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CaFe As; is a new intermetallic structure type that can be
described as a framework comprising of FeAs, tetrahedra.
The structure has similarities to the 1-2-2 superconducting
phase in that the Fe/As network is related to the ThCr,Si,
structure. In addition, this phase shows magnetic transitions
associated with spin density waves. This phase was prepared
from a Sn flux, and it has recently been reported that further
expansion of this structure type via chemical substitution is
limited. We have developed a solid-state synthesis route for
the preparation of CaFe,As; that involves reacting a stoichio-
metric combination of the constituent elements. The thermal
stability of this material was investigated over the 298-

1473 K temperature range. An initial investigation of the Sn
grown CaFe, As; crystals showed that residual Sn that was
present on the surface of the crystals reacted with the crystals
at temperatures above 1173 K to form new phases. A thermal
stability study of Sn-free CaFe As; indicated that it decom-
posed to give CaFe,As, and Fe,As. The thermal behavior of
CaFe,As, was also investigated and the data showed that it
can also form CaFe,As; at high temperatures. The solid-state
synthesis route presented herein and additional solid solution
studies may provide opportunities for the prepartion of mate-
rials with this structure type with improved electronic proper-
ties.

Introduction

The recent discovery of the unconventional iron-based
layered superconductors La[O; .F FeAs opened a new
chapter in superconductivity.'! Extensive research con-
cerned with understanding the mechanism responsible for
the superconductivity in this family of materials has in-
cluded the synthesis of new compounds containing FeAs
layers. CaFe4As; is one of the new iron pnictide compounds
that has been discovered.[’! Although it does not show su-
perconductivity above 1.8 K, its structure and complex elec-
tronic and magnetic properties make CaFe As; an attract-
ive compound to study.?® CaFe,As; crystallizes in the or-
thorhombic space group Pnma. Figure 1 shows a view of
the crystal structure. Unlike other compounds with FeAs
layers, CaFeyAs; has infinite Fe';As, layers that are
stacked along the direction of the b-axis and finite Fe,As,
layers that are stacked in directions perpendicular to the b-
axis. Five-coordinated Fe! ions and additional four-coordi-
nated Fe!! ions interconnect with the infinite Fe,As, layers
to form a 3D covalent network with ribbons that lie in the
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ac-plane.”®! AFe,As, (A = alkali earth metal) compounds
display first order structural phase transitions when con-
verting from high temperature tetrahedral to low tempera-
ture orthorhombic structures.’] CaFe,As; undergoes two
magnetic transitions at approximately 88 K and 26 K,
respectively. The first transition at below 88 K is attributed
to a second order phase transition with an incommensurate
spin-density wave ordering that occurs along the b-axis of
the structure. The second transition is described as a first
order transition from an incommensurate to commensurate
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Figure 1. A view of the CaFe As; structure projected along the b-
axis. The Ca, As, four-coordinated Fe!l, and five-coordinated Fe!
ions are represented by blue, purple, yellow, and red spheres,
respectively.
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state.[* The transition at 88 K is clearly reflected in the spe-
cific heat capacity data for CaFe,Ass, and the transition at
26 K causes an abrupt reduction in the material’s electrical
resistivity at this temperature.” However, no structural
changes such as those that occur in AFe,As, layered com-
pounds were observed for CaFeyAss.

Recently, the substitution of Ca, Fe, or As with various
dopants has been attempted by flux reactions in order to
modify the anisotropic magnetic structure of CaFe,As;.!
However, this method only succeeded in partially replacing
the five-coordinated Fe! ions in CaFe,As; with Cr.

In the current paper, we focus on the problems associated
with the Sn flux synthesis of CaFe As; single crystals that
were revealed by differential scanning calorimetry (DSC)
measurements, and present a new synthetic method to ob-
tain this compound that may also allow for structural ana-
logs of CaFesAs; to be prepared. A detailed study con-
ducted over the 298-1473 K temperature range of the ther-
mal stabilities of CaFesAs; single crystals prepared by Sn
flux and polycrystals prepared by the direct reaction of the
constituent elements is also reported, and this information
allows for a better understanding of the complexities of the
synthetic procedure.

