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Abstract 

The microscopic mechanism for electron pairing in heavy-fermion superconductors remains a major 

challenge in quantum materials. Some form of magnetic mediation is widely accepted with spin fluctuations 

as a prime candidate. A novel mechanism, “composite pairing” based on the cooperative two-channel 

Kondo effect directly involving the f-electron moments has also been proposed for some heavy fermion 

compounds including CeCoIn5. The origin of the spin resonance peak observed in neutron scattering 

measurements on CeCoIn5 is still controversial and the corresponding hump-dip structure in the tunneling 

conductance is missing. This is in contrast to the cuprate and Fe-based high-temperature superconductors, 

where both characteristic signatures are observed, indicating spin fluctuations are likely involved in the 

pairing process. Here, we report results from planar tunneling spectroscopy along three major 

crystallographic orientations of CeCoIn5 over wide ranges of temperature and magnetic field. The pairing 

gap opens at Tp ~ 5 K, well above the bulk Tc = 2.3 K, and its directional dependence is consistent with dx2-

y2 symmetry. With increasing magnetic field, this pairing gap is suppressed as expected but, intriguingly, a 

new gaplike structure emerges smoothly, increasing linearly up to the highest field applied.  This field-

induced gaplike feature is only observed below Tp. The concomitant appearance of the pairing gap and the 

field-induced gaplike feature, along with its linear increase with field, indicates that the f-electron local 

moments are directly involved in the pairing process in CeCoIn5. 
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I. INTRODUCTION 

The unconventional heavy-fermion superconductor CeCoIn5 has the critical temperature (Tc) of 2.3 K and 

a dx2-y2 superconducting (SC) order parameter symmetry [1,2]. Since its discovery, the glue for electron 

pairing has been suggested to entail magnetic mediation, but the precise mechanism remains to be revealed. 

In the cuprate and Fe-based high-temperature superconductors (HTS) [3], antiferromagnetic spin 

fluctuations [4-6] have been identified as playing a major role in the Cooper pairing based on the 

observation of the neutron spin resonance and the corresponding signature in tunneling conductance [7-11], 

which is how the phonon-mediated pairing mechanism was confirmed in conventional superconductors 

[12-15]. This is not the case for CeCoIn5 as the origin of the neutron resonance peak at res = 0.6 meV 

remains controversial [16-18], and there is no corresponding feature in the tunneling data [19-23], 

suggesting a different pairing interaction. The anomalous magnetic susceptibility in CeCoIn5, which 

indicates the presence of un(der)-screened  moments [24] down to Tc, led Coleman and co-workers to 

propose a new pairing mechanism [25,26] in which  “composite” pairs are formed between local moments 

and conduction electrons through a cooperative two-channel Kondo effect [27-29]. 

Here we report results from planar tunneling spectroscopy (PTS) [30] measurements on CeCoIn5. In 

addition to the main SC phase with dx2-y2 symmetry in CeCoIn5, there exists another distinct phase, the Q-

phase (previously thought to be the Fulde-Ferrell-Larkin-Ovchinnikov phase [31-33]), appearing only in a 

limited region of the phase diagram (low temperature and high magnetic field) [34-36]. In this paper, we 

focus our discussion on the overall temperature and field dependences since no noticeable changes are 

observed in the Q-phase. Our detailed and reproducible tunneling conductance spectra provide strong 

evidence for: i) the existence of preformed pairs well above Tc; and ii) the direct involvement of localized 

f-electron moments in the pairing process. Surprisingly, local physics manifested via Kondo resonance 

appears to play a key role in the superconductivity in this compound. 

 

II. EXPERIMENTS 

The CeCoIn5 single crystals used in our studies were grown by three independent groups using the flux 

method [37]. High-quality crystals, based on both magnetization and resistivity measurements, were chosen 

and cut to have the surface orientation along three major crystallographic axes, namely, [001], [100], and 

[110], as determined by single crystal x-ray diffraction [38]. They were fixed on epoxy (Stycast 2850-FT) 

molds and then polished down to 1.0 – 1.5 nm peak-to-dip smoothness (Fig. S1 in [39]). The 

superconductor/insulator/superconductor (S-I-S') tunnel junctions were prepared by depositing a 2.0 – 2.5 

nm-thick aluminum layer on the polished crystal surface, followed by subsequent plasma oxidation, then 

deposition of lead (Pb) strips as counter electrodes  (Fig. S2 in [39]). 
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Measurements of the differential tunneling conductance across the junction, G(V)  
𝑑𝐼

𝑑𝑉
, were carried out 

using the four-probe lock-in technique over wide ranges of temperature (T, down to 20 mK) and magnetic 

field (H, up to 18 T). Here, V is ‘Sample Bias’ voltage applied to the CeCoIn5. Only the conductance spectra 

from high-quality junctions, determined by the sharpness of the Pb coherence peaks and phonon features 

