J F Landaeta 
email: javier.landaeta@cpfs.mpg.de
  
P Khanenko 
  
D C Cavanagh 
  
C Geibel 
  
S Khim 
  
S Mishra 
  
I Sheikin 
  
P M R Brydon 
  
D F Agterberg 
  
M Brando 
  
E Hassinger 
email: elena.hassinger@cpfs.mpg.de
  
Field-angle dependence reveals odd-parity superconductivity in CeRh 2 As 2

CeRh 2 As 2 is an unconventional superconductor with multiple superconducting phases. When H c, this material shows a field-induced transition from a low-field superconducting state SC1 to a high-field state SC2 with a large critical field of H c2 = 14 T and T c = 0.26 K. In contrast, for H ⊥ c, only the SC1 with H c2 = 2 T is observed. The critical field phase-diagrams and their anisotropy were consistently explained by the influence of Rashba spin-orbit coupling at the Ce sites where the inversion symmetry is broken locally. Here, we present a comprehensive study of the angle dependence of the upper critical fields using low temperature magnetic ac susceptibility, specific heat and torque on single crystals of CeRh 2 As 2 . The state SC2 is strongly suppressed when rotating the magnetic field away from the c-axis and disappears for an angle of 35 • . This angle dependence is dominated by the high anisotropy of the Pauli limit and thereby confirms the suggested odd-parity state with pseudospin triplet d vector in the plane.

I. INTRODUCTION

Odd-parity, or pseudospin triplet superconductivity is a rare phenomenon in nature. Only a few materials are promising candidates, including UPt 3 [1], the ferromagnetic superconductors UCoGe, URhGe, UGe 3 [2], and UTe 2 [3]. Theoretically, when spin-orbit coupling is strong, the angle dependence of the Pauli-limiting field H p offers a way to identify possible triplet states since H p should depend on the orientation of the applied magnetic field with respect to the direction of the spins of the Cooper pairs [START_REF] Sigrist | AIP Conference Proceedings[END_REF][START_REF] Machida | [END_REF][START_REF] Mineev | Introduction to unconventional superconductivity[END_REF]. However, the experimentally observed angle dependences of the upper critical fields in the above mentioned systems are often dominated by the orbital limit or by the interplay of field-enhanced spin fluctuations and superconductivity [2,[START_REF] Tada | [END_REF]. In the latter case, the critical field is believed to be governed by an Ising quantum critical point that appears only very near a specific field orientation [2,[START_REF] Tada | [END_REF]. Hence, a clear observation of the angle dependence of H p as evidence for triplet superconductivity is still lacking.

CeRh 2 As 2 was recently found to have a unique and extremely anisotropic superconducting (SC) state with a proposed field-induced pseudospin triplet state [8]. This conclusion was based only on measurements for the field parallel and perpendicular to the c axis. In particular, the unusual results for the field along the c axis may have another origin, either a change between different superconducting order parameters [9,10] or a quantum critical point. Here, we examine the full angle dependence of the superconducting magnetic field -temperature phase diagram and find it agrees with the ex-pected angular dependence of a pseudospin-triplet superconducting state.

CeRh 2 As 2 is a heavy-fermion compound with a Kondo temperature of about 30 K. Its electronic specific heat coefficient C/T keeps increasing below 4 K, a sign of quantum criticality, and attains a large value of 1 J/molK 2 at 0.5 K. A transition to an ordered state appears as a hump in the specific heat C/T at T 0 ≈ 0.4 K of probably quadrupolar character [11]. CeRh 2 As 2 enters an anisotropic superconducting state at T c = 0.26 K. In c axis magnetic fields, it has a unique phase diagram with two superconducting states, SC1 and SC2, and an upper critical field of 14 T, whereas for in-plane fields, only the SC1 state appears, with a critical field of 2 T. This state is strongly Pauli limited and the critical field is a factor of 2.5 -3 larger for c axis fields than for in-plane fields, both strongly exceeding the weak-coupling Pauli limit [12,13] of H p ≈ 0.5 T. The state SC2 however, seems to be purely orbitally limited for H c. The crystal structure of CeRh 2 As 2 is centrosymmetric, but the inversion point lies between the two Ce atomic positions of adjacent layers in the unit cell. In this structure, even and odd parity SC states can naturally appear from the same pairing interaction. A transition between them corresponds to a sign change of the order parameter in one of the two layers. The large anisotropy of the upper critical fields and the two superconducting phases were explained by the local inversion-symmetry breaking at the Ce sites enabling an anti-symmetric spin orbit coupling of Rashba type with alternating sign on neighboring Ce layers [8]. In this picture the zero-field even parity SC state is suppressed by a c axis field since it is Pauli limited, and transforms into an odd-parity state similar to the predictions in layered locally non-centrosymmetric systems [14]. The odd-parity state can be described as a pseudo-spin triplet state with d vector in the plane leading to the absence of a Pauli limit for H c [8,15] as in triplet superconductors in the helical state [START_REF] Sigrist | AIP Conference Proceedings[END_REF]. This com-bined with a large orbital limit can account for the large value of H c2 /T c observed in experiment. For in-plane fields, SC2 would be Pauli limited explaining the absence of SC2 in this field direction. In this paper, we study the superconducting phase diagram as a function of magnetic field direction by ac susceptibility χ, magnetic torque τ and specific heat C. We find that the angle dependence supports the picture that SC2 is an odd parity state with pseudo-spin d vector in the plane.

