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Abstract

We have investigated the magneto-resistance (MR) from the two main AFe2As2 compounds (with A =Sr and Ba)
and a low energy Ca ion implanted SrFe2As? crystal up to 8 T. We show that MR from BaFe2As2 and SrFe2As?
single crystals are similar and a quantum linear MR model favoured by some authors is probably not appropriate
especially since the MR is not linear. The SrFe2As? sample with a near surface Ca concentration of 0.8 at.% has a larger
MR at low temperatures that is probably due to current transport in the near surface region and in an inhomogeneous
normal and superconducting state.
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1. Introduction

The recently discovered high-temperature superconducting iron-based compounds, with a superconducting transition
temperature as high as 56 K, are known to be unconventional superconductors, with a notable feature that a single-carrier
model is inadequate to characterise their transport behaviour due, for example, to the multiband nature of the d-orbitals
involved in the conduction bands [1-4]. Furthermore, they also possess several interesting practical properties such as a
sizeable thermo-electric effect [5, 6], a large magneto-resistance (MR) [7,8], and a Dirac-cone-like energy dispersion,
which is caused by band crossing as revealed by ARPES and quantum oscillation measurements [9,10]. The last feature
is particularly interesting because it can lead to Dirac fermions with very high mobilities and a nearly zero effective mass,
m* [9-13]. At sufficiently high fields and if the Fermi level is close to the cone apex then a Dirac-cone-like energy
dispersion can lead to a quantum linear MR. This was predicted by Abrikosov where the resistivity can be written as pyx
=Py = [N/(znp%)] x B (N; is the concentration of static scattering centres, and np is the density of carriers, and B
is the applied magnetic field) [14]. There have been a few reports from magneto-transport measurements on the 1111-
and 122-iron-arsenides [11-13] families of the iron-pnictides that a quantum linear MR has been observed. However, it
has been argued that the fields required to observe a quantum linear MR in BaFe,As; are too high [15] and that a quantum
linear MR is not observed in good quality and homogeneous samples [7]. We have recently shown that very high magneto-
resistances are observed in a SrFe,As, crystal that was left in a desiccator for 7 months and the conduction pathway
was through normal and superconducting regions [8]. However, the MR data are more consistent with multi-band transport
and the MR is not dominated by quantum linear magneto-transport. Clearly more studies are required, and for this reason
we have measured the MR from non-superconducting BaFe,As, and SrFe,As,, and report our results in this paper. We
also report the results from MR measurements on a low energy Ca ion implanted SrFe,As, sample to see if this can
induce a large MR similar to the more than 1600% MR observed in a SrFe,As, sample that displayed an
inhomogeneous mixed phase containing superconducting and normal state regions [8].

2.  Experimental details

BaFe,As, and SrFe,As; single crystals were prepared by the self-flux method using excess FeAs following the
literature method [16,17]. Platelet crystals were mechanically cleaved off from the obtained solidified melt and show sharp
c-axis (00I) Bragg reflections in powder X-ray diffraction. The samples were stored in a desiccator and measured less
than one month after synthesis. The SrFe,As; single crystalline sample used for ion implantation experiments were from
our previous study[18]. Calcium ion-implantation was carried out at the GNS Science ion implantation facility using a 20
keV beam energy, similar to our previous work [19]. The implantation was carried out on both surfaces of a ~46 um thick
crystal, along the c-axis with the same fluences. An estimated implantation depth of 10-15nm was determined from
a Monte Carlo simulation [20]. The fluence of 1 x 10" ions/cm? corresponds to an average Ca concentration in the
implanted region of 0.8%. The ion current was set to a low value (1 pA) to avoid heating effects during implantation.
Physical characterisations were carried out on the as-prepared and as-implanted samples without subjecting them to
post-annealing processes. MR measurements at various temperatures were made using the standard four-terminal
configuration with the current in the ab-plane and the applied magnetic field in the c-axis using a Physical Property
Measurement System.

3 Results and discussion

Figure 1(a) shows the in-plane temperature dependent resistivity for the BaFe,As,, SrFe,As, and 0.8 at.% Ca implanted
SrFe,As, single crystals without an applied magnetic field. All three samples show a typical sharp drop in the resistivities



