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Abstract

One way to address the nature of the superconductivity in the new iron pnictides is to measure
the low temperature specific heat in the superconducting state, where the temperature, field, and
angular dependences of the specific heat each give important information. We report on an
initial study of the specific heat down to 0.4 K in single crystals of Bag Ko 4Fe;As,, T, = 32 K,
prepared via Sn-flux and In-flux methods and compare to literature data for samples prepared
using the self-flux method. We also report on the specific heat in zero and 1 T applied magnetic
fields of Ba(Fe(.926C00.074)2As2, T, = 22 K, prepared via the In-flux method. All samples show
upturns in the specific heat divided by temperature below 2 K, with the upturn in the Sn-flux
sample starting already at 4 K. These upturns, which are strongly dependent on the preparation

method, impede determination of the intrinsic properties.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The discovery of superconductivity in the iron pnictides, and
the rapid developments [1] in increasing the superconducting
transition temperature, Tt, have caused significant interest [2]
in the scientific community. After a 7. of 55 K was
achieved [3] in SmFeAsO;_.F,, in the so-called ‘1111’
iron arsenic structure, superconductivity was found [4] in
a new class of compounds (the ‘122’ structure) at 38 K
in BageKop4Fe,Asy.  This result was followed by the first
production [5] of single crystals of these new superconductors,
using growth of Ba;_,K,Fe,As, from a molten Sn metal flux.
Many dopants other than K have since been found to suppress
the spin density wave transition in the 122 parent compound,
MFe;As, (M = Ba, Sr, Ca, Eu), and cause superconductivity
including, surprisingly enough, doping [6] of Co on the Fe
site.
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Determination of the nature of the superconductivity,
whether BCS (‘conventional’) or not, in a new class of
superconducting compounds is always important. In the iron
pnictides, there have been several, conflicting experimental
reports [7-10] on this subject, as well as numerous theoretical
predictions [2, 11]. Likely, measurements will need to made
not only on each structure (1111 versus 122), but also for each
dopant and maybe even for various concentrations of dopant as
concentration tunes 7t across the superconducting ‘dome’ in
the phase diagram.

One way to gather information on the nodal structure of
a superconductor is to measure the temperature dependence of
the low temperature specific heat, C, or its field dependence
(C/T ~ H'? for [12, 13] unconventional superconductors),
or its angular dependence in field [14]. In the first step
to performing such thorough specific heat studies, we have
prepared single crystalline samples of both K-doped and
Co-doped BaFe;As;, using different growth methods, and
measured their specific heats down to 0.4 K.
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Figure 1. Ba(Fe(.976C00.074)2As, single crystals, 70" = 22 K,
In-flux, harvested from the surface of the growth crucible, shown on
mm paper.

2. Experimental details

Single crystals of Bag Ko 4Fe, As, were prepared using the Sn-
flux method [5], where the constituent elements are heated in
a Sn-flux to 850°C and then cooled at 5°Ch~! to 500°C.
Also, we prepared the same composition using our new In-
flux technique [15], where the constituent elements are heated
to 1100°C and then cooled at 5°Ch~! to 600°C in an In-
flux, followed by cooling to room temperature at 75°C h~!.
Rather than centrifuging at 500 °C (as is done [5] for the Sn-
flux samples) to remove the samples from the In-flux, crystals
that have formed on top of the flux (with a flux-free top surface)
are removed while heating the reaction crucible on a hot plate
slightly above the melting point of In at 157 °C. This is then
followed by centrifuging the remaining material to obtain the
crystals that formed below the surface. In addition, crystals of
Ba(Fe(.926C00.074)2As, [6] (see figure 1) and pure BaFe,As;
were grown using the In-flux method.

Sample quality and impurity effects will be seen below
to play an important role in the low temperature specific heat.
We note that the amount of In inclusion due to the flux growth
process in the undoped BaFe,As, single crystals is 0.4 at.%,
measured via electron microprobe using a JEOL Superprobe
733. This may be compared to ~1% Sn found [5] to be
in BaFe,As, grown using Sn-flux. Resistivity and magnetic
susceptibility measurements show that the temperature of the
spin density wave transition in BaFe,As; grown in In-flux is
137 &£ 1 K, comparable to the result [16, 17] for self-flux
grown samples. A further measure of the quality of crystals
from the In-flux growth process is the residual resistivity ratio
(=p(300 K)/p(T — 0 K)) for In-flux grown BaFe,As,,
which is 5.0, compared to around 3 for self-flux grown
crystals [16, 17].
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Figure 2. Low temperature specific heat, C, divided by temperature,
T, in zero field vs temperature for single crystals of superconducting
Baj ¢Ko 4Fe,As, grown by Sn-, In- and (from the literature [19])
self-flux methods as well as for single crystals of superconducting
Ba(Fe).026C0¢.074)2As, grown from In-flux in zero and 1 T magnetic
fields. The superconducting transition temperature for the sample
grown by self-flux is 36.5 K [19].

Samples were characterized using magnetic susceptibility
in a commercial MPMS™ Quantum Design machine, 4 probe
dc resistivity, and specific heat in zero and applied magnetic
fields using established [18] techniques. The 7> of the K-
doped samples, both for Sn- and In-flux growth, was 32.5 K,
while 72" for the Co-doped crystals was 22 K determined by
resistive and susceptibility measurements.

3. Results and discussion

The specific heat of the Sn-flux and In-flux crystals is shown in
figure 2, with literature data [19] for Bay ¢Ko4Fe,As, crystals
grown by self-flux shown for comparison.

Focusing first on the data for Bag¢Kp4Fe)Asy, we see
that the literature data [19] for the self-flux grown crystal,
measured only down to 2 K, show the beginning of an upturn
in C/T below 2 K. There is a similar upturn in the low
temperature In-flux grown Bag Ko 4Fe,As, C/ T data starting
at a slightly lower temperature. Also, the In-flux sample C/T
data are approximately 30% larger at 2 K. In contrast, the Sn-
flux grown Bay ¢Kg 4FeyAs, C/T data show an upturn starting
at approximately 4 K, and a much larger magnitude at low
temperature—about a factor of four larger at 2 K than the self-
flux data.

This upturn in C/T for Baj¢Ko4Fe,As, becomes an
actual rounded transition centered at 1 K for the In-flux grown
crystals of Ba(Fep926C00.074)2As;.  This transition moves
to higher temperature in magnetic field, indicating that the
transition is ferromagnetic-like in origin. The fact that the
transition increases in temperature with the application of low
magnetic fields offers the prospect that at higher fields, and at
dilution refrigerator temperatures down to 0.05 K, we indeed
can investigate the low temperature C/T as T — 0 (see
figure 2) in order to investigate the nature of the nodes [12—-14]
in the superconducting state as discussed above in section 1.
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However, until progress is made in preparing Bag¢Ko4
Fe,As, without the upturns in C/T shown in figure 2,
such specific heat methods for determining the nodal
superconductivity in this material have definite problems.
Since the C/ T of the three types of Bag Ko 4Fe;As, samples at
low temperatures shows a progression in magnitude (smallest
to largest) from the self-flux grown crystal to the In-flux crystal
(0.4 at.% inclusions) to the Sn-flux crystal (~1% inclusions),
the conclusion for future direction in sample preparation seems
clearly to improve upon the self-flux prepared methodology.
The higher RRR values obtained for our In-flux grown crystals
of BaFe,As; than for self-flux grown crystals holds out hope
that the self-flux method can indeed be improved.
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