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First-order structural phase transition in CaFe,As,
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CaFe,As, has been synthesized and found to form in the tetragonal ThCr,Si, structure with lattice param-
eters a=3.912(68) A and ¢=11.667(45) A. Upon cooling through 170 K, CaFe,As, undergoes a first-order
structural phase transition to a low-temperature orthorhombic phase with a 2-3 K range of hysteresis and
coexistence. This transition is clearly evident in microscopic, thermodynamic, and transport measurements.
CaFe,As, is the third member of the AFe,As, (A=Ba,Sr,Ca) family to exhibit such a dramatic phase transi-
tion and is a promising candidate for studies of doping induced superconductivity.
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I. INTRODUCTION

The discovery of superconductivity with critical tempera-
tures between 30 and 55 K in two families of layered iron
arsenides' has caused a groundswell of enthusiasm and ac-
tivity among experimentalists and theorists alike. Although
the superconducting transition temperatures are somewhat
lower, the potassium-doped AFe,As, (A=Ba and Sr) family
of intermetallic compounds are a particularly interesting sys-
tem because (i) their lack of oxygen, (ii) their well-known
ThCr,Si, structure type, and (iii) the ability to grow
substantial-sized single crystals.®~*

The parent compounds, BaFe,As, and SrFe,As,, each
manifest a structural phase transition from a high-
temperature tetragonal to a low-temperature orthorhombic
unit cell.®%!0 This structural phase transition is extremely
sensitive to chemical or structural perturbation and is sup-
pressed either partially or completely by K doping as well as
slight additions of Sn.*®~° The fact that a similar structural
phase transition also appears in the parent RFeAsO com-
pounds and is suppressed by F doping' strongly links the
superconductivity of the doped iron arsenides to a proximity
to this structural instability and possibly to the spin-density
wave ordering. In BaFe,As, and SrFe,As, there are indica-
tions that the phase transition may be first order in
nature,*%%11 but, to date, there has not been definitive evi-
dence to support this designation. Microscopic magnetic
measurements in both RFeAsO and AFe,As, families sug-
gested a link between the structural phase transition and a
magnetic phase transition.'®!? In this work we report the
synthesis of the isostructural compound: CaFe,As,, a previ-
ously unknown member of the ThCr,Si, structure group, and
present microscopic, thermodynamic, and transport data that
clearly indicate that the tetragonal to orthorhombic phase
transition, also present in this compound, is first order in
nature.

II. EXPERIMENTAL METHODS

Single crystals of CaFe,As, were grown out of a Sn flux
using conventional high-temperature solution growth
techniques.®!? Elemental Ca, Fe, and As were added to Sn in
the ratio of [CaFe,As,]:Sn=1:48 and placed in a 2 ml alu-
mina crucible. A second catch crucible containing silica wool
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PACS number(s): 74.70.Dd, 61.50.Ks, 65.40.Ba, 75.30.Cr

was placed on top of the growth crucible and sealed in a
silica ampoule under approximately 1/3 atmosphere of argon
gas. It should be noted that the packing and assembly of the
growth ampoule was performed in a glovebox with a nitro-
gen atmosphere. The sealed ampoule was placed in progra-
mable furnace and heated to 850 °C and cooled over 36 h to
500 °C. Once the furnace reached 500 °C the Sn was de-
canted from the platelike CaFe,As, crystals as well as a yet
to be identified rodlike crystalline second phase.

The inset to Fig. 1 shows a picture of a single crystal of
CaFe,As, against a mm scale. Typical crystals have dimen-
sions of (1-2)X(1-2)X(0.1-0.2) mm®. Some crystals
manifest linear dimensions as large as 3—4 mm. The crystal-
lographic ¢ axis is perpendicular to the plane of the platelike
single crystals. The BaFe,As, and SrFe,As, crystals are ex-
ceptionally micaceous in nature and rather brittle. On the
other hand, the CaFe,As, single crystals are also layered and
easy to cleave and/or separate, but instead of being brittle,
they are somewhat malleable and tend to smear and shear
when bent or when they are ground into a powder.

