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Abstract 

High resolution scanning Hall probe microscopy and Hall magnetometry have been used to investigate 

the magnetic properties of superconducting Co-doped SrFe2-xCoxAs2 single crystals. We resolve rather 

disordered field-cooled vortex structures at all values of applied field studied due to the strong vortex pinning 

arising from substitution of Fe with Co. We have fitted the profiles of well-isolated vortices as a function of 

temperature to extract mesoscopic estimates of the temperature dependence of the magnetic field penetration 

depth, λ. These data were then used to calculate the superfluid density (ρs) over the full temperature range and 

fitted to a two band -model with two full gaps. The results suggest that the superfluid density is shared almost 

equally between hole and electron pockets and that the larger (electron pocket) gap appears to have an 

approximately isotropic s-wave order parameter. Displacements of the vortices from an ideal triangular lattice 

have been used to estimate the low field pinning forces which are several orders of magnitude smaller than 

values estimated by other means on similar superconducting crystals. 
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Introduction 

The discovery of superconductivity at 26 K in the Fe-based system LaFeAsO1-xFx [1] has led 

to intense worldwide research activity targeted at understanding and optimising the properties of these 

compounds. Attempts to increase the superconducting transition temperature by replacing La with 

other rare earth ions were successful in raising Tc to 55 K in SmFeAsO0.9F0.1 [2]. In addition to this 

‘1111’ ROFeAs (R = La, Ce, Pr, Nd, Sm) structure family of oxypnictide superconductors, several 

other families have been discovered based on FeAs layers including the ternary ‘122’ compounds 

AFe2As2 with the ThCr2Si2 crystal structure (A = Sr, Ba, Ca). The parent ‘122’ compounds are bad 

metals and exhibit tetragonal-to-orthorhombic structural phase transitions at quite high temperatures 

that are closely associated with the formation of a static spin-density wave [3] (To = 205K in SrFe2As2 

[4]). Hole [5] or electron [6] doping has been shown to suppress the spin and structural transitions 

when the ground state becomes superconducting. Here we investigate electron-doped SrFe2-xCoxAs2 

single crystal samples in which the existence of superconductivity has been observed in both the 

antiferromagnetic (orthorhombic) phase as well as in the paramagnetic (tetragonal) phase [7]. In this 

material the parent compound can also be driven superconducting with Tc as high as 27K by the 

application of hydrostatic pressure [4, 8], and the T-P phase diagram typically shows a strong 

similarity to the T-x phase diagram for hole and electron doping. 

Band structure calculations based on the local density approximation indicate that multiple 

bands contribute to the Fermi surface in the ‘122’ compounds which contain at least two hole and two 

electron pockets. ARPES measurements [9-13] show isotropic nodeless gaps with two distinct 

energies on different parts of the Fermi surface and there is growing evidence for an s± pairing state 

where the sign of the order parameter is reversed on hole and electron pockets [14-17]. This s± two-

band picture is, however, only an approximate effective theory and clearly does not take into account 

the true band structure with up to five bands intersecting the Fermi surface. Hence we are far from 

having a complete understanding of the physics of these fascinating materials. 

The superconducting gap structure is usually probed via the excitation rate of quasiparticles, 

which can be readily measured by studying the temperature dependence of the magnetic field 

penetration depth, (T). Such measurements have the advantage that they directly probe the 
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superfluid density, , which is a measure of the number of electrons in the 

superconducting state and contains information about the temperature-dependent superconducting 

gaps [18-23]. Here we use high resolution scanning Hall probe magnetic imaging of individual 

vortices to measure the local temperature-dependent magnetic penetration depth, (T), in high quality 

SrFe2-xCoxAs2 single crystals. A multiple gap fitting procedure has then been used to model the 

calculated superfluid density which yields insights into the number and nature of superconducting 

gaps at the Fermi surface. 

The Fe-based superconductors initially appeared very promising for high current applications 

as they exhibit high critical magnetic fields with relatively low crystalline anisotropy, and the 

suggested s order parameter should favour strong current flow across grain boundaries, in contrast to 

the situation in the d-wave cuprate superconductors. In practice, however, the pnictides have also been 

shown to suffer from intrinsically low critical currents [24-26] and huge magnetic relaxation [24], and 

there is growing evidence that grain boundaries again represent weak channelling planes for vortices. 

In addition, nearly all imaging experiments have shown a highly disordered vortex lattice in single 

crystal samples. Recently, however, it has been shown that the introduction of columnar defects via 

heavy ion irradiation can considerably enhance Jc and strongly suppresses vortex creep rates [26, 27]. 

