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The effects of thermal-annealing on the antiferromagnetic (Ty) and structural (Ty) transition temperatures
of ThCr,Si,-type BaFe,As, and SrFe,As, (‘122°) crystals are reported, and compared to that of CaFe,As,.
Although the shift in transition temperatures for CaFe,As, can be as high as 75 K, we find modest

changes of ~ 6 K for BaFe,As, and SrFe,As,. Such findings are based on the measurements of

temperature-dependence of electrical resistivity, magnetization, and heat capacity. Residual resistivity

ratios show improvement of crystal quality upon anneal for both of BaFe,As, and SrFe,As,. We confirm

the pressure-like influence of annealing on 122 crystals.

Introduction

Following the discovery of superconductivity in chemically-
doped BaFe,As,,"? the details of magnetic and structural phase
transitions in alkaline-earth based BFe,As, (B = Ca, Sr, Ba) ‘122’
parents have been the focus of numerous studies.”> At room
temperature, the BFe,As, parents are paramagnetic, and have
tetragonal ThCr,Si)-type structure that features layers of [FeAs]
made of edge-sharing FeAs, tetrahedra and B>' layers. These
parents exhibit a spin-density-wave (SDW) order of Fe spins
below the magnetic ordering temperature (Ty) that is coupled to a
low-temperature orthorhombic structural transition (Ty).

The reported values of Ty (T,) of the 122 parents can be variable
depending on the sample preparation conditions,*** presumably,
caused by off-stoichiometry or unintentional doping. The use of
clemental tin as a flux, for example, results in the incorporation
of Sn into the crystals, whereas FeAs self-flux provides crystals
free of dopants.'”** Interestingly, a recent report indicates that a
large ~ 75 K changes in magnetic and structural transition
temperatures occur in CaFe,As, with post-synthetic annealing
treatment.”> The thermal-annealing, in vacuum or in partial inert
atmosphere, are typically aimed at producing chemically-ordered
and strain-free crystals. With much surprise however, it was
found that annealing can mimic the dramatic effects of applied
pressure, causing shifts in transition temperatures by as much as
several tens of degrees. This simple high temperature quenching
followed by annealing technique allows access of different phases
in the temperature (T) — pressure (P) phase diagram for
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CaFe,As,;, which was previously thought to be accessible only
under applied pressure. The CaFe,As, samples obtained using
this method have distinctly different crystal’® and electronic?’
structures, and magnetism26 associated with them. X-ray
diffraction and transmission electron microscopy studies show
that the as-grown CaFe,As, crystals have uniform chemical
composition; however, they contain domains with non-uniform
strain distribution of lattice parameters. Upon annealing, the
strain relief occurs via local and bulk structural changes,26 which
leads a Fermi surface reconstruction’’ and changes in the
magnetism of the samples.

Although the large changes in magnetic and structural transition
temperatures occurring in CaFe,As, are well-documented, a
similar experimental study has not been conducted for the
BaFe,As, and SrFe,As,. However, there are several reports on
the effects of annealing on the properties of BaFe,As, and
SrFe,As,. For example, annealing BaFe,As, crystal, at 700 °C
and for 30 days, shifts Ty = 135 to 140 K, causing sharpened heat
capacity anomaly and an order of magnitude decrease of in-plane
resistivity (p.).> Annealing SrFe,As,, at 850 °C for 2 days,
reduces p,, and leads to Ty = 192 K to 200 K,® while a short
anneal at 300 °C for 5 min is sufficient to remove the strain-
induced fractional superconductivity.*

Herein, we compare the bulk properties of the as-grown Ba- and
Sr- and CaFe,As, crystals, and the changes that occur with
thermal-annealing. This is a systematic study of annealing effects
on Bal22 and Sr122 crystals under the same conditions used for
CaFe,As; crystals.

This journal is © The Royal Society of Chemistry [year]
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Fig. 1 Resistivity versus temperature for the as-grown and the annealed crystals of (a) BaFe,As,, (b) StFe,As,, and (c) CaFe,As, measured upon warming
in the ab plane.

5 Table 1 Transition temperatures (7*) determined from dp/dT, d(yT)/dT), and C(T) data, for the as-grown and annealed BFe,As; (B = Ca, Sr, Ba) crystals.

Dashed-line indicates ‘not measured’

History dpldT Fisher’s d(yT)/dT) (D)
on cooling on warming on warming on cooling
BaFe,As;
as-grown 134(1) K 134(1)K 129(2) K 132(1)K
700°C-annealed (1 d) 135(1) K 135(1) K 135(1) K -
700°C-annealed (30 d) 135(1) K 136(1)K 137(1) K 137(1) K
350°C-annealed (5 d) 137(1) K 138(1)K 138(1)K -
SrFe,As;
as-grown 195(1) K 196(1) K 197(2) K -
700°C-annealed (1 d) 199(2) K 200(1) K 197(3)K -
350°C-annealed (5 d) 201(H K 202(H) K 203(H K -
CaFe,As;
as-grown 90(1) K 95(1) K 96(1) K 92(1)K
700°C-annealed (1 d) 118(2) K 122(1)K 118(4)K 1HI(HK
350°C-annealed (5 d) 168(1)K 170(1) K 171(H) K 168(2) K