Powder x-ray diffraction data were collected on
PANalytical X’Pert Pro PW3040PRO Multi-Purpose Diffrac-
tometer with Cu Ko radiation (45kV 40mA) selected by a
graphite monochromator. Single crystal x-ray diffraction
measurements were performed on a standard four-circle dif-
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FIG. 1. (Color online) Rocking curve through the (I 1 10) re-
flection of the CaFe,As, single crystal used for the x-ray diffraction
study. Inset: picture of a CaFe,As, single crystal on millimeter grid
paper. The crystallographic ¢ axis is perpendicular to the plate of
the crystal. The small droplets on the surface are residual Sn flux.
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fractometer using Cu K« radiation from a rotating anode
x-ray source, selected by a Ge(111) monochromator. For
these measurements, a platelike single crystal with dimen-
sions of 1.2X 1.2X0.3 mm?® was selected. The sample was
mounted on a flat copper sample holder on the cold finger of
a closed cycle displex cryogenic refrigerator with the (001)-
(110) reciprocal-lattice plane coincident with the scattering
plane. The diffraction patterns were recorded for tempera-
tures between 10 and 300 K and with the diffractometer op-
timized for high resolution for transverse scans in the scat-
tering plane. The measured mosaicity of this crystal was
0.017° full width half maximum for the (1 1 10) reflection at
room temperature (Fig. 1), indicating the excellent quality of
the single crystal. This value is significantly better than for
the AFe,As, (A=Ba,Sr) crystals used in previous studies®’
and may be related to the absence, or strongly reduced con-
tent, of Sn flux incorporated into the structure. Elemental
analysis was performed (without standards) by energy dis-
persive spectroscopy measurements in a JEOL model 5910v
scanning electron microscope.

Magnetic-field and temperature-dependent magnetization
data were collected using a Quantum Design (QD) Magnetic
Properties Measurement System and temperature-dependent
specific heat as well as magnetic-field and temperature-
dependent electrical transport data were collected using a QD
Physical Properties Measurement System. Electrical contact
was made to the samples using Epotek H20E silver epoxy to
attach Pt wires in a four-probe configuration. (It is worth
noting that curing of the epoxy at 120 °C for up to 30 min
does not seem to degrade the samples.) Basal plane resistiv-
ity values were determined by estimating the length and
cross sections of the samples assuming that the current flow
was uniformly distributed throughout the cross section.
Given the layered nature and the thinness of the crystals we
believe that the resistivity values should be accurate to better
than *+30%.

III. RESULTS

Figure 2 presents the powder x-ray diffraction spectra on
ground single crystals of CaFe,As,. Both the indexing of the
observed reflections and a room-temperature Laue pattern
taken on a single crystal are consistent with the space group
I4/mmm (No. 139), as reported for the high-temperature
phases of BaFe,As, and SrFe,As, with lattice constants a
=3.912(68) A and ¢=11.667(45) A. The somewhat large
uncertainty in the lattice parameters is associated with the
somewhat larger than usual peak widths, which in turn are
associated with the soft and ductile nature of the CaFe,As,
crystals. As shown in Fig. 1 and as will be discussed below,
the single-crystal diffraction peaks were very sharp, indicat-
ing that as-grown crystals were highly ordered. Elemental
analysis confirmed the Ca:Fe:As ratio to be 1:2:2 within the
instrumental error. Far more significantly, no Sn could be
detected in the bulk of the CaFe,As, sample by the EDS
measurement.

Figure 3 presents the temperature-dependent electrical re-
sistivity of CaFe,As,. The most conspicuous feature is the
very sharp jump in the resistivity near 170 K. The upper inset
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FIG. 2. (Color online) Powder x-ray diffraction spectrum of
ground single-crystal CaFe,As,. Note that Si powder was added as
a standard and Sn is present from residual flux on surface of
samples used.

shows the hysteretic temperature dependence of this feature:
there is an ~2 K hysteresis between the cooling and warm-
ing curves. This hysteresis is larger than the shift in the re-
sistivity associated with the application of a 140 kOe mag-
netic field along the either ¢ axis or ab plane. There is a finite
low-temperature magnetoresistance that (as shown in the
lower inset) is essentially the same for both directions of
applied field. It is worth noting that two features of the elec-
trical transport data on CaFe,As, set it apart from BaFe,As,
and SrFe,As,.5%10 First, the very sharp increase in resistivity
at T=170 K is markedly different from the decrease in re-
sistivity found in pure BaFe,As, (Ref. 10) and SrFe,As,
(Ref. 9) as well as different from the more gradual increase
found in Sn-doped BaFe,As,.® Second, the nearly isotropic
linear low-temperature magnetoresistance found for
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FIG. 3. Temperature-dependent electrical resistivity of

CaFe,As,, with current flowing within the basal plane, for Hllc,
H=0, and 140 kOe. Upper inset: hysteresis in temperature-
dependent resistivity near the 170 K phase transition (the arrows
indicate increasing and decreasing temperature scans). Lower inset:
magnetoresistance for Hllab and Hllc at T=2 K.
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FIG. 4. Temperature-dependent magnetic susceptibility of
CaFe,As, for applied field parallel to and perpendicular to the crys-
tallographic ¢ axis. Upper inset: enlarged transition region. Lower
inset: anisotropic magnetization for applied field parallel and per-
pendicular to the ¢ axis for 7=300 K. As described in text, the
susceptibility was determined by the difference between 30 and 50
kOe magnetization runs so as to eliminate weak ferromagnetic
contributions.