Results and Discussion

Synthesis and X-ray Characterization

The recently synthesized compound CaFe As; was dis-
covered serendipitiously as a side product in the reaction
designed to prepare CaFe,As, via a Sn flux route.’! The
reaction parameters were optimized to grow large CaFe,Ass

Figure 2. (a) BSE image of a representative clean area of the
CaFe4As; single crystals. The inset shows a BSE image of the nee-
dle shaped CaFe,As; single crystals; (b) X-ray element map of Ca;
(c) X-ray element map of Fe; (d) X-ray element map of As. As
shown in by the scale bar the relative intensities for the element
maps increase from black to white/red.
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crystals in high yield.[?” The details of this synthesis have
been reported elsewhere.[*®! Microprobe analysis was per-
formed on CaFe4As; single crystals. Needle-shaped crystals
were formed in the flux reaction, as shown in the back scat-
tering electron (BSE) image of the reaction product (Fig-
ure 2, see inset a). The white droplets on the surface of crys-
tals in the BSE image are residual Sn flux. Centrifugation
is the preferred method employed to separate the crystals
from the Sn flux. One drawback of the flux reaction is that
it can be difficult to completely remove the flux from the
reaction products. Typically, the flux is removed via high
temperature centrifugation. This requires practice, and if
the temperature is too low it is difficult to remove all the
Sn. However, regardless of the temperature or the speed of
centrifugation, small droplets of residual Sn were always
found on the surface of the CaFe,Asj; crystals. Acid etching
may be a viable option for removing the flux, but in many
cases the crystals are also sensitive to the acid.[®! A repre-
sentative area of a CaFeyAs; crystal was chosen for X-ray
element mapping. The element maps showed that all the
elements, Ca, Fe and As, were homogeneously distributed
over the crystal surface (Figure 2, b—d). Quantitative analy-
sis by wavelength dispersive X-ray spectroscopy (WDS)
gave a composition of Cay go1)Fes 07(4)As3.05(5) for the major
phase of the product. The data obtained from a microprobe
analysis are in good agreement with the result from a single
crystal diffraction analysis of the CaFe As; product.

Phase pure CaFesAs; can also be obtained by directly
reacting stoichiometric amounts of the constituent elements
and annealing at 1173 K. A powder X-ray diffraction
pattern of polycrystalline CaFe As; prepared from this so-
lid-state method is compared in Figure 3 with powder X-ray
diffraction data for ground single-crystals and a simulated
pattern for CaFe As;. These XRD patterns show the high
quality of the polycrystalline CaFe;As; obtained from the
stoichiometric reaction. The room temperature lattice pa-
rameters determined from the refinement, performed with
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Figure 3. Powder XRD pattern of polycrystalline CaFe As; ob-
tained from a solid-state reaction (blue) compared with data for
ground single crystals (red), and a simulated pattern for CaFe As;
(black). The simulated pattern was calculated from a cif file
(90 KP??l) with room temperature lattice parameters a =
11.9108(4) A, b = 3.7466(2) A, ¢ = 11.6178(5) A. (*: Sn).
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the Jade 6 software,[”! of the XRD data for the polycrystal-
line sample of CaFesAs; are: ¢ = 11.9101(10) A, b =
3.7465(3) A, ¢ = 11.6164(9) A, and V = 518.34 A3. These
values are similar, i.e. within standard deviation, to those
determined from the data for the ground single crystals:
a =11.9108(4) A, b = 3.7466(2) A, ¢ = 11.6178(5) A, V =
518.44 A3, The unit cell volume determined for polycrystal-
line CaFeyAs; is slightly larger (by ca. 0.27%) than the
room temperature value reported by Todorov et al. for sin-
gle crystals of this material,?¥ but is consistent with the
reported value obtained at lower temperature.l”! Signals
arising from residual Sn flux (marked by asterisks) appear
in the diffraction pattern of the ground single crystal sam-
ple. The higher than expected intensity of the indexed peaks
for reflections (400), (504) and (406), at 26 values of approx-
imately 30°, 49.4° and 56.6°, respectively, is attributed to
the preferred orientation the crystallites.