(Figs. S3 – S5 in [39]), are reported here. The conductance spectra of CeCoIn5, as presented in the main text, 

were obtained by driving the Pb normal with a small magnetic field (H = 0.2 T). Unless otherwise specified 

throughout this paper, magnetic fields were applied perpendicular to the junction plane. We define the 

normalized conductance in two different ways: i) Gn(V)  G(V)/G(–Vmax), where –Vmax is the negative 

maximum bias voltage; ii) Gb(V)  G(V)/Gbg(V), where the background conductance Gbg(V) is obtained 

from a polynomial fitting of the G(V) in the high-bias region. The typical junction resistance was RJ = (20 – 

50) Ω, and the product RJA = was 10-20 mm2, where A is the junction area. See Supplemental Material 

([39] Sect. 1. Materials and Methods) for additional details. 

 

III. SUPERCONDUCTING ORDER PARAMETER AND PRE-FORMED PAIRS 

The tunneling conductance data taken at 20 mK are plotted in Fig. 1. While both (001) and (100) junctions 

show sharp coherence peaks, the (110) junction exhibits a pronounced zero-bias conductance peak (ZBCP).  

To extract the SC gap, , the Gb(V) curves from the (001) and (100) junctions are analyzed by fitting to the 

d-wave Blonder-Tinkham-Klapwijk (BTK) model [40,41] with three adjustable parameters: , , and Z 

(Sect. 2 in [39]). Here,  is the quasiparticle lifetime broadening parameter and Z represents the 

dimensionless barrier strength. Unlike the (100) junction in Fig. 1(b), the U-shape subgap-conductance of 

the (001) junction can’t be replicated by the d-wave BTK model as seen in Fig. 1(a), possibly due to the 

tunneling cone effect (Fig. S6 in [39]). The extracted  value is 0.66 meV and 0.54 meV for the [001] and 

[100] directions, respectively, falling in the range reported in the literature [1,19-23]. The ZBCP seen in the 

(110) junction can be a characteristic feature of a nodal junction on a d-wave superconductor, arising from 

surface bound states formed due to the sign-changing nature of the d-wave order parameter, known as 

Andreev bound states (ABS) [42-45]. Thus, overall, the anisotropy in our tunneling conductance agrees 

with the well-established dx2-y2–wave pairing symmetry in CeCoIn5 [1,2]. On a closer look, the ZBCP 

consists of two structures: A wider peak of Lorentzian shape as shown by the red solid line and a narrower 

peak sitting on top of the former. The wider peak itself is not due to ABS, as discussed later regarding its 

magnetic field dependence. The narrower structure can be seen more clearly in the left inset of Fig. 1(c), 

plotting the Gb(V) further normalized by the Lorentzian background [46]. It consists of slightly split peaks, 

reminiscent of the Doppler shift of ABS under a magnetic field (0.2 T) [47,48]. The gap edge expected to 

be seen along with the ZBCP is not apparent presumably because the peak isn’t narrow enough compared 
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to the small  in CeCoIn5. The detailed behavior of this possibly ABS-originated ZBCP remains to be 

further investigated. 

Figure 2 shows temperature evolution of the tunneling conductance along the three directions in both 

waterfall plots, (a) – (c), and color contour maps, (d) – (f). For a (001) junction in Fig. 2(a), with decreasing 

temperature, a broad ZBCP emerges and gradually grows until Tp ~ 5 K, where it begins to split, as shown 

more clearly in the left inset, smoothly evolving into a SC gap that turns into well-defined coherence peaks 

at low temperature. Thus, we interpret the splitting of the ZBCP as due to the opening of a gap in the single 

particle spectrum caused by the pairing of conduction electrons. The right inset displays the ZBC vs. T, 

which shows a sharp drop at T ~ 5 K, further confirming the temperature scale, Tp ~ 5 K. The pairing gap 

persisting above Tc can also be seen in the color-contour map in Fig. 2(d).  This is in agreement with 

previous scanning tunneling spectroscopy (STS) [19,20], resistivity [49], and thermal conductivity [50] 

studies that identified a pseudogap in this temperature range. Four-fold oscillations in the field-angle 

dependent thermal conductivity [50], an evidence for the dx2-y2 pairing symmetry in CeCoIn5, were observed 

up to T = 3.2 K, implying that the pairing gap above Tc has the same symmetry as that below Tc. The 

persistence of the Curie-Weiss temperature dependence of the DC magnetic susceptibility, χ, another 

bulk property, down to just above Tc was one of the key experimental observations underlying the 

theoretical proposal for a novel pairing mechanism in CeCoIn5 [25,26]. On a close look, we notice that χ 

exhibits a slight but clear slope decrease below ~Tp in its Curie-Weiss plot vs. 1/T (Fig. S7 in [39]). As χ in 