Results and discussions
Electrical resistivity and magnetization

10 Temperature dependence of electrical resistivity, p(7), for
BFe,As, (B= Ca, Sr, Ba) crystals are presented in Fig. 1. All
materials display metallic behavior with p decreasing upon
cooling. There are discontinuities, labelled as 7%, in p in all of the
BFe,As, crystals. There is an inverse dependence for AT* with

15 size of alkaline-earth metal, with ionic size Ca>" < Sr** < Ba>" 3!
The largest AT* is observed for CaFe,As,, with as-grown crystal
giving 7* = 95(1) K and 350°C-annealed crystal with 7* = 170(1)
K (Fig. 1c), whereas for SrFe,As, and BaFe,As,, AT* from
resistivity data are ~ 6 K and 4 K, respectively. In all cases,

20 350°C-annealed crystals give the highest 7%, while the as-grown
crystals give the lowest 7* values; 700°C-annealed crystals give
T* values that lie in between that for as-grown and 350°C-
annealed crystals. There is a small hysteresis at 7* in p(7)
measured on warming and cooling, with the largest hysteresis of

25 ~ 5 K seen for the as-grown CaFe,As, crystal. The complete list
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of changes in transition temperatures for all of these materials are
listed in Table 1.

Increase in residual resistivity ratio (RRR = p3g9 x/p2 x) With
annealing corroborates with the trend in transition temperatures
from resistivity data for BaFe,As, and SrFe,As,; RRR values rise
from 3.6 for as-quenched to 6.3 for 350 °C-annealed crystals of
BaFe,As,, and from 2.8 to 6.7 for SrFe,As,. Such a trend is
expected assuming that crystal quality increases with annealing.
Indeed, it has been reported that annealing BaFe,As, crystals
together with BaAs at 800 °C for 5 days results in a 10-fold
increase of RRR,*> while annealing under partial argon gas
pressures at 700°C for 30 days leads to a 7-fold rise.”® In contrast
to these reports, our results indicate only a modest ~ 2-fold
increase of RRR for SrFe,As, and BaFe,As,. However, for
CaFe,As,, the RRR values decrease with annealing: they are 8.0
for as-grown, 5.4 for 350°C-annealed and 1.9 for 700°C-annealed
crystals. Such a markedly differing trend can be tied to the
magnetic, local and bulk structural changes in CaFe,As,, which
occur with annealing as we have found recently.”®
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Fig. 2 Temperature dependence of magnetic susceptibility, y(T), in the applied field of 1 Tesla in the ab-plane for (a) BaFe,As,, (b) SrFe,As,, and (c)
CaFe)As,.
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Fig. 3 Heat capacity versus temperature, C(7), for as-grown and an annealed crystals of (a) BaFe,As; and (b) CaFe,As,.

ZFC temperature-dependent magnetic susceptibility data, y(7),
are presented in Fig. 2. There is a sharp downturn at 7* in y(7)
plots of BFe,As,, above which there is a linear increase. The
transition temperature 7* values extracted from Fisher’s d(yT)/dT
analysis (see Table 1) are comparable to those found in dp/dT.

Heat capacity

Temperature dependence of heat capacity results for CaFe,As,
and BaFe,As, are plotted Fig. 3, and summarized in Table 1. For
the as-grown BaFe,As, crystal, the Sommerfeld coefficient is y =
6 mJ/(mol K?), which compares well with 6.1 mJ/(mol K?) value
reported in literature.”** For the prolonged 700 °C-annealed
BaFe,As, crystal, we surprisingly find no significant change with
y = 6.4 mJ/(mol K?). Earlier reports suggest sharpening of C(7)
peak and ~ 5 K increase in T* after 700 °C-anneal for 30 days,”®
however, we only find identical peak widths and a similar 5 K
increase in 7*. In comparison, for CaFe,As,, there is a noticeable
decrease in the y values with y ~ 14 mJ/(mol K?) for the as-grown,
~ 6 mJ/(mol K?) for 350 °C-annealed, and ~ 8 mJ/(mol K?) for
700 °C-annealed crystals.”® From the strong peaks in the heat
capacity data, it is evident that the magnetic and structural
transitions coincide for the as-grown and annealed crystals of
Bal22, and the 350 °C-annealed crystal of Cal22. We have
recently found®® that the broad peak in the 700 °C-annealed
Cal22 crystal is due to the gradual transition over 40 K range,
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whereas only a structural transition occurs over 5 K range in the
as-grown crystal.