Thermal Stability

Thermogravimetry-differential ~ scanning calorimetry
(TG-DSC) was employed to investigate the thermal stability
of CaFe,As;. The single crystals produced from the flux
reaction have complex DSC curves, which are shown in Fig-
ure 4. The highest temperature, 1473 K, employed in this
study was chosen as it was noted that the CaFe4As; single
crystals did not change morphology when heated to only
1273 K, and only visually exhibited indications of melting
behavior after being heated to 1473 K. The curve corre-
sponding to the first heating cycle showed a small endo-
therm at approximately 505 K, along with a number of
small endotherms above 1000 K. The endothermic peak in
the DSC heating curve at around 505 K was assigned to the
melting of the residual Sn flux that was present on the sur-
face of the CaFe As; crystals. It was expected that an exo-
thermic peak at around 505 K would present in the curve
for the first cooling process, which would correspond to the
recrystallization or solidification of the Sn. However, no
recrystallization peak was apparent in the curves for either
cycle. This indicated that the residual Sn reacted with the
CaFe,As;, or its derivative compounds, at high tempera-
tures. The exotherms in the curve for the first cooling pro-
cess occurred at approximately 792 K, 1013 K, 1179 K,
1230 K, and 1273 K, indicative of the occurrence of chemi-
cal transformations, solidification or crystallization pro-
cesses. A second heating/cooling cycle was run in order to
confirm the occurrence of the melting/crystallization pro-
cesses. The melting peak for Sn that is expected at ca. 505 K
is not present in the heating curve of the second cycle, while
a number of new endotherms were seen in the curve at ap-
proximately 809 K, 1043 K, 1158 K, 1230 K, and 1296 K.
The new endothermic peaks are assigned to the melting or
chemical transformations of the phases that formed during
the first heating/cooling cycle. All the exotherms seen in the
second cooling curve matched well with those observed in
the first cooling curve, which confirmed that the phases
were prepared during the first heating process. X-ray pow-
3922
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der diffraction data were taken of the solid after the second
cycle, and these are shown in Figure 5. Peaks associated
with ternary phases CaFe As;, CaFe,As,, and binary
phases Fe,As, FeAs and FeSn, can be indexed in the XRD
pattern.
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Figure 4. TG-DSC analysis of CaFe,As; single crystals. The solid
lines are DSC curves, and the dotted lines are TG curves. The
black, red, blue and green lines correspond to 1% heating, 15 cool-
ing, 2" heating, and 2"¢ cooling processes, respectively.
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Figure 5. XRD pattern of CaFesAs; single crystals recorded after
they were subject to TG-DSC analysis and heated up to 1473 K
(top) compared with simulated patterns for CaFe,As; (2"¢ from
top), tetragonal CaFe,As,® (37 from top) and Fe,As! (bottom)
phases. The peaks contributed by minor phases to the experimental
XRD pattern are indicated by different symbols (A: tetragonal
CaFe,As,; O: Fe,As; *: AsFe; arrow: FeSn,).

In order to investigate in more detail of the thermal sta-
bility of the compound CaFe Ass, and to determine the ef-
fect of Sn on the type of product produced by heating this
material, a polycrystalline sample of CaFe,;As; was pre-
pared via a solid-state reaction and its thermal stability was
measured. For the purposes of comparison, the same pro-
gramming profile that was used for the TG-DSC analysis
of the single crystals was employed for the analysis of this
polycrystalline sample. Simpler DSC curves were obtained
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for the polycrystalline sample relative to those for the single
crystals, and these are shown in Figure 6. The endothermic
and exothermic peaks in the heating and cooling DSC
curves for both cycles recorded for the polycrystalline sam-
ple matched, with the exception of the first endothermic
peak at approximately 1110 K in the second heating curve,
which barely registered in the first heating curve. Three
pairs of endothermic and exothermic peaks are revealed at
approximately 1110, 1253, and 1313 K in the heating and
cooling DSC curves of the second cycle. The presence of
these corresponding pairs indicated that three reversible
phase transitions took place. The phases produced from the
CaFe,4As; polycrystalline sample during the TG-DSC mea-
surements were identified by XRD as a mixture of
CaFe,As;, CaFe,As, and Fe,As, the XRD pattern is shown
in Figure 7.
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Figure 6. TG-DSC curves for polycrystalline CaFe,As; produced
from a solid-state reaction. The solid lines are DSC curves, and the
dotted lines are TG curves. The black, red, blue and green lines
correspond to 1%t heating, 1% cooling, 2°¢ heating, and 2™ cooling
processes, respectively.
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Figure 7. XRD pattern of polycrystalline CaFe,As; produced from
a solid-state reaction recorded after the material was subject to
TG-DSC analysis and heated up to 1473 K (top) compared with a
simulated pattern for CaFe4As; (bottom). The peaks contributed
by minor phases to the experimental XRD pattern are indicated by
different symbols (A: tetragonal CaFe,As,; ©@: Fe,As).

