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We report a detailed low-temperature thermodynamic investigation (heat capacity and magnetization) of the superconducting state of KFe 2 As 2 for H || c axis. Our measurements reveal that the properties of KFe 2 As 2 are dominated by a relatively large nodeless energy gap (∆ 0 = 1.9 k B T c ) which excludes d x 2 -y 2 symmetry. We prove the existence of several additional extremely small gaps (∆ 0 < 1.0 k B T c ) that have a profound impact on the low-temperature and low-field behavior, similar to MgB 2 , CeCoIn 5 and PrOs 4 Sb 12 . The zero-field heat capacity is analyzed in a realistic self-consistent 4-band BCS model which qualitatively reproduces the recent laser ARPES results of Okazaki et al. (Science 337 (2012) 1314). Our results show that extremely low-temperature measurements, i.e. T < 0.1 K,will be required in order to resolve the question of the existence of line nodes in this compound.

Introduction

The pairing mechanism in iron-pnictide superconductors is still a subject of intense debate. Similarly to heavy fermions, cuprates and ruthenates, the proximity of these materials to a magnetic instability naturally suggests that spin fluctuations can mediate the formation of Cooper pairs, although other scenarios involving orbital fluctuations are possible. [1][2][3][4][5] In this context, the symmetry of the superconducting-state order parameter can have either an s± or a d-wave symmetry. Unfortunately, these states are almost degenerate and the realization of one of these two states is material-specific, depending on the number and position of Fermi-surface sheets in the Brillouin zone and their mutual interactions. In this context, the interpretation of experimental data is very complicated since the existence (absence) of nodal behavior does not permit the ruling out of s-wave (d-wave) symmetry. The Ba 1-x K x Fe 2 As 2 series is a prominent example. Indeed, at the optimal concentration (x ≈ 0.4), heat-capacity 6 and ARPES 7,8 measurements give strong evidence of an s-wave state while in the strongly correlated end-member KFe 2 As 2 , that has only hole pockets (see Fig. 1(a)). The situation remains highly controversial. Recently, thermal-conductivity measurements of Reid et al. 9 were found to extrapolate at T → 0 to a finite residual term κ(0)/T, independent of sample purity. This was interpreted as a signature of universal heat transport, a property of superconductors with symmetry-imposed line nodes. This hypothetical change from s-to d-wave symmetry as a function of doping is allowed theoretically via an intermediate s + id state that breaks time-reversal symmetry. [10][11][12][13] On the other hand, laser ARPES 14 have revealed the existence of accidental line nodes on only one of the zone-centered pockets in KFe 2 As 2 , which is only compatible with a nodal s± state.

However, none of these methods are bulk probes of the superconducting state. In this Article, we report a detailed lowtemperature thermodynamic investigation (heat capacity and magnetization) of the superconducting state of KFe 2 As 2 . We show quantitatively that the properties of KFe 2 As 2 , including the upper critical field (H c2 ), are dominated by a relatively large nodeless energy gap of amplitude 1.9 k B T c which excludes de facto d x 2 -y 2 symmetry (see Fig. 1(b)). We prove the existence of several additional extremely small gaps (∆ 0 < 1.0 k B T c ) and show that they have a profound impact on the low-temperature and low-field behavior, as previously shown experimentally [17][18][19][20][21] and theoretically [22][23][24][25][26] for MgB 2 , CeCoIn 5 and PrOs 4 Sb 12 . The zero-field heat capacity is analyzed in a realistic self-consistent 4-band BCS model which qualitatively reproduces the recent laser ARPES results of Okazaki et al. 14 We also find that extremely low-temperature measurements, i.e. T < 0.1 K, are required to observe the signature of possible line nodes in KFe 2 As 2 . In accord with recent angleresolved heat-capacity experiments, [START_REF] Kittaka | SCES conference[END_REF] our results are compatible with either a d xy or a nodal s± state.