CeCoIn5 is primarily due to the Ce3+ ions or localized 4f1 electrons, this slope decrease concomitant with 

the opening of the pairing gap as seen in our tunneling spectroscopy suggests that, indeed, the Ce-4f 

electrons might be directly involved in the pairing process [25,26]. The pairing gap above Tc in CeCoIn5 is 

reminiscent of the pseudogap in high-Tc cuprates [51,52]. And, the continuous evolution of the pairing gap 

feature crossing the Tc implies that preformed pairs exist in the pseudogap region below Tp, whose nature 

is further discussed later. 

In the above discussion, we have shown that the onset of the pairing gap at Tp > Tc evidenced in our 

single electron tunneling spectra is also consistent with other bulk properties including resistivity, thermal 

conductivity, and magnetic susceptibility. On the other hand, there is no such evidence in the specific heat 

(C) [24] or Andreev reflection (AR) measurements [1].  This can be understood as follows. Since 𝐶 =

−𝑇
𝜕2𝐹

𝜕𝑇2, where F is the free energy, it is directly tied to the SC order parameter, ΨSC = |Ψ|eiφ, where φ is the 

phase factor. Preformed pairs in the pseudogap region are not yet condensed into the same ground state, so 

ΨSC = 0, hence there would be no signature in C across Tp. In the case of AR, if an electron of energy E 

from the normal metal is injected into the superconductor, the phase change during its reflection as a hole 

is given by Φ = φ + cos-1(E/∆). It is generally believed that the AR conductance is detectable because the 
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superconductor has a well-defined order parameter with a definite φ. Thus, the reason why the AR 

conductance is zero in the preformed pair state of CeCoIn5 [1] could be because φ is random among the 

pairs, that is, they remain incoherent down to Tc. It is an open question whether AR can still occur off 

individual pairs [53] but incoherently, resulting in overall cancellation in typical time-averaged 

measurements such as differential conductance or it can’t occur at all until full phase coherence is reached 

below Tc.  

Figures 2(b) & 2(e) show the temperature evolution of Gb(V) for a (100) junction. The pairing gap 

feature persists above Tc albeit weaker, similarly to that of the (001) junction in Fig. 2(a). This is also 

evidenced by the drop of the ZBC below ~ 4 K, as shown in the inset of Fig. 2(b). It is notable that the 

pairing gap feature in this junction emerges out of a zero-bias conductance dip (ZBCD), in contrast to the 

gap emerging out of a ZBCP in the (001) junction (Fig. 2(a)). Empirically, (001) junctions have been 

observed to show a ZBCP more frequently than a ZBCD, whereas it is opposite for (100) junctions. (110) 

junctions always exhibit a ZBCP. While further investigations are necessary to pin down the exact origin 

for these discrepant behaviors, here we discuss some clues. In a Kondo system (whether single impurity or 

lattice), electrons can co-tunnel into the conduction band and the localized state (orbital) [54-57], resulting 

in a Fano resonance with the conductance shape strongly depending on the Fano parameter, qF [54,58]. 

Thus, the variation of the conductance shape can be attributed to the qF value: A peak (dip) for large (small) 

qF due to the predominant tunneling into the localized orbital (conduction band) in these junctions (Fig. S8 

in [39]). Related to this, we note the ZBC has a finite value even at very low temperatures in both the (001) 

and (100) junctions, as shown in Fig. 1. Our smallest observed ZBC is 19% (not shown) of the high-bias 

conductance, substantially smaller than that (~50%) reported in most of the previous STS measurements 

[19,21-23].  A finite conductance within the SC gap at such a low temperature cannot be explained by the 

thermal population effect alone. Based on our observation of both ZBCP and ZBCD as mentioned above 

(e.g., see Fig. S9 in [39]), we speculate that it may be associated with the existence of non-trivial tunneling 

channels, an intrinsic property of CeCoIn5, as detailed below. The temperature evolution of a (110) junction 

is shown in Figs. 2(c) & 2(f) from 0.4 K up to 30 K (see Fig. S10 in [39] for another set of conductance 

spectra). The ZBCP becomes wider with increasing temperature with the ZBC showing a logarithmic 

dependence in the intermediate temperature range, reminiscent of a Kondo resonance. The persistent 

observation of a ZBCP in all (110) junctions suggests that the Kondo resonant tunneling off the localized 

Ce 4f1 moments is enhanced in this direction compared to other directions. This is in agreement with a 

recent report [59] that the lobe direction of the ground state 4f orbital in CeCoIn5 is [110]. The ZBCPs 

observed in some non-nodal junctions (e.g., Fig. S11 in [39]) may have a similar origin, presumably caused 

by the crystal surface’ atomic-scale structure being favorable for a Kondo resonant tunneling, i.e., along 

the 4f orbital’s lobe direction. Within this local picture, the ZBCDs observed in the other non-nodal 
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junctions can also be understood as due to a dominant tunneling along the 4f orbital’s nodal direction, 

namely, into the conduction band, resulting in a ZBCD due to an anti-resonance. 