Without the effect of Sn, CaFe;As; decomposed at high
temperature to give CaFe,As, and Fe,As according to the
balanced reaction equation: CaFejAs; — CaFe,As, +
Fe,As. By measuring powder XRD patterns of the samples
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after the TG-DSC heating cycle, we were able to assign the
three pairs of peaks in the DSC curves, Figure 6, to the
melting and recrystallization of Fe,As (1110 K), CaFe,As,
(1253 K) and CaFe4As; (1313 K). These assignments were
further confirmed by TG-DSC analyses of CaFejAss,
CaFe,As, and Fe,As samples conducted at different tem-
peratures. The morphology of the CaFe As; crystals re-
mained unchanged below 1273 K, but the crystals com-
pletely melted after being heated to 1473 K. This indicated
that CaFe4As; melted at a temperature between 1273 K and
1473 K. The same experimental strategy was used to con-
firm the melting of CaFe,As, crystals between 1173 K and
1273 K. The TG-DSC curve of a polycrystalline sample of
Fe,As showed a clear melting process occurring at 1113 K,
as shown in Figure 8. This melting point for Fe,As is at a
slightly lower temperature than a previously reported value
of 1192 K.'% This melting point depression is attributed to
the presence of other phases in the sample mixture. For
example, Fe,As can melt at a much lower temperature than
expected when Cu is present as an impurity.!'! The melting
peak of Fe,As was discernible in the heating curve for the
first cycle recorded with polycrystalline CaFesAs; (Fig-
ure 6), while it grew in intensity in the heating curve for the
second cycle. This indicated that the decomposition reac-
tion that happens above 1173 K produces more Fe,As.
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Figure 8. TG-DSC data recorded up to 1183 K for a polycrystalline
Fe,As sample. The solid lines are DSC curves, and the dotted lines
are TG curves. The red and black curves correspond to heating and
cooling processes, respectively.

A similar thermal stability study was performed on
CaFe,As, since a mixture of CaFe As; and CaFe,As, was
prepared from the flux reaction. A TG-DSC measurement
was performed on the tetragonal CaFe,As, single crystals
that had a plate shape; however, these data not shown
herein. Peaks corresponding to the melting and crystalli-
zation of Sn were observed in the DSC curves when the
sample was heated up to 1173 K. No additional phases
were observed in the XRD pattern that were recorded after
the single crystals were heated up to 1173 K during the two
TG-DSC cycles. However, CaFe,As; and Fe,As, as well as
CaFe,As,, were observed in the XRD pattern of the
CaFe,As, single crystal that was recorded after the crystal
was exposed to two TG-DSC cycles and heated up to
1473 K, as shown in Figure 9. The analysis suggested that
3923
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the following reaction had taken place: 3CaFe,As, —
CaFe As; + Fe,As + 2As + 2Ca. Calcium may react to
form amorphous Ca-Sn binary phases or CaO. Sn also may
participate in this reaction, which would result in a more
complex chemical equation. A slight weight gain was ob-
served when the crystals were heated below 1273 K, which
is consistent with oxidation of the elements. The CaFe,As,
crystals displayed an approximate 3.5% weight loss after
being heated to1473 K during the two TG-DSC cycles. This
slight weight loss may be indicative of sublimation of the
As. The process of oxidation and sublimation of As (As*
to As®) could provide electrons to reduce some of the Fe!!
(in CaFe,As,) to Fe! (in CaFe,As;).
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Figure 9. XRD pattern of CaFe,As, single crystals recorded after
they were subjected to TG-DSC analysis and heated to 1473 K.
The peaks contributed by minor phases to the experimental XRD
pattern are indicated by different symbols (#: CaFe Ass; ©: Fe,As).