Experimental details

Single crystals of KFe 2 As 2 were grown in alumina crucibles using a self-flux method with a molar ratio K:Fe:As=0.3:0.1:0.6. The crucibles were put and sealed into an iron cylinder filled with argon gas. After heating up to 700 • C and then to 980 • C, the furnace was cooled down slowly at a rate of about 0.5 • C/h. The composition of the samples was checked by energy-dispersive x-ray analysis and four-circle diffractometry. The specific heat was measured with a commercial Quantum Design Physical Property Measurement System (PPMS) for T > 0.4 K and with a homemade calorimeter for T < 0.4 K. For T > 2 K, we used a vibrating sample magnetometer to measure the magnetization. At lower temperature, magnetization measurements were per- terference device (SQUID magnetometer) equipped with a miniature dilution refrigerator developed at the Institut Néel-CNRS Grenoble. [START_REF] Burger | [END_REF] 3. Zero-field electron specific heat, C e (T, 0) Figure 2(a) shows the low-temperature heat capacity of KFe 2 As 2 . We find a large Sommerfeld coefficient γ n = 103 mJ mol -1 K -2 and T c = 3.4 K, in agreement with our previous studies. 29 Below 0.2K, the high-temperature tail of a Schottky anomaly, probably due to paramagnetic impurities, is observed (see inset Figure 2(a)). The electronic contribution C e , shown in 2(b), is obtained by subtracting, from the measured data, a Debye term (inferred from the 5 T data), and the Schottky contribution.

The overall curve bears a strong similarity with that of MgB 2 . 30 In particular, we observe that: (i) the jump at T c , ∆C/γ n T c ≈ 0.54, is substantially smaller than the BCS value (∆C/C n = 1.43) for a weakly coupled single band s-wave superconductor and (ii) there is a steep quasi-linear decrease of C e /T with decreasing temperature for T/T c ≤ 0.1. A similar linear dependence of the penetration depth was reported by Hashimoto et al. 31 and was interpreted as evidence of line nodes. In this Article, we argue that this steep feature is instead related to the existence of small energy gaps (∆ S /k B T c ≈ T/T c ≈ 0.2), as inferred from small-angle neutron scattering (SANS) experiments. 32 Assuming that all 3 sheets around the Γ point exhibit this tiny gap and using the expression of the heat-capacity jump of a two-band s-wave superconductor in the weak coupling limit, 33,34 ∆C

k B T c = 1.43 • N S ∆ 2 S + N L ∆ 2 L 2 (N S + N L ) N S ∆ 2 S + N L ∆ 2 L , (1) 
(where the subscripts S and L refer to the small and large gaps, respectively). We estimate ∆ L /k B T c ≈ 1.8 on the band using the individual density of states inferred from dHvA and ARPES measurements 15,16 (see Table I). Interestingly, we obtain from this simple estimation a remarkably large gap anisotropy ∆ L /∆ S ≈ 9, in comparison with MgB 2 where it is about 4. 30 Thus, KFe 2 As 2 represents a somewhat extreme case of multiband superconductivity similar to the heavy- 
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Figure 3(a) shows magnetization curves of KFe 2 As 2 for H || c down to 0.6 K. In the normal state (T = 4 K), a sizeable paramagnetic signal is observed with a susceptibility of about 3.3 × 10 -4 in agreement with our previous report. 29 At lower temperatures, the magnetization curves are reversible over a wide field interval (e.g. H c2 /2.5 < H < H c2 = 1.4 T at 0.6 K), indicating a small concentration of pinning centers as confirmed by the observation of a well defined hexagonal vortex lattice by SANS. 32 Together with the observation of quantum oscillations and the absence of significant residual density of states in the limit T → 0 (see Fig. 2(b)) this indicates that our KFe 2 As 2 single crystals are weakly disordered and are in the clean limit. Note that this is at odds with Co-doped BaFe 2 As 2 35, 36 As a result, accurate reversible magnetization curves can be obtained for our sample by averaging the increasing and decreasing branches of the magnetization loop, as illustrated in Fig. 3(b).