Hence, a better understanding of vortex matter and pinning potentials in these materials could yet 

prove important to enable future high current applications. 

Experimental Method 

High resolution scanning Hall probe microscopy (SHPM) has been used to perform the local 

magnetic imaging presented here. SHPM is a non-invasive magnetic imaging technique whereby a 

sub-micron Hall effect sensor is scanned just above the surface of the sample to be imaged in order to 

generate two-dimensional maps of the local magnetic induction. Figure 1a shows a schematic of our 

microscope which is a modified low temperature STM in which the usual tunnelling tip at the end of 

the piezoelectric scanner tube has been replaced by a microfabricated GaAs/AlGaAs heterostructure 

chip. Electron beam lithography and wet chemical etching were used to define a 0.8 m Hall probe in 

the two-dimensional electron gas approximately 5 m from the corner of a deep mesa etch, which was 
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coated with a thin Au layer to act as an integrated STM tip (figure 1b). The sample sits on an inertial 

motor and is first approached towards the sensor until tunnelling is established and then retracted 

about 100-200 nm allowing rapid scanning. The Hall probe makes an angle of about 1 with the 

sample plane so that the STM tip is always the closest point to the surface, and each 2D map of 

magnetic induction is usually divided into 128128 pixels. If required, several images (~10) are 

averaged frame-by-frame to suppress low frequency noise arising from the Hall sensor. A more 

detailed description of the instrument and scanning technique is given elsewhere [28]. Although the 

spatial resolution of SHPM is only modest, being limited by a combination of the geometrical Hall 

sensor size and the sample/sensor spacing, it does have a number of advantages over other magnetic 

imaging techniques. It can be used over a very broad range of temperatures in the presence of large 

external magnetic fields, and produces a quantitative measure of one component of the local magnetic 

induction, Bz. 

The sample studied here was a high quality single crystal of the Co-doped ‘122’ 

superconductor SrFe2-xCoxAs2 (x~0.11) which was prepared by the flux growth technique [4, 29] 

using starting elements of greater than 99.99% purity and a FeAs self-flux. The inset to figure 2 shows 

a typical ‘local’ magnetisation loop (Ml=Bz-Hz) at T=12.5K that was captured by parking the Hall 

sensor a few hundred nanometres above the surface of the crystal and sweeping the applied magnetic 

field around a minor hysteresis loop between H=±70 Oe. The height of this loop, M, averaged at 

Hz=+/-30Oe is a measure of the diamagnetic screening (critical current) and is plotted in the main 

graph on figure 2 as a function of temperature. We find that M falls steeply towards zero as 

T~13.5K is approached from below, and a linear extrapolation of the data in this region suggest 

Tc=13.65±0.05K. M does, however, exhibit a small tail extending up to about 15K. Since SrFe2As2 

is known to be weakly paramagnetic in the normal state [30] this residual diamagnetism must arise 

due to weak sample inhomogeneity and the presence of small regions with slightly higher critical 

temperature. 

Figure 3 illustrates vortex-resolved SHPM images for our SrFe2As2 single crystal after field-

cooling to T=8K from the normal state (T>15K) in small perpendicular applied magnetic fields 
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between -4Oe and +7Oe. Under these conditions the temperature-dependent scan range of the 

piezoelectric tube is ~8µm8µm and, in the absence of any diamagnetic screening, we would expect 

to generate about 3 vortices per Oersted on average. In practice, although changes in number and sign 

of vortices as a function of field are qualitatively what one would expect, the actual number of 

vortices seen is considerably less than this estimate indicating quite strong magnetic screening. In 

addition the true magnetic field zero is offset by about ~+1.3Oe due to the earth’s field as well as 

stray fields from nearby ferrous materials. 

In figure 4 we make a quantitative comparison between our measured vortex profiles and a 

modified variational vortex model due to Clem [31]. The sample was field-cooled in Hz=+1Oe from 

above Tc which gave rise to one well-isolated vortex as illustrated in the inset to figure 4a. The first 

image was captured at T=5K, and the temperature raised and the sample reimaged at a number of 

temperatures up to Tc. In doing so care was taken to scan at the same height at each new temperature 

and to account for the temperature-dependent scan range of the piezoelectric scanner tube. The vortex 

profiles were fitted to the following expression 
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where v ( )  2.5 nm /(1 T T T c )
1/ 2 is a variational coherence length, λ(T) is the penetration 

depth, z is the sensor scan height measured from the surface of the sample and 0 is the flux quantum. 