To determine the temperature dependence of ∆, we have analyzed the conductance data displayed in 

Fig. 3(a), which were taken from a (001) junction. For simplicity, Gb(V) is obtained by dividing out G(V) 

at each temperature with G(V) at 5 K that shows a ZBCD, which is then fit to the d-wave BTK model 

[40,41]. Best fits are obtained with Z kept to a constant value of 5.0, well in the tunneling limit, and plotted 

in Fig. 3(b). The temperature dependence of extracted  and  is shown in Fig. 3(c). At T = 0.4 K, ∆ = 0.87 

meV, again falling in the range reported in the literature [1,19-23]. Note ∆ decreases gradually with T, has 

a finite value above Tc, and tends to zero only at T ~ 5 K (dashed line). Meanwhile, Γ increases with T, as 

expected. It is notable that at Tc, ∆ ~ 3Γ within the error bar. A similar scaling behavior between  and  

has been reported in photoemission studies of some high-Tc cuprates [60] and can also be seen in an STS 

study of CeCoIn5 [20]. Assuming that Γ is related to a pair-breaking scattering rate, Γ = ℏ/τ, where τ is the 

lifetime of the Cooper pair, this result can be interpreted as follows: with decreasing temperature below Tp, 

the density of Cooper pairs increases until a critical density is reached and condensation occurs [60]. Thus, 

the relationship 3Γ(T)/∆(T)|T=Tc = 1 appears to define Tc. However, it should be noted that not all junctions 

show exactly the same scaling behavior as in this junction. A more in-depth analysis is required to address 

whether this is due to the tunneling spectrum being affected by the Kondo (anti-)resonance, as discussed 

above. 

 

IV. ANOMALOUS EVOLUTION OF THE PAIRING GAP UNDER MAGNETIC FIELD 

The magnetic field evolution of the tunneling conductance is shown in Fig. 4 for all three directions. For 

the (001) and (100) junctions, the application of an external magnetic field suppresses the pairing gap 

feature gradually, as expected, but an intriguing field-induced gaplike feature (FIG) emerges at higher 

fields. We stress that the FIG appears even before the closing of the pairing gap at the upper critical field 

(Hc2 = 4.95 T and 11.8 T along the [001] and [100] directions, respectively) [31]. Note that both the depth 

and width of the FIG increase with increasing field up to 18 T, the highest field applied. Note also that the 

FIG is observed below Tc (Figs. 4(a)-(b)) and above Tc (Figs. 4(d)-(e)). In both orientations, the tunneling 

conductance shows a crossover from the SC gap feature to the FIG. In contrast, the nodal junction exhibits 

a ZBCP both below and above Tc with no apparent pairing gap, as already seen in Figs. 1 & 2. At T = 20 

mK, the top part of the ZBCP is split at H = 0.2 T, which could be a signature for the Doppler shift of ABS 

as discussed in Fig. 1(c). However, the major part of the ZBCP can’t be a signature for ABS since it splits 

persistently all the way up to 18 T, well above Hc2. Instead, it may originate from a Kondo resonance, as 

mentioned earlier, a part of the hybridization process leading to the lattice coherence. Indeed, the sharp 
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ZBCP at low temperature is seen to grow out of a broad ZBCP that begins to appear below 45 K (see Fig. 

S10 in [39]), widely known as the coherence temperature in CeCoIn5 [24]. At T = 5 K, the splitting is not 

observed until H ≈ 14 T, whose exact understanding beyond the thermal population effect requires further 

investigations since the splitting must be intimately tied to the exact origin of the ZBCP.  

Prior to conducting a quantitative analysis of the field dependence just described above, it is important 

to determine whether the FIG is due to an extrinsic or intrinsic effect, and if intrinsic, whether it reflects the 

surface or bulk property. Based on the data shown in Fig. 4, three possibilities can be considered (see Fig. 