In single-band type II superconductors, M rev (H) is entirely defined by H/H c2 and the Ginzburg-Landau parameter κ = λ/ξ, 37 with

M rev = H -H c2 (2κ 2 -1)β A + 1 , (2) 
at high field (Abrikosov regime, with β A the Abrikosov coefficient). In the intermediate field range (London regime), [START_REF] De Gennes | Superconductivity of metals and alloys[END_REF][START_REF] Kogan | [END_REF] the reversible magnetization is linear in the logarithm of the applied field with

µ 0 M rev = - φ 0 8πλ ln b H c2 H , (3) 
where λ = λ ab is the in-plane penetration depth for H || c and b a constant. 40 Thus, in close analogy to the case of MgB 2 , 41 Fig. 3(c) shows that the linear evolution of M rev (H) expected near H c2 is not observed and the London dependence dominates up to H c2 ,which therefore allows the determination of λ ab (T) using Eq.( 3). The derived superfluid density, defined as ρ ab (T) = [λ ab (0.6 K)/λ ab (T )] 2 , is shown in Fig. 3(d) together with the calculation for an s-wave gap of amplitude ∆ 0 = 1.9 k B T c , which accurately reproduces the data. As a consequence, our analysis firmly establishes the existence of a relatively large nodeless gap in KFe 2 As 2 , in agreement with our rough above-mentioned heat-capacity analysis. Contrary to direct penetration-depth measurements, 31 our estimate of ρ ab (T) was inferred from high-field data where the large vortex cores related to the smaller gaps have already overlapped, as observed in MgB 2 , 42 and discussed hereafter. This explains why this indirect derivation of ρ ab (T) is only sensitive to the larger gap as found for MgB 2 . 43,44 5. Mixed-state specific heat, γ (H) Evidence for the existence of tiny energy gaps can be found using heat-capacity measurements in the mixed state as previously shown for pure, Al-and C-doped MgB 2 . 17,19,45,46 Figure 4(a) shows the field dependence of the electron heat capacity γ(H) at 0.12 K (i.e. T/T c = 0.035) for H parallel to c. Similar to MgB 2 , we find that γ(H) is very non-linear with applied magnetic field. In very low fields, γ(H) increases abruptly and reaches γ(H)/γ n ≈ 0.6 at only H/H c2 ≈ 0.1. In larger fields, γ(H) closely follows the behavior expected for an individual band (magenta line), 47 indicating that the interband couplings between the sheet with the largest gap and the other bands is rather small. 23 Using the densities of states derived from dHvA and ARPES (see Table I), we can unambiguously ascribe the largest gap to the band and subtract its contribution from γ(H) to obtain the mixed-state heat capacity of the remaining α, β and ζ bands (green curve in Figs. 4(a) and 4(b)). We find that these bands have almost recovered their normal-state value in a 'crossover' field H S c2 ≈ 0.1 × H c2 which is defined here as,

H S c2 ≈ H c2 ξ S ξ L 2 , (4) 
and which would correspond to the upper critical field of the small gaps in the absence of interband couplings. 23 Thus, the disappearance of the small gaps associated with the α, β and ζ sheets in an applied field is more rapid than that of the band which shows a conventional individual dependence. Following Klein et al., 41 we assume that all the excitations are localized in the vortex cores (i.e. we neglect the small-gap Doppler shift 48 ) and that the system can be described by only one field dependent quantity, ξ c (H), which is a measure of the vortexcore size. In this context, γ(H) ∝ γ n • (ξ c (H)/d) 2 (where d ∝ 1/ √ H is the intervortex distance), and we obtain directly ξ c (H) as shown in Fig. 4(c), with ξ c (H=H c2 )= Φ 0 /2πµ 0 H c2 . We find that the vortex-core size smoothly decreases from 50 to 15 nm in high fields, explaining the smooth evolution of the contributions of the α, β and ζ bands to γ(H) near H S c2 . Thus, the small gaps on these sheets remain finite due to nonzero interband coupling even for H >> H S c2 where their vortex cores overlap. In the opposite limit, i.e. where the Doppler shift (Volovik effect) dominates, we note that a similar dependence of γ(H) for the small gaps (see Fig. As 2 (blue symbols) at T = 0.12 K for H || c. The magenta line is the theoretical curve of the mixed-state heat capacity of an s-wave superconductor 47 normalized by the density of states of the band (see Table I). The green curve is the resulting contribution of the 3 small energy gaps α, β and ζ obtained by subtracting the heat capacity of the band from the data. (b) Close-up of the low-field region. (c) Field dependent vortex core size derived from the mixed-state heat capacity.