The first term in brackets inside the integral is a correction term proposed by Kirtley et al. [32] that 

accounts for screening at the sample surface. With two fit parameter, (T) and z, the agreement 

between the model and our experimental data is excellent as illustrated in figure 4a at four different 

characteristic temperatures for (0)=315nm and z=1.81m. This fitted scan height is somewhat larger 

than we would generally expect and probably reflects that fact that the sensor tilt angle is somewhat 

greater than 1o in these measurements. However, the excellent fit quality allows us to extract values 
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of the temperature-dependent penetration depth, λ(T), at each measurement temperature and the 

values of  Δλ(T)= λ(T)- λ(0) obtained are plotted in Fig. 4b. 

Following a procedure described by Luan et al. [33] to model MFM data on 

Ba(Fe0.95Co0.05)2As2 single crystals, we use the results of Fig. 4 to calculate the superfluid density, 

s(T)/s(0)=(0)2/(T)2, and fit it to a two band -model with two full gaps [34, 35] which is a 

simplified version of a self-consistent model due to Kogan et al. [36]. The -model assumes that 

s(T)=p1(T)+(1-p)2(T), where 1,2(T) are the superfluid densities in the two different bands and p 

takes account of the relative contribution from each. The individual superfluid densities have been 

calculated assuming the following expression for isotropic s-wave pairing [18] 

1  2 
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 i ( ) 
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Here the gap was assumed to be given by 

( )   (0) tanh[  kT c a (Tc 1)] , (3) i T i ii (0) T 

where ai is a characteristic parameter that reflects the specific pairing state (e.g., ai=1 for isotropic s-

wave pairing). Figure 5 shows the experimentally measured dependence of the superfluid density 

(points with error bars) along with the fits to our two-band -model (solid line) with Δ1=4.8kTc, 

Δ2=2.0kTc, p=0.49, and a1=0.94, a2=1. Gap values for the two bands were taken from the results of 

point contact spectroscopy [37], a2 was assumed to be unity, and the values of a1 and p were extracted 

from an automated fitting routine. Also shown in Fig. 5 is the result of a one band fit (dashed line) 

with a=0.92 and Δ=2.81kTc for comparison. 

Finally in Figure 6 we investigate the microscopic vortex pinning landscape in our Co-doped 

SrFe2As2 single crystal by comparing images captured after repeatedly field-cooling from above Tc to 

T=8K in the same applied field of Hz=+5Oe. Here images captured after three successive cooling 

cycles are shown and we note that, although each image contains approximately the same number of 

vortices, the local vortex structure (as illustrated by the superimposed net) is qualitatively different in 
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each case. This suggests that these vortex structures are stabilising in the presence of quite a high 

density of microscopic pinning sites which leads to a different structural realisation each time. 

Discussion 

Figure 5 reveals that the two-gap model is a better fit to the low temperature superfluid 

density than the one-gap model, although the difference is clearly quite small. It is generally assumed 

that the smaller gap is located on the hole pockets at the -point, and we see that in this case the 

superfluid density appears to be fairly equally shared between these hole pockets and electron pockets 

at the M-points. Making the usual assumption that the hole gap is isotropic s-wave (a2=1), our fitted 

value of a1=0.94 is rather close to unity within our experimental errors indicating that we also appear 

to have an approximately isotropic s-wave electron order parameter with no clear evidence for nodes. 

However, this conclusion needs to be examined more critically since we find that the temperature 

dependence of the fitted penetration depth is sensitive to the value of (0) which is used as an input 

parameter to calibrate the scan height, z, at low temperature. To explore this point further we have 

repeated the same fitting routine described above for (0)=315+50nm and (0)=315-50nm and 

extracted values of z=1.76m and z=1.86m respectively. We find that the error introduced by our 

choice of (0) is cancelled to a significant degree when we plot the ratio ((0)(T))2 and, 

while the fitted weighting of superfluid density, p, for the two bands does depend somewhat on this 

choice, the fit parameter a1 is rather insensitive to it. Hence we can conclude with some confidence 

that the electron pockets are indeed behaving with something close to an isotropic s-wave order 

parameter. 