in the high temperature region, which is associated with the spin-density-wave (SDW) magneto-structural transition at 205
K for SrFe,As, and 135 K for BaFe,As,. The as-prepared BaFe,As, and SrFe,As, samples follow a Fermi liquid T2
behaviour and there is no evidence for a downturn in the resistivity that could signal the appearance of
superconductivity. The low-energy Ca implanted SrFe,As, crystal does show a downturn in the resistivity below ~15 K.
We previously observed a downturn in the resistivity from a similar low energy Ca ion implanted SrFe,As, crystal but
the Ca concentration was 6 at.% and a downturn in the resistivity was observed at ~23.6 K and zero resistivity
occurred at ~16.4 K [18]. This was attributed to strain-induced superconductivity in the near surface region that was
caused by the ion implantation [18]. This interpretation was supported by hydrostatic pressure studies on non-
superconducting AFe,As, (A = Ba, Sr or Ca) that display a downturn in resistivity at low pressure but became
superconducting as the pressure was increased [21-23]. In our case the 0.8 at.% Ca implanted crystal does not show
zero resistance for temperatures as low as 2.2 K. Thus, similar to studies on 1.6 at.% K low energy ion implantation
into SrFe,As, [18], the percolation pathway in the implanted region contains superconducting and non-superconducting
regions

The MR behaviour was investigated by applying magnetic fields of up to 8 T. The MR is defined as MR = (p(B) — p(0))/p(0).
The results from MR measurements on BaFe,As;, are shown in Figure 2(a). The MR is negligible above the SDW
transition temperature at 135 K but increases rapidly below this. The maximum MR is ~22% at 8 T and 8 K, which
is less than the maximum MR of 280% at 5 K and 7 T reported in another study [7]. For applied magnetic fields above 2
T, the MR data for all temperatures can be fitted to a power-low behaviour where MR(B) = a,B™. We find that m= 1.48
at 100 K and it systematically reduces to 1.15 as the temperature is reduced to 8 K. However, the field dependence
is different for low applied magnetic fields. This is apparent in the derivative of the MR plotted in Figure 2(b), where
it can be seen that there is change in the MR behaviour from low to high applied magnetic fields. In the quantum linear
magneto-resistance scenario, this change was attributed to a crossover from multi-band MR to quantum linear MR [11-
13]. The crossover field B* has been used to estimate the Fermi velocity and Fermi energy by assuming that A; = kgT
+ Er, where A; is the field-induced splitting of the first Landau level, and A; = vF(ZheB*)l’2 where wvgis the Fermi
velocity and Er is the energy of the Fermi level [12-14]. Thus, B* can be written as

1
B - (m) (kBT+EF)'

A plot of B* against temperature can then be used to estimate orand Er. This plot is shown in Figure 2(c). We find
that Er = 7.1 meV, and Fermi velocity, v = 2.5 x 10° ms®. These values are similar to those deduced from
measurements on BaFe,As, [12,13] where the Dirac cone states are well documented. Eg is slightly higher than that
reported from MR measurements on BaFe,As, (2.48 meV, Huynh et al. [12]) but it is within the range reported from
MR measurements on Ba(Fe;,Ru,),As, (3-12 meV, Tanabe et al. [13]). vgis very similar to ve~2 x 10° ms * reported
in both studies. However, as mentioned above the MR is not linear at high fields. A similar absence of a linear MR at
high fields was noted by Terashima et al. [15] and they argued that the field required for only one Landau level to be
filled is very high and far above our maximum field of 8 T. Thus, it is highly likely that, similar to our previous study
on a SrFe,As, sample that showed superconducting and normal state regions [18], the MR is not dominated by quantum
linear MR and it is probably best described using a conventional three-band transport model [8]. This is consistent with a
study on BaFe,As; crystals that were annealed to remove defects where a quantum linear MR was also not observed and it
was shown that a three carrier model could describe the MR over the measured magnetic field range [7].

The MR data from our new non-superconducting SrFe,As, crystal are plotted in Figure 3(a). The MR reaches
~31% at 2K and 8 T, and it is slightly higher than that found for the BaFe,As, crystal. The MR above 2 T can also



be fitted to a power-law, where mis 1.51 at 150 K and systematically reduces to 1.21 at 2 K. As can be seen in Figure
3(b) there is also an apparent MR crossover in the derivative of the MR. A fit to B* using equation (1) gives Er = 10
meV, and v = 3 x 10° ms?, although the fit to the data is not very good. Again, it is highly likely that a three carrier
model is probably more appropriate rather than a high-field quantum linear MR. Furthermore, the Fermi level appears to
be too high for quantum linear MR to be observed at magnetic fields lessthan 8 T. The maximum MR of ~31%
at 8 T and at 2 K is significantly less than that found in a previous study on a SrFe,As, sample that was aged in a
desiccator for7 months (>1600% at 10 K) [8]. However, the high MR in the previous study was attributed to MR is
an inhomogeneous sample with superconducting and normal state regions, where the gradual appearance of
superconductivity is likely to be due to water vapour adsorption [24] and strain [25].