Comparison with thermal-conductivity measurements, κ (T, H)

In light of our results, we comment here on the interpretation of recent heat-transport experiments in KFe 2 As 2 . In Refs. 9 and, 49 thermal-conductivity measurements κ(T)/T, performed for T > 0.1 K, were found to extrapolate at T → 0 to a finite residual term κ(0)/T independent of sample purity. This was interpreted as a signature of universal heat transport, a property of superconductors with symmetry-imposed line nodes such as d-wave states. Experimentally, these measurements were not strictly realized in zero magnetic field because it was necessary to apply a small field of 0.05 T (i.e. H/H c2 ≈ 0.03) to suppress superconductivity of the soldered contacts. However, as shown in Fig. 4(b), this small field is large enough to produce an enhancement of the density of states, reaching 40% of the normal-state value at 0.12 K, which inexorably leads to a finite value of κ 0 /T. In addition, our specific-heat measurements show that a significant increase of κ(H)/T is also to be expected for H/H c2 < 0.1 due to these small gaps. This feature was not observed in Refs., 949 or in the more recent data of Watanabe et al. 50 while it clearly appears in many other multiband superconductors including MgB 2 , CeCoIn 5 and PrOs 4 Sb 12 . 18,20,21 Thus, the origin of the finite κ 0 /T cannot be attributed to d-wave superconductivity in KFe 2 As 2 in these experimental conditions. We note that the use of superconducting solder was already pointed out to produce spurious results in Ref.. 21 On the other hand, our observation of a relatively large isotropic gap does not rule out definitively d-wave superconductivity in KFe 2 As 2 . Actually, only the d x 2 -y 2 order parameter, with nodes located on the diagonals of the Brillouin zone, is excluded while d xy symmetry remains possible if the large gap effectively occurs on the sheet. This conclusion is corroborated by recent angleresolved heat-capacity measurements of Kittaka et al. [START_REF] Kittaka | SCES conference[END_REF] 

Four-band BCS analysis of C e (T, 0)

Recently, laser ARPES measurements, 14 performed at 1.5 K, revealed angle-dependent gaps of the 3 bands around the Γ point with accidental line nodes only on the ζ sheet. These results are compatible with a nodal s-state and exclude a possible change of symmetry of the superconducting order parameter as a function of K doping. To check whether these results can be confirmed by bulk measurements, we analyze our zero-field heat capacity, taking into account the observed Fermi surface. In the absence of a sizeable residual density of states for T → 0, the modest specific-heat jump clearly shows that KFe 2 As 2 is close to the weak coupling limit. Therefore, we can model the temperature dependence of C e in a pure 4band BCS model. Assuming 2D Fermi-surface pockets, we obtain the following system of gap equations:

∆ i (φ, T ) = -4 j=1 N j (0) 2π 2π 0 dφ • c 0 d V i j (φ,φ )∆ j (φ ,T ) √ 2 +|∆ j (φ ,T )| 2 tanh β 2 2 + |∆ j (φ , T )| 2 , (5) 
where N i (0) is the density of states of the i-th band with i ∈ {α, ζ, β, }, V i j (φ, φ ) are the intraband (i = j) and interband (i j) pairing potentials, β=1/k B T, and φ and φ the azimuthal angles on the sheets i and j, respectively. In the swave channel, 51,52 we write:

V i j (φ, φ ) = V (0) i j + V (1) i j • (cos 4φ + cos 4φ ). (6) 
Such interactions lead to anisotropic gaps of the form:

∆ i (φ, T ) = ∆ (0) i (T ) + ∆ (1) i (T ) • cos(4φ), (7) 
which are calculated self-consistently from Eqs. ( 5) and used to compute the superconducting-state heat capacity. We constrain all the N i (0) to match as closely as possible the values inferred from dHvA and ARPES measurements. In this form, the model is parametrized with 20 interaction constants and this number is reduced to 5 by assuming that:

V (0) i j = δ i j • V 1 + (1 -δ i j ) • V 2 , (8) 
V

i j = 0, (1) 
V β (φ, φ ) = V (1) = V (1) α = 0, (9) 
with i, j ∈ {α, ζ, β}. Here, Eqs. ( 8) and ( 9) impose that the intra-and interband interactions of the zone-centered bands are angle-independent and equal to V 1 and V 2 , respectively because these bands have a quasi-2D morphology and are centered around the same point. 52 On the other hand, inelastic neutron scattering experiments have revealed the persistence of resonant spin excitations in heavily overdoped Ba 1-x K 1-x Fe 2 As 2 (x ≈ 0.9) 53 and incommensurate spin fluctuations in KFe 2 As 2 that approximately connect the Γ and X bands. 54 These observations convincingly indicate that the Γ-X interband interactions remain significant in KFe 2 As 2 , even in the absence of electron pockets. This is particularly true for the α and ζ pockets which are strongly involved in nesting in Ba 0.6 K 0.4 Fe 2 As 2 . In KFe 2 As 2 , these bands share a dominant xy/yz orbital character with the band while the β pocket exhibits mainly x 2y 2 component. This implies that the β sheet plays no decisive role in pairing, as illustrated by the small gap observed on this pocket in both compounds. 8,14 Furthermore, the ζ band shows an additional finite z 2 component which is absent from the α and sheets. Consequently, the z 2 component in the ζ pocket has no counterpart for the sign change of the superconducting gap in the sheet and this can lead to a sign change of the gap in the parts of the ζ band where the z 2 contribution dominates. 14 Thus, the only prominent angle-dependent interaction is V (1) ζ . All these assumptions are summarized in Eq. (10) and Fig. 5.

The heat capacity, as well as the angular and the temperature dependence of the gaps calculated with this model are shown in Fig. 6, using the density of states and the remaining tively. These parameters are all given in units of V 1 because it is not their absolute values that matters, but rather their relative weights. At the Γ point, our results are in good agreement with the laser ARPES experiments. As shown in Fig.

Table II. Fit parameters of the 4-band BCS model. The pairing potentials are given in units of V 1 (with V 1 =V (0) αα =V (0) ζζ =V (0) ββ and V 2 =V (0) αζ =V (0) αβ =V (0) ζβ ). Comparison of the energy gaps derived from laser ARPES (at 1.5 K), SANS (at 0.1 T), with those obtained from the 4-band BCS analysis of the zero-field heat capacity. The gaps are given in units of k B T C . For the ζ and bands, the mean values are given. Assignments for the SANS data is arbitrary. 6(b), the larger (smaller) of the 3 energy gaps is found on the α (β) band while the ζ gap exhibits accidental nodes which arise from the angle-dependent interband interaction with the pocket. These results are at odds with all theoretical calculations [55][56][57][58] which predict the largest gap on the β band. Moreover, at the X point, we recover the large gap ∆ =1.9 k B T c inferred from our magnetization and field-dependent heatcapacity data. This gap was not observed in any other experiments and is due to a significantly larger intraband constant on the band (see Table II). We stress that our analysis is not unique and other sets of parameters could fit C e (T) equally well. However, they would result necessarily in gap amplitudes close to the values we obtain because we constrain the individual densities of states to match approximately the values inferred from dHvA and ARPES. Moreover, as illustrated in Fig. 6(a), each gap has its own role in the temperature dependence of C e (T) in the superconducting state. Indeed, the gap alone is responsible for the jump at T c and has a vanishing contribution at low temperatures, while the β gap is predominantly responsible for the hump observed around T/T c ≈ 0.2. However, its decrease below this temperature is too steep to reproduce the experimental data. It is smoothened by the nodal contribution of the ζ gap. The slight maximum in the contributions from the α and ζ bands moreover lessen the dip of the high-temperature side of the shoulder due to the β band.