S2(c) in [39]): case A – extrinsic magnetic moments in the barrier or at the interface; case B – surface Ce3+ 

ions acting as Kondo impurities; case C – bulk effect. A magnetic moment in the tunnel barrier or at the 

interface can cause a (Kondo) resonant tunneling at the Fermi level, showing up as a ZBCP, and an applied 

magnetic field causes a Zeeman splitting, as observed frequently in PTS and STS [61-63] and explained by 

the Anderson-Appelbaum (AA) theory [64,65]. The ZBCP observed in the nodal junction on CeCoIn5 and 

its splitting under an applied magnetic field is reminiscent of this single impurity Kondo effect. However, 

such a ZBCP has never been observed in our junctions prepared on many other materials than CeCoIn5 

using the same procedure to form AlOx [66] and is extremely rarely reported in the literature [61], albeit 

the possibility of forming magnetic moments in AlOx [67]. The FIG in CeCoIn5 has also been reported in 

recent STS studies [21,23], in which tunneling conductance was measured on a surface cleaved freshly in 

vacuum, so such magnetic moments of extrinsic origin can be ruled out. Thus, we are left with the other 

two possibilities for the intrinsic origin of the FIG. For case B, a metallic point-contact junction on CeCoIn5 

is expected to exhibit a ZBCD but such a signature due to single impurity Kondo scattering [68] has never 

been observed in our measurements on all three surfaces of CeCoIn5 [1,69]. In addition, our analysis of the 

ZBCP using the Frota function [46] and its temperature evolution in terms of interaction-induced 

broadening within the strong coupling regime [63,70] (see Fig. S13 in [39]) suggests that case C is more 

likely than case B. Thus, we conclude the FIG reflects a bulk property of CeCoIn5. 

For further analysis of the FIG, in Figs. 4(g) – (i), we plot the low-temperature field evolution of the 

nominal peak position, Vp, corresponding to the SC gap at low fields and the FIG at high fields. For the 

(001) and (100) junctions, Vp decreases gradually as expected for a pairing gap, but only up to the crossover 

field, Hcr  4.0 T, above which it increases linearly due to the FIG’s takeover. This crossover behavior is 

also seen in the field dependence of the ZBC (Fig. S12 in [39]). It is interesting that, although the FIG is 

dominant above Hcr, the pairing gap along [100] is seen to persist up to Hc2 (Fig. S14 in [39]), as shown by 

Vps in Fig. 4(h) at which the conductance slope change is clearly observed. If the Vp below Hcr is 

extrapolated to the field axis using the field dependence of the pairing gap given by the Ginzburg-Landau 

(GL) theory [71], ∆(𝐻) =  ∆(0)√1 − (𝐻 𝐻𝑐2⁄ )2 , where Δ(0) is the gap at zero field, Vp = 0 at H  Hc2 in 
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both directions. This confirms that the pairing gap observed in our PTS represents a bulk property. Unlike 

the (001) and (100) junctions, Vp in the nodal junction increases linearly up to the highest field applied.  

The nominal peak position (Vp) increases linearly above Hcr in the non-nodal and at all fields in the 

nodal junctions and, extrapolating from high field, (H, Vp) approaches (0, 0) (green dash-dotted lines). The 

(001) junction shows a slight offset when extrapolated to zero field. This may be explained by the large 

smearing effect () in this junction, which can be inferred from the larger / ratio at zero field compared 

to the (100) junction (see the Fig. 4 caption). The linear increase of the field-induced splitting is reminiscent 

of the Zeeman effect: eVp = EZ = 
1

2
 gµBH, where EZ is the Zeeman energy, g is the Landé g-factor, and µB 

is the Bohr magneton. However, it is well known that, for tunneling into single Kondo impurities [61-63], 

the slope of a Vp vs. H plot gives a wrong g-value. Instead, the g-factor can be determined reasonably 

accurately by taking the point where the slope of the conductance is largest, Vs. This is also justified from 

our simulation (see Fig. S15(a) in [39]), so we determine Vs as a function of the field (Fig. S15(b) in [39]). 

The Vs values are plotted in Figs. 4(g) – 4(i), in which (H, Vs) extrapolates to (0, 0) for all three junctions 

(see black dashed lines). Since Vs is determined more rigorously than Vp as mentioned above, this common 

behavior of Vs must reflect an intrinsic property of the FIG.  From the linear fit of the Vs vs. H plot shown 

in Figs. 4(g) – 4(i), we deduce g values as follows: 1.81 ± 0.43, 2.14 ± 0.22, and 1.96 ± 0.25 for the [001], 

[100], and [110] directions, respectively. Thus, our g-factor is isotropic within error bars and in good 

agreement with the g-value of 1.92 determined from the field-induced splitting of the neutron spin-

resonance peak [72]. From the analysis of the temperature dependence of Hc2, Won et al. [73] reported an 

anisotropic g-factor: 1.5 for [001] and 0.62 for [100]. In a Pauli-limited superconductor, the critical field 

[74] is given by HP = √2∆(0)/gµB, where ∆(0) is the SC gap at H = 0. Using our ∆ and g values, we estimate 

HP = 8.9 – 11.7 T, 6.2 T, and 6.7 T for [001], [100], and [110] directions, respectively. Note that the in-

plane HP values are much smaller than the measured upper critical field, Hc2 = 11.8 T [31], warranting a 

revisit to the widely accepted Pauli-limited nature of the pairing in CeCoIn5. 