The MR from the low energy 0.8 at.% Ca implanted SrFe,As, crystal is plotted in Figure 3(c). The MR at and above
20 K is similar to that found in the non-superconducting SrFe,As, crystal and it reaches ~24% at 20 K and 8 T. Similar
to the other two crystals, the MR above 2 T can be fitted to a power law with m=1.39 at 150 K and it reduces to 1.15
at 20 K. However, the MR at 10 K and 2 K is different where there is an initial rise in the MR. It can be more
clearly seen at 2 K where it saturates at ~1 T. Furthermore, the maximum MR at 2 K and 8 T is high and it is ~47%,
which is significantly larger than that found in the non-superconducting SrFe,As, sample (~31%). The differences in
the field dependence of the MR are also apparent in the derivative of the MR that is plotted in Figure 3(d). The
derivatives at 2 K and 10 K are significantly largerzat low fields and then it decreases to a nearly constant value.
The different MR behaviour at 10 K and below is likely to be caused by magneto-transport in the near surface region
that contains normal and superconducting regions that are evident in the resistivity data plotted in Figure 1. As the
magnetic field is increased the weak-links in the superconducting region become normal and this results in an initial
increase in the MR. The MR will saturate when all of the weak-links have been driven normal by the applied field.
Similar MR behaviour is also found in granular YBCO high temperature superconductors [26].  The initial increase
in the MR cannot be attributed to all of the superconducting regions being driven normal because the out-of-plane
upper critical field, B.®, for this superconductor is above 8 T below 10 K [18].  Unlike magneto-transport in weak-
linked superconductors, the MR for the 0.8 at.% Ca SrFe,As, crystal continues to increase and it is nearly linear
above 1.6 T. However, we do not believe that this signals quantum linear transport. Instead, we believe that it is more
likely to be due to inhomogeneous current transport in normal and superconducting regions in the near surface region. In
a very simple model, the resistivity is shorted out by the superconducting regions and the MR would then be due to multi-
carrier transport in the normal regions. This model has already been used to account for the bulk MR in a SrFeAs,
sample that displayed an inhomogeneous state with superconducting and normal state regions after being left in a
desiccator for 7 months [8].

4 Conclusions

We have studied the MR in non-superconducting BaFe,As, and SrFe,As, as well as in low energy Ca implanted
SrFe,As; that displays a mixed superconducting and normal state in the near surface region. We show that while the
derivative of the MR data can be analysed in terms of a crossover from classical to quantum linear MR with reasonable
Fermi velocities, the field dependence of the MR is not linear as expected for quantum linear MR, and hence the MR in
these compounds is unlikely to be by quantum linear MR at least below 8 T. This is also supported by a simple
power law analysis on the high field MR data, which in the case of a linear MR behaviour, the exponent, m, should be
1. We found m~ 1.5 at high temperatures and reduces to ~1.1 — 1.2 at low temperatures in the absence of
superconductivity. Thus, the use of only a B* analysis is probably not appropriate to be used as proof of quantum linear
transport. The low energy Ca ion implanted sample shows an enhanced MR at low temperatures when compared to



non-superconducting SrFe,As;and it reaches 47% at 2 K and 8 T, which is likely to be due to current transport in
the near surface region and through an inhomogeneous normal and superconducting state. The large near surface MR
could possibly have an application in the area of low temperature and high magnetic field sensing.
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Figure 1  (a) Temperature dependent resistivity from (i) BaFe2As2 (solid curve), (ii) SrFe2As2 (dashed curve) and (iii)
0.8 at.% Ca implanted SrFe2As2, (dot-dash curve).  (b) The same plot in the low temperature region (see online version or

colours)
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Figure 2 (a) MR from BaFe2As2. The inset shows the temperature dependence of the exponent, m, based on a power-

law fit, MR(B) = a1(B)™, to the MR above 2 T. (b) Derivative of the MR for three selected temperatures. The dashed lines

show the crossover field of the dMR/dB plots, where the field at the intersection of the two linear lines is defined as the
crossover field, B*. (c) The corresponding temperature dependence of the crossover field. The solid curve is the fit from
equation (1) (see online version or colours)
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Figure 3 (@) MR from as-made SrFe2As2. (b) Plot of the corresponding derivative of the MR for several selected
temperatures. The dashed lines show the crossover field of the dMR/dB plots. (c) and (d) show similar plots for the 0.8 at.%

Caimplanted SrFe2As2. The insets in (a) and (c) show the temperature dependence of the exponent, m, in MR(B) = a1(B)™
obtained by fitting the MR above 2 T (see online version or colours).