V 2 V (0) V (0) α V (0) ζ V (1 
Although our results do not bring direct evidence of the existence of line nodes, they firmly establish the existence of tiny energy gaps with ∆/k B T c < 1.0. Their small amplitude imposes the requirement of cooling the sample below 80 mK to be able to observe the linear nodal behavior, as shown in the inset of Fig. 6(a). To our knowledge, no measurements in this temperature range were ever reported. Thus, our results do not exclude d xy symmetry. On the other hand, the agreement with laser ARPES is only qualitative. As shown in Table II temperature of the latter is 10 times larger. 8, 59

Conclusions

We have shown the existence of a relatively large nodeless energy gap of amplitude 1.9 k B T c that excludes the possibility of d x 2 -y 2 symmetry for the superconducting-state order parameter in KFe 2 As 2 . Our results do not bring direct evidence for line nodes, they clearly prove the existence of tiny energy gaps (∆/k B T c < 1.0) which strongly govern the low-field and low-temperature heat capacity, much like MgB 2 . Furthermore, the small amplitudes of the gaps indicate that very lowtemperature measurements (T < 80 mK) will be required in order to observe the possible signatures of line nodes in this compound; a restriction that also applies to other probes like penetration depth and heat transport. Our results shows qualitative agreement with recent laser ARPES measurements, and strongly suggest the superconducting-state symmetry to be swave.

Fig. 1 .

 1 Fig. 1. (Color online) (a) Schematic Fermi surface of KFe 2 As 2 inferred from dHvA and ARPES measurements. 15, 16 (b) Possible symmetry of the superconducting-state order parameter of KFe 2 As 2 (only one band is shown at the Γ point).

Fig. 2 .

 2 Fig. 2. (Color online) (a) Heat capacity of KFe 2 As 2 . The inset is a close-up of the low-temperature region showing the high-temperature tail of a Schottky anomaly. (b) Zero-field electronic heat capacity C e of KFe 2 As 2 . The green line is the weak-coupling BCS heat capacity for an s-wave superconductor (∆ 0 =1.764 k B T c ).

Fig. 3 .

 3 Fig. 3. (Color online) (a) Raw magnetization curves of KFe 2 As 2 measured at several temperatures for H || c. (b) Reversible magnetization curves. (c) Difference of the superconducting-and normal-states reversible magnetizations. (d) In-plane superfluid density derived from the reversible magnetization curves. The solid line is the superfluid density of an s-wave gap with ∆ 0 = 1.9 k B T c .

2 Fig. 4 .

 24 Fig.4. (Color online) (a) Field dependence of the heat capacity of KFe 2 As 2 (blue symbols) at T = 0.12 K for H || c. The magenta line is the theoretical curve of the mixed-state heat capacity of an s-wave superconductor47 normalized by the density of states of the band (see TableI). The green curve is the resulting contribution of the 3 small energy gaps α, β and ζ obtained by subtracting the heat capacity of the band from the data. (b) Close-up of the low-field region. (c) Field dependent vortex core size derived from the mixed-state heat capacity.

Fig. 5 .

 5 Fig. 5. (Color online) Schematics of the 4-band BCS model used to analyze C e (T, 0).

Fig. 6 .

 6 Fig. 6. (Color online) (a) Temperature dependence of the heat capacity of KFe 2 As 2 derived in the 4-band BCS model (black lines). Contributions from the individual bands are also given. The inset shows T/T c < 0.1 K. (b) Angular dependence of the individual gaps at T = 0 K. (c) Temperature dependence of the indivdual gaps for θ = 0.

Table I .

 I Parameters derived from the dHvA and ARPES measurements assuming 2D Fermi-surface sheets, with γ

  , Okazaki et al. reported overestimated gap values in comparison to heat-capacity and SANS measurements. Particularly, they find ∆ α = 3.8 k B T c , which is conspicuously comparable in amplitude to the largest gap observed close to
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