.
Consequently, the T, of AeA1144 is robust against deviations in
the sample composition. This property may be beneficial in
regard to applications of these materials. However, details of
the superconducting properties, such as information on the
critical fields, critical current densities, and anisotropy, remain
unclear. Further experimental and theoretical investigations are
desired. The discovery of AeA1144 appends a new structural
type to the structure database as well as to Fe-based
superconductors. Analysis of the conditions for phase formation
may provide guidance in the search for new 1144-type
compounds.
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