Conclusions

CaFe As; was synthesized from direct reaction of the
constituent elements that were sealed in Nb tubes.
CaFe As; decomposes at a temperature above 1173 K to
give CaFe,As, and Fe,As. Compound CaFe,As, can also
convert to CaFe;As;. Residual Sn flux present on the sur-
face of CaFesAs; and CaFe,As, crystals grown by a flux
method can react with the crystals at temperatures above
1173 K to generate binary phases. This thermal stability
study is valuable for aiding in the fabrication of pure
CaFe4As; and for further expanding the number of com-
pounds with this structure type,l®! thereby allowing further
structure-property investigations to be conducted with aim
of tuning the magnetic and electronic properties of this
class of compound.

Experimental Section

Synthesis: Pure phase CaFe As; was obtained from a solid-state
reaction. Stoichiometric amounts of the constituent elements, Ca
(Aldrich, dendritic pieces, 99.99%) Fe (Aldrich, granules 10—
30 mesh, 99.999%), and As (Johnson Matthey Chemicals, lump),
were loaded in to an Nb tube that was 5cm long and 1 cm in
diameter, the tube was then sealed with an Argon arc welder. The
sealed Nb tube was then sealed in an evacuated fused silica tube.
The reaction vessel was placed in a programmable furnace and
heated to 1173 K over a period of 6 h before being held at 1173 K
for one week. Silver-colored pieces of CaFe,As; were obtained af-
ter the Nb tube was opened in air. CaFe As; and CaFe,As, single
crystals were synthesized from Sn flux following a processes re-
ported in the literature.[?®-3>-3¢ Polycrystalline Fe,As was prepared
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by a solid-state reaction. A mixture of Fe and As in the desired
ratio was loaded in to a fused Nb tube that was then sealed in an
evacuated quartz tube. This tube was placed in a programmable
furnace and heated to 873 K over a 6 h period, then held at this
temperature for a further 6 h before being heated to 1273 K over a
6 h period and held at this temperature for 24 h. The ampoule was
finally cooled slowly to room temperature.

Powder X-ray Diffraction: Single crystals produced from a flux re-
action or crystalline pieces from a solid-state reaction were ground
into powers for powder X-ray diffraction (XRD) analyses. Room
temperature XRD data were collected by a Bruker D8 dif-
fractometer with Cu-K,, radiation (1 = 1.5406 A). The data analysis,
cell refinements, and whole pattern fitting refinements were per-
formed with the MDI JADE 6.1 software.l’]

Microprobe Analysis: Microprobe measurements were performed
on single crystals with a Camera SX-100 electron probe microana-
lyzer equipped with a wavelength-dispersive spectrometer. Samples
were prepared by mounting the crystals onto 25 mm plastic rounds
with epoxy and then carbon coating them to conduct charges. The
surfaces were polished smooth prior to measurement. The com-
pounds CaMoOy,, Fe,O; and InAs were calibration standards for
the quantitative analysis of Ca, Fe, and As, respectively. Each sam-
ple was scanned with a spot size of 1 um and data were collected
at 13 points on the crystal surface. The composition of the sample
was calculated as an average of the data recorded at all points.

Thermogravimetry-Differential Scanning Calorimetry (TG-DSC):
Crystals from a flux reaction, pieces from a solid-state reaction,
and ground powder from crystals and pieces, were used for TG-
DSC analyses. Data were collected by a Netzsch Thermal Analysis
STA 409 cell equipped with a TASC 414/2 controller and PU
1.851.01 power unit. The sample was loaded into an alumina cruci-
ble at room temperature, and after purging the sample chamber
data were collected with the sample kept under flowing argon (flow
rate: 10 K/min). Data were recorded by the software provided with
the equipment and analyzed with the Netzsch Proteus computer
program.
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