CaFe,As, is markedly different from the anisotropic and
nonlinear field dependence found in SrFe,As,.”
Magnetization data on single crystal CaFe,As, are pre-
sented in Fig. 4. Magnetic-field-dependent, anisotropic mag-
netization, taken at 300 K (lower inset to Fig. 4), suggest the
possible presence of a small ferromagnetic impurity or, less
likely, an intrinsic weak ferromagnetic transition above 300
K. In attempt to eliminate the effect of this weak ferromag-
netism, the temperature-dependent anisotropic susceptibility
data are presented as [M50 kOe(T)_M30 kOe(T)]/(50_30)
kOe in Fig. 4. The susceptibility of CaFe,As, is weakly an-
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FIG. 5. (Color online) Temperature-dependent specific heat of
CaFe,As,. Upper inset: enlargement of data in the vicinity of the
170 K phase transition. Lower inset: C,,/T plotted as a function of
T2; line—linear fit.
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FIG. 6. Longitudinal (0 0 &) scans through the position of the
tetragonal (0 0 10) reflection for selected temperatures. The lines
represent fits to the data to obtain the reflection positions and inten-
sities shown in Fig. 8. The offset between every data set is 2000
counts/s. In the coexistence range, we point out that the strong
change in the position of the peaks results mainly from misalign-
ment related to the strain occurring at the phase transition in com-
bination with the lattice-parameter changes between both phases.

isotropic with neither direction of applied field showing any
sign of local-momentlike temperature dependence. The clear-
est feature in the data set is the sharp increase in magnetiza-
tion seen when the sample is warmed through 171 K. The
change in susceptibility at the transition is three to four times
larger for Hllab. The onset of the transition at 171 K for data
collected upon warming is consistent with the hysteresis of
the transition detected in the resistivity data shown in Fig. 3
above.

Figure 5 presents the temperature-dependent specific heat
of CaFe,As,. There is a sharp anomaly centered on 170 K in
the cooling data. This is shown more clearly in the upper
inset. The data were collected with a thermal excitation of
2% of the temperature (i.e., ~4 K) in the temperature range
of the anomaly, causing the apparent broadening of the latent
heat feature. The low-temperature C,/T data are plotted as a
function of 72 in the lower inset. These data can be fitted to
a C,(T)=yT+BT° power law giving y=4.7 mJ/mol K* and
B=0.56 mJ/mol K* (@,=~258 K). Whereas the 3(0,) val-
ues are similar to those seen for BaFe,As, and SrFe,As,, it is
worth noting that the y value is reduced by almost an order
of magnitude.

The thermodynamic and transport data shown in Figs. 3-5
are consistent with a first-order phase transition near 170 K.
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FIG. 7. Transverse (¢ & 0) scans through the position of the
tetragonal (1 1 10) reflection for selected temperatures. The lines
represent to the data to obtain the reflection positions shown in Fig.
8. The offset between every data set is 200 counts/s. In the coexist-
ence range, we point out that the strong change in the position of
the peaks results mainly from misalignment related to the strain
occurring at the phase transition in combination with the lattice-
parameter changes between both phases.

To determine whether there is a structural transition, as

observed in the isostructural AFe,As, (A=Ba,Sr)
compounds,®®!® we performed a single-crystal x-ray-
diffraction study. (£ € 0) and (0 0 &) scans through

the (0 0 10) reflection show no change in the shape of the
(0 0 10) reflection. However, in a narrow temperature range
between 168.5 and 171 K we observe coexistence of two
reflections in longitudinal (0 0 ¢) scans as illustrated in Fig.
6. The reflection at lower & values in the (0 0 £) scans cor-
responds to the (0 0 10) reflection of the low-temperature
phase. The reflection at higher & values represents the high-
temperature phase. In transverse (¢ & 0) scans, however,
only one sharp reflection was observed. The abrupt change in
the ¢ lattice parameter, together with the narrow temperature
range of coexistence of both phases, indicates a first-order
phase transition at 7~ 170 K. This interpretation is corrobo-
rated by our measurements of the (I 1 10) reflection. As
shown in Fig. 7, below 170 K, a splitting of the (1 1 10)
reflection was observed in (¢ &€ 0) scans, consistent with a
tetragonal-to-orthorhombic phase transition with a distortion
along the diagonal (1 1 10) direction. This transition from the
space group [4/mmm to Fmmm is similar to that observed in
the AFe,As, (A=Ba,Sr) compounds.®®!° Between 168.5 and
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FIG. 8. Lattice parameters for the tetragonal and orthorhombic
phases as extracted from the data shown in Figs. 6 and 7 for the (0
0 10) reflection and the (1 1 10) reflection. To allow direct compari-
son of both phases the lattice parameter a of the tetragonal phase is
given as ayr=y2a. The inset shows the intensity of the reflections
related to the lattice parameter ¢ (shown in Fig. 6 in both phases).
The error bars represent only the relative precision of the
measurements.