 

V. DIRECT INVOLVEMENT OF LOCAL MOMENTS IN THE PAIRING PROCESS 

The FIG in CeCoIn5 is robust and reproducibly observed in multiple single crystals from different sources 

(Figs. S16, S17 in [39]) along all three crystallographic directions at T < Tc and Tc < T < Tp, suggesting a 

common physical origin. Our conductance data on a (001) junction taken at two temperatures above Tp, 

namely, at T = 10 K and 15 K, are shown in Fig. 5. Here, with increasing field, the broad ZBCP is only 

suppressed gradually without showing a clear signature for the FIG up to 14 T, eventually merging into the 

background. This distinct behavior above Tp points to a concomitance of the pairing gap and the FIG, 

suggesting that the FIG is closely tied to the pairing mechanism. In addition, the FIG doesn’t show any 
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dependence on the field direction relative to the junction plane in all junctions (Fig. S18 in [39]). This is in 

line with the neutron spin resonance in CeCoIn5 occurring at scattering wave vectors in three spatial 

dimensions [16]. 

As mentioned earlier, the compelling experimental fingerprint for spin fluctuation mediated pairing in 

the cuprate and Fe-based HTS is the spin resonance peak at  = res detected by inelastic neutron scattering 

, which also shows up in tunneling conductance as an additional dip-hump structure at eV =  + res outside 

the coherence peaks [7-11] (Sect. 11 in [39]). The origin of the neutron resonance peak at res = 0.6 meV 

in CeCoIn5, despite the original interpretation as such a fingerprint [16], remains controversial [17,18], and 

the dip-hump structure is not observed in tunneling, neither in our PTS nor in the previous STS 

measurements [19-23]. Recently, van Dyke et al. [75] reproduced the neutron spin resonance peak by 

solving the SC gap equations and claimed the spin fluctuation mechanism in CeCoIn5, but without 

accounting for the missing feature in tunneling conductance. It is clear that the pairing mechanism in 

CeCoIn5 is yet to be determined. Below, we show that the signatures observed in our tunneling spectra are 

closely related to the pairing mechanism. 

Coleman and coworkers [25,26] proposed a novel pairing mechanism based on the two-channel Kondo 

effect [27-29]. According to this theory, localized moments due to 4f1 electrons in CeCoIn5 can be screened 

by conduction electrons via two channels. If this two-channel screening occurs cooperatively, the 

conduction electrons are effectively paired via the Kondo effect, leading to a composite pair. Here, the two-

fold degeneracy of the crystal-field-split ground state Kramers doublet [59] is crucial, as it is for the single-

channel Kondo effect. It is expected that, with the application of a magnetic field, the degeneracy is 

gradually lifted due to the Zeeman splitting, ultimately suppressing the composite pair formation. While a 

smoking gun evidence remains to be found, this exotic pairing has been invoked to explain the anomalous 

evolution of the gap structure observed in London penetration depth measurements on Ce1-xYbxCoIn5 

[76,77]. 

As discussed earlier, our conductance spectra for non-nodal and nodal junctions exhibit distinct field 

evolutions. At low fields, the non-nodal junctions exhibit the pairing gap, whereas it is not seen in the nodal 

junction. This may be accounted for as being due to the sign-change of the dx2-y2 -wave order parameter, 

causing pairs to be broken on the nodal surface, as is well known for the high-Tc cuprates [42-45]. However, 

stronger evidence for ABS in CeCoIn5 is yet to be found since its characteristic signatures seem to appear 

on top of much stronger background, namely, a Kondo resonance over an energy scale comparable to as 

mentioned earlier. This suggests that CeCoIn5 may possess a more complex SC order parameter than a 

simple d-wave form. If the ZBCP arises from Kondo resonant tunneling, it would split under magnetic 

fields due to the Zeeman splitting of the Ce 4f1 moment. This is supported by fact that the ZBCP begins to 
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split at low fields in the absence of an apparent pairing gap. For non-nodal junctions, the FIG appears to be 

masked by the pairing gap until the field becomes strong enough to break a large portion of the pairs. These 

unpaired electrons can then participate in resonant and inelastic tunneling involving the localized moment 