A significant expansion of the c-parameter has been reported for
CaFe,As, upon annealing at 350 °C, as evidenced by a more than
1° (26) shift in the (0 0 8) peak positions in the PXRD patterns.*®
The c-parameter increases from ¢ = 11.574(1) A in the as-grown
crystal to ¢ = 11.7262(8) A in the 350 °C-annealed CaFe,As,
crystal at room temperature. The c-parameter is the gauge of
pressure in BFe,As,, and in the case of CaFe,As,, compression of
the c-parameter leads to disappearance of the hole cylinders and
the Fermi surface nesting, resulting in a nonmagnetic collapsed
tetragonal phase. However, the (0 0 8) peak shifts for SrFe,As,
and BaFe,As, are less than 0.05°, suggesting very small changes
in the c-parameters (below 0.01 A). Consequently, this implies
that the Fermi surface modification is small in SrFe,As, and
BaFe,As;, consistent with only small changes
antiferromagnetic transition temperatures upon annealing.

in

Conclusions

The dramatic changes in the structural (Ts) and magnetic (Ty)
transitions temperatures occurring in the quenched crystals of
CaFe,As, with annealing have been likened to the effect of the

pressure. > Indeed, earlier studies have shown that

This journal is © The Royal Society of Chemistry [year]
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polycrystalline CaFe,As, is extremely pressure sensitive, and as
little as 1.7 GPa at 300 K is sufficient to induce a structural
collapse from the high temperature tetragonal to the collapsed
tetragonal phase.** Owing to the larger sizes of Sr** and Ba®'
cations,! SrFe,As, and BaFe,As, have much higher critical
pressure values of P, = 10 GPa (nonhydrostatic conditions)*® and
P. = 27 GPa,* respectively. Based on these, the effects of
annealing on the quenched crystals of SrFe,As, and BaFe,As, are
expected to be much less significant. In agreement with this
conjuncture, our experimental results on the as-grown and
annealed crystals of SrFe,As, and BaFe,As, show that the shifts
in the transition temperature are 5 K and 6 K, respectively.
Additionally, the structural parameters that influence the
transition temperatures do not show significant changes with
annealing. The changes in the c-parameters for SrFe,As, and
BaFe,As,, for example, are less than 0.01 A. Annealing leads to
improved crystal qualities as evidenced by the increase in RRR
values from 2.8 to 6.7 for SrFe,As,, and from 3.6 to 6.3 for
BaFe,As,. This is in contrast with the lowering of RRR values in
CaFe,As, from 8 down to 1.9 with annealing. The difference in
the trends in RRR is likely due to the remarkable changes in the
structure and magnetism of CaFe,As,.

Temperature dependence of heat capacity experiments display
modest changes for the as-grown and the 700 °C-annealed
crystals of BaFe,As,. The peak widths do not change with
annealing, in contrast to the earlier reports,® the peaks at
transition temperatures are very strong for both crystals. The
sharp peaks in the heat capacity data indicate that the magnetic
and structural transitions coincide for the as-grown and annealed
crystals of BaFe,As,, similar to the 350 °C-annealed crystal of
CaFe,As,.

In conclusion, this work confirms the expected pressure-like
effects of annealing on SrFe,As, and BaFe,As,. In the next step,
the structural and magnetic changes in BFe,As, could be explored
through variation of the quenching temperatures, i.e. temperatures
where FeAs-flux is removed via centrifugation, in addition to the
ongoing doping studies.

Experimental

BFe,As, (B = Ca, Sr, Ba) single crystals were grown out of FeAs
flux by the reaction of elemental alkaline-earth metals with FeAs
binary. Reaction mixtures were heated to 1190°C, kept at this
temperature for 24 hours, and then slowly cooled to 960°C for B
= Ca, 990°C for B = Sr, and 1090°C for B = Ba, at which point
the FeAs flux was decanted by spinning each reaction in a
centrifuge. These spin temperatures were taken from literature;
the resulting plate-like crystals are called ‘as-grown,” following
the nomenclature used for them in literature. From each reaction
batch, several crystals of BFe,As, were selected for heat
treatment studies; temperatures of annealing were chosen at350°C
and 700 °C, similar to those in literature.?>

Energy-dispersive X-ray spectroscopy (EDS) was performed
using a Hitachi-TM3000 scanning electron microscope equipped
with a Bruker Quantax 70 EDS system. Scanning over ~ 100 um
x 100 um area of the crystals, the results confirmed 1:2:2
elemental compositions for as-grown, and also for the annealed
crystals of BFe,As,. Temperature-dependence of electrical
resistivityp,,(7) and heat capacity C(7) measurements on
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BFe,As, crystals were performed on a Quantum Design Physical
Property Measurement System. Electronic (y) and lattice (f)
contributions to the heat capacity were extracted from the linear
fits of C/T vs T° plots below 10 K. Temperature-dependence of
magnetization experiments were carried out using a Quantum
Design Magnetic Property Measurement System. Applied fields
of 10 kOe along the ab-plane were used to collect zero-field-
cooled (ZFC) magnetization data. Estimations of transition
temperatures (7*) were done by dp/dT and Fisher’s d(x7)/dT.
Powder X-ray Diffraction (PXRD) measurements were carried
out on a PANalytical X’Pert PRO MPD with monochromated
Cu-Ka; radiation. The flat-lying BFe,As, crystals were used to
collect (0 0 /) Bragg peaks, and subsequently, to estimate the c-
lattice parameters from their Le Bail fits.
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Thermal annealing and results in ~ 6 K shift in the structural and magnetic transition
temperatures of BaFe,As, and SrFe,;As;.