171 K, reflections related to both phases coexist. The central
peak corresponds to the (1 1 10) reflection of the tetragonal
high-temperature phase. The surrounding pair of reflections
arises from the two sets of “twin domains” that arise from
the orthorhombic distortion along the diagonal (1 1 0) direc-
tion for the low-temperature phase.

By analyzing the position of the (0 0 10) reflection in
longitudinal (0 0 &) scans, the c lattice parameter can be
determined. The in-plane a and b lattice parameters have
been calculated based on the distance between the reflections
close to the tetragonal (1 1 10) position and the (0 0 10)
reflection in transverse scans along the (¢ & 0) direction.
The results are shown in Fig. 8. Between 10 and 170 K, the
difference in the orthorhombic a and b lattice parameters
decreases slowly and monotonically with increasing tem-
perature whereas the ¢ lattice parameter increases monotoni-
cally up to 170 K. At 170 K, the a lattice parameter jumps
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abruptly as can be readily seen from the transverse (¢ & 0)
scans through the (1 1 10) reflection in Fig. 7 and the tem-
perature dependence of lattice parameters in Fig. 8. The
jump is as large as ~1% between the high-temperature te-
tragonal value and the averaged low-temperature in-plane
lattice parameters a and b. This change is quite large and
emphasizes the first-order nature of the structural phase tran-
sition at T,=170 K. The c lattice parameter shows also a
jump at T, but smaller than the in-plane lattice parameter.

The inset to Fig. 8 shows the intensity of the low- and
high-temperature (0 0 10) reflections as a function of tem-
perature close to the tetragonal-to-orthorhombic phase tran-
sition. The overall behavior reflects again the first-order char-
acter of the phase transition as well as the high quality of the
sample. Coexistence of the high-temperature tetragonal and
low-temperature orthorhombic phase can be detected for a
very narrow temperature range of only ~2 K representing
the “sharpness” of the transition in the studied sample.

IV. DISCUSSION AND SUMMARY

CaFe,As, single crystals have been grown from Sn flux
and have been found to form in the tetragonal ThCr,Si,
structure that is the high-temperature structure of the related
BaFe,As, and SrFe,As, compounds. Unlike single crystals
of BaFe,As, and SrFe,As, grown from Sn flux, CaFe,As,
single crystals have no detectable Sn incorporated into the
bulk.

CaFe,As, manifests a clear, first-order structural phase
transition near 170 K in thermodynamic, transport, and mi-
croscopic data. The phase transition is from a high-
temperature tetragonal to a low-temperature orthorhombic
phase. This phase transition is similar to that seen in
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BaFe,As, and SrFe,As, compounds that manifest supercon-
ductivity up to near 40 K when K is substituted for Ba or Sr.
In CaFe,As, this structural phase transition is unambigu-
ously first order in nature, showing discontinuous jumps in
electrical resistivity (as well as hysteresis), magnetic suscep-
tibility, and lattice parameters. In addition, the specific-heat
data show a sharp spikelike feature near 170 K that has a
width comparable to the thermal excitation used in the mea-
surements. These results raise the possibility that (i) it is
likely that there is a magnetic component to the 170 K tran-
sition found in CaFe,As, similar to the cases of LaFeAsO
(Ref. 12) and BaFe,As,,!? and (ii) if K can be substituted for
Ca or some other form of hole doping can be achieved, then
doped CaFe,As, could also manifest a suppression of this
structural phase transition and become a third member of this
family to manifest superconductivity.

Note added in proof. Recently, we found that the rodlike
second phase can be suppressed by heating to a slightly
higher maximum temperature and decanting the flux at
600 °C. Also, recently, two other papers have been posted
regarding the growth and properties of single crystalline
CaFe,As, either from FeAs solvent'* or, as in this paper,
from Sn."
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