[64,65], which is consistent with the Vp undergoing a crossover at Hcr. Toward a more microscopic 

understanding of the crossover, two characteristic energy scales instead of nominal bias voltages should be 

compared, namely,  and EZ. By solving the equation, ∆(𝐻) =  ∆(0)√1 − (𝐻 𝐻𝑐2⁄ )2  = 1/2gµBH, and using 

our extracted values for Δ(0) and g along with the known Hc2, we obtain the crossing field, Hc ~ 4.6 T and 

7.0 T for the (001) and (100) junctions, respectively, as marked by the gray line in Figs. 4(g) and 4(h). 

Notably, Hc is anisotropic, as is Hc2 but unlike the isotropic Hcr, further supporting that the pairing 

mechanism and the FIG are intimately tied (as Hc2 depends on the depairing mechanism, orbital or Pauli-

limited). While the pairing gap signature in the (001) junction is missing for H > Hcr due to the closeness 

of Hc to Hc2 in this direction, it is seen to coexist with the FIG in the (100) junction in some field range 

above Hc since Hc is much smaller than Hc2 in this direction (see Fig. S14 in [39]). At high temperature (T 

> Tp  5 K), the pair formation might be suppressed presumably because increased thermal fluctuations 

weaken the cooperative effect between the two Kondo screening channels. Thus, the concomitance of the 

FIG with the pairing gap below Tp might be due to the Kondo resonance itself playing a key role in the pair 

formation. 

In the high-field limit, the FIG is of qualitatively similar V-shape among the non-nodal junctions, 

whereas it exhibits quite a different structure in the nodal junction, as shown in Fig. 6(a) and 6(b), 

respectively. These curves are compared with computed ones based on the AA theory [62,64,65] shown in 

Fig. 6(c). As mentioned earlier, the tunneling conductance involving Kondo impurities has been 

qualitatively accounted for by this theory [61-63]. Here, the conductance frequently exhibits U-shape in the 

high-field limit. This is because both the spin-flip inelastic tunneling and the Kondo resonant tunneling, 

whose conductance contribution is denoted as G2 and G3, respectively, in the literature, give rises to a step-

like abrupt increase at bias voltages corresponding to ±EZ. Apparently, this is not the case for our data since 

the computed curves don’t resemble them at all. On a close look, there exist two linear regions within the 

FIG for the (110) junction and the boundary appears to be close to EZ. We associate the discrepancy in the 

FIG observed in between our tunneling data and the computed curves with the non-trivial nature of the 

Kondo resonance, which, in turn, is tied to the nature of pairing. The cooperative two-channel Kondo effect, 

proposed to give rise to the pairing in CeCoIn5, may lead to such unusual Kondo resonance. Also, we note 

that theoretically the same effect could explain the non-Fermi liquid behavior [27] clearly observed in this 

compound below ~20 K [24,49,78], coincident with the onset temperature for the ZBC’s upturn, as seen in 

Fig. 2(c). For a full account of the FIG, it is desirable to formulate a more microscopic model that explains, 

both qualitatively and quantitatively, how the magnetic field suppresses such pairing that directly involves 
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the localized f -moments. Such model would also take into account the exact ground state for the Ce 4f1 

electron in CeCoIn5 as it has been recently identified to be a Kramer’s doublet, that is, 7– = |±5/2˃ + | 

∓3/2˃, arising from the crystal-electric field effect [59]. 

 

VI. CONCLUSION 

In summary, our PTS data on CeCoIn5 and analyses reveal the existence of preformed pairs at Tp ~ 5 K, 

well above Tc = 2.3 K, consistent with the previously reported STS and several bulk measurements. Upon 

lowering the temperature below Tp, both the density of pairs and their lifetime increase due to the reduction 

in thermal fluctuations, allowing them to condense into a phase coherent state at Tc. The pairing symmetry 

inferred from the directional dependence is dx2-y2, in overall agreement with the literature, although its 

detailed nature is yet to be unraveled. With the application of a magnetic field, the pairing gap gradually 

turns into the FIG. And the FIG appears only at temperatures up to where the pairing gap persists. This 

concomitance of the pairing gap and the FIG provides a clue for the microscopic pairing mechanism in 

CeCoIn5. The FIG exhibits linear field dependence and non-trivial structure, suggesting that the pairing in 

CeCoIn5 may directly involve localized moments, e.g., via the cooperative two-channel Kondo effect that 

has been proposed theoretically.  
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FIGURE CAPTIONS 

Fig. 1. Comparison of tunneling conductance along three major crystallographic directions of 

CeCoIn5: (a) (001), (b) (100), and (c) (110). The temperature is 20 mK and the applied magnetic field is 

0.2 T (Pb driven normal). Main panels show the normalized conductance, Gb(V), obtained by dividing out 

the raw data with the (~ parabolic) background, as shown in the right insets. The lines in (a) & (b) are best 

fits to the d-wave BTK model, with fit parameters (, , Z) = (0.66 meV, 0.042 meV, 2.28) and (0.535 

meV, 0.198 meV, 1.21), respectively, where  is the quasiparticle lifetime broadening parameter and Z 

represents the dimensionless barrier strength. The red solid line in (c) is a fit of the wider peak of Lorentzian 

shape to the Frota function depicting a Kondo resonance (Ref. 45): 𝐺fit(𝑉) = 0.985 + 0.18 ×

𝑅𝑒√(
0.75×10−3𝑖

𝑉+0.75×10−3𝑖
). The left inset is the conductance at low bias further normalized by the Frota fit 

background shown in the main panel.  