The disordered vortex structures observed in our images (c.f., Figure 6), which deviate 

strongly from an ideal triangular lattice, are expected due to pinning arising from the direct 

substitution (doping) of Fe with Co in the superconducting planes of our samples. Fig. 6 reveals that 

the vortices adopt quite different disordered structures upon sequentially field cooling at 

H=5Oe, indicating that the vortices are being pinned in a reasonably dense distribution of 

reasonably equal strength pinning centres rather being trapped by just a handful of very 

strong pinning centres. Hence there are a many more-or-less equivalent energy vortex 
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 pair of vortic s ta es the form [38]

) = ø ≅ ø − ,

w

is a

represent a≈ /

structures that can nucleate on cooling. In practice we have assumed that the force per unit length 

due to its nearest neighbours. This resultant force is typically in the range fp ~2-10×10-9 N/m, and we 

take this to lower bound for the low field pinning force in our crystals. Using the 

relationship this translates into a critical current density in the range 1-5×102 A/cm2, 

between a e k 

( ̂ ̂ (4) 

here K1(x) is a modified Bessel function of the third kind, r is the separation of the vortices 

and ̂ unit vector along the line joining the two vortex cores. We have estimated the vortex-vortex 

distances from images like those in Fig. 6 and calculated the net force on a centrally positioned vortex 

considerably smaller than other values estimated from high field magnetisation studies (e.g., 

jc~2.6×105 A/cm2 as estimated for Ba(Fe0.93Co0.07)2As2 by a range of independent techniques at 5K 

[24]). It is, however, known from Bitter decoration studies that the vortex structure freezes in 

during field-cooling at a temperature T*~(0.8-0.9) Tc at which the typical strength of pinning 

sites has grown to the point where vortices can no longer escape [39]. Hence, what one is 

probing in low temperature imaging is the vortex structure that was in equilibrium with the 

pinning landscape at the much higher temperature of T* when pinning potentials are much 

shallower and the penetration depth much longer. Consequently our estimate of local pinning 

force for well-isolated vortices probably corresponds to a temperature of T*~12K and should 

not be directly compared with low temperature values of jc. Moreover, isothermal magnetisation 

measurements on Co-doped 122 single crystals are known to exhibit a non-monotonic fishtail shape 

and, on the basis of magnetic relaxation measurements, have been shown [24] to be consistent with 

collective pinning and creep models with a crossover to a plastic creep regime at fields above the 

position of the maximum in the fishtail magnetisation. Hence we would also expect the pinning force 

measured at very low fields, where vortices interact very weakly, to be significantly smaller than 

higher field measurements where collective pinning effects are becoming important. 
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Conclusions 

We have fitted the temperature dependent vortex profiles in single crystals of the 

SrFe2-xCoxAs (x=0.11) Fe-pnictide superconductor to extract the temperature dependence of the 

superfluid density. Our data fits well to a two band -model with two full gaps. Our fit parameters 

suggest that the superfluid density is shared almost equally between hole and electron pockets and that 

the larger (electron pocket) gap appears to have an approximately isotropic s-wave order parameter. 

Displacements of the vortices from an ideal triangular lattice have been used to estimate the low field 

pinning forces. These translate to values of the critical current that are several orders of magnitude 

smaller than values estimated by other means on similar superconducting crystals, reflecting the 

importance of collective pinning effects at high fields. 

This work was supported by the Engineering and Physical Sciences Research Council (EPSRC) in the 

U.K. under grants number EP/D034264/1 and EP/E039944/1. 
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Figure 1(a) Schematic of the scanning Hall probe microscope system. (b) (Colour on-line) Optical 
micrograph of a typical magnetic sensor showing STM tip and active Hall probe. 
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Figure 2 (Colour on-line) Diamagnetic signal estimated from ‘local’ magnetisation 
measurements as a function of temperature (see text). The inset shows a typical Ml-Hz 
hysteresis loop captured at T=12.5K. 
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Figure 3 (Colour on-line) Three dimensional scanning Hall probe microscopy images of 
vortices in a Co-doped SrFe2As2 single crystal after field-cooling from above Tc to T=8K 
in various applied magnetic fields. Scan size ~8µm8µm. 
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Figure 4(a) (Colour on-line) Magnetic field profiles across a single vortex after field-cooling in Hz=+1Oe to 
the indicated target temperature. Points are experimental data and solid lines are fits to a modified variational 
model due to Clem. he insert shows the raw vortex image atbλ=(T)-(0) extracted from the 
fits as a function of temperature. 
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Figure 5 (Colour on-line) Experimentally estimated temperature-dependent superfluid density, ρs(T) 
(points), the results of a two band -model (solid line), where p=0.49 a1=0.94 (a2=1, Δ1=4.8kTc, 
Δ2=2.0kTc) and the results of a one band model (dashed line) where a=0.92, Δ =2.81kTc – see text. 
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Figure 6 (Colour on-line) Vortex images captured after repeatedly field-cooling the 
sample from above Tc to T=8K in an applied magnetic field, Hz=+5 Oe. 
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