Fig. 2. Temperature evolution of the background-normalized tunneling conductance in CeCoIn5. The 

applied magnetic field is kept at 0.2 T. (a) – (c), waterfall plots of the conductance at varying temperature 

for (001), (100), and (110) junctions, respectively. Curves are shifted vertically in (a) and (b) for clarity. 

(d) – (f), corresponding color contour plots of the conductance with the y-axis (temperature) in logarithmic 

scale. The right insets show temperature dependence of the zero-bias conductance. In the left inset of (a), 

conductance curves around Tp ( 5 K) are plotted to show more clearly the evolution from a broad ZBCP 

to gaplike split peaks. The white horizontal dashed lines are to mark the bulk Tc (2.3 K). 

Fig. 3. Opening of the pairing gap well above Tc in CeCoIn5. (a) Temperature-dependent Gn(V) for a 

(001) junction in which the pairing gap emerges out of a ZBCD below Tp instead of a ZBCP. The coherence 

peaks become sharp at low temperature. The curves overlap well at high bias. Inset: Magnified view of the 

gap edge. (b) Gb(V) curves (black symbols) and their best fits (solid orange lines) to the d-wave BTK model. 

Gb(V) is obtained by dividing out each Gn(V) with Gn(V) at 5 K. (c) Best-fit values for ∆ and Г. Z is kept 

to be a constant, 5.t 0.4 K, (, , Z) = (0.855 meV, 0.179 meV, 5.0). ∆ remains finite above Tc and 

extrapolates to zero at Tp ~ 5 K, as indicated by the dashed line. 

Fig. 4. Magnetic field evolution of the background-normalized conductance in CeCoIn5. (a) – (c), 

waterfall plots of the conductance for varying magnetic field applied along the junction normal at 

temperatures well below Tc for (001), (100), and (110) junctions, respectively. (d) – (f), the same at 

temperatures well above Tc. The (100) and (110) junctions are the same ones as shown in Fig. 1. Curves are 

shifted vertically in (a), (b), (d), and (e) for clarity. (g) - (i) Peak position, Vp ((filled green circles), and 

steepest slope point, Vs (filled black squares), of the FIG at low temperature (Ref. 33, Sect. 9). In (g) & (h), 
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 is also plotted for H = 0.2 T with (, , Z) = (0.69 meV, 0.405 meV, 1.81) for (g) and (0.535 meV, 0.198 

meV, 1.21) for (h). The crossing field (Hc) is indicated by gray lines. In (h), slope-changing points due to 

the pairing gap, Vps, above Hc are also shown by filled triangles. Dash-dotted and dashed lines are linear 

fits to Vp and Vs, respectively. The blue dotted lines crossing the point (0.2 T) in (g) and (h) show field 

dependence of the pairing gap according to the GL theory (see the text). 

Fig. 5. Absence of the FIG above Tp. Magnetic field dependence of the high-bias normalized conductance 

for a (001) junction on CeCoIn5 at (a) T = 10 K and (b) T = 15 K. The broad peak at zero bias is suppressed 

gradually with increasing magnetic field, merging into the background without the FIG feature. Insets: Gb 

curves showing a very small change with the field. The faint gaplike feature appearing at high field (zero-

bias conductance depth smaller than 0.5% for 14 T) is unlikely to be intrinsic as it depends on the 

background normalization, e.g., the bias range taken for the quasi-linear background conductance. 

Fig. 6. Comparison of the FIG in CeCoIn5 with calculation based on the Anderson-Appelbaum (AA) 

theory. (a) & (b), Experimental Gb curves for the (100) and (110) junctions, respectively, taken at 20 mK 

and two fields in the high field limit where the FIG is most pronounced. (c) Gn curves calculated based on 

the AA theory for the same fields and temperature as in (1) & (b). The expressions for G2 (spin flip inelastic 

tunneling) and G3 (Kondo resonant tunneling) terms are adopted from Ref. 61 with the weight factor of 0.5 

per each. The g-factor is 2 and the spin is 1/2. The vertical gray lines indicate the bias voltages 

corresponding to ±EZ at H = 18 T. 
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