II. EXPERIMENTAL RESULTS

Figure 1(a) shows the magnetic field dependence of the absolute value of χ at the temperature of 45 mK for different angles. Details on the experimental methods can be found in [16]. We measured from θ = 0 • (H c) to 90 • (H ⊥ c here named H ab). The in-plane field orientation was [110] for torque but not defined for χ and C/T . A small but clear signature of the transition between SC1 and SC2 named H * appears for angles below 35 • . At 30 • a small anomaly is visible at H * in the derivative dχ/dH highlighted in the inset of Figure 1(a).

We define the upper critical field H c2 at the onset of the diamagnetic transition (horizontal dashed line in Figure 1(a) and H * at the maximum of the small bump from the field dependence of χ. The torque (τ) divided by H 2 (and scaled by sin (2θ ) -1 to remove the standard angle dependence in torque) given in Figure 1(b,c) displays similar step-like features at H * . The strong hysteresis loop in the superconducting state is characteristic of the magnetization in CeRh 2 As 2 [8,16]. H c2 is defined in the torque at the field where up and down sweep curves start to separate. Since this happens rather smoothly for small angles, there is a larger uncertainty on these points. The change in the hysteresis loop for 2.5 • visible in the inset of Figure 1(b) is related with a change in the magnetization anisotropy (see [16]).

For fields near the in-plane direction, an additional transition at H cr is observed at roughly 9 T (Fig. 1c and [16]), as published in reference [11]. H cr increases when the field is turned away from the ab plane towards the c axis until, for angles below 58 • , this anomaly cannot be resolved experimentally any more. As can be seen in the inset, it is strongly hysteretic indicating a first order transition, as also observed in the resistivity and magnetostriction [11], where it was associated with a change of the order below T 0 . No further transitions have been detected for in-plane fields up to 36 T and c axis fields up to 26 T [16].

From these data we find the angle dependence of H c2 , H * and H cr shown in Figure 2(a). Here, the upper critical field H c2 decreases rapidly as the angle is increased with respect to the c axis until it approaches the value of H * at about 35 • . From this point on, we only detect one superconducting state in χ and in τ in which the H c2 slowly decreases with angle until it reaches the expected value of ≈ 2 T for H ab.

For different magnetic field angles, temperature dependent ac-susceptibility (data in [16]) and specific heat at different fields give the full temperature-magnetic field phase diagrams. A selection of the specific heat data are depicted in Fig. 3, where a nuclear contribution has been removed. In this paper, these data are used to extract the superconducting transition temperatures and a qualitative behavior of T 0 (see below). A more detailed analysis of the specific heat is subject of future studies.

1 1 0 8 0 o 6 0 o 4 0 o 3 0 o 2 5 o 2 0 o 1 0 o 0 o ( c ) H * ؍ 0 H ( T ) H c 2 ( b )  a c ( a r b . u . ) C e R h 2 A s 2 4 5 m K ( a ) H * d  a c / d H 1 1 0 4 0 m K H c 2 7 4 o 6 6 o 5 0 o 5 8 o 4 6 o ؍ 0 H ( T ) 1 0 2 4 0 m K ؍ 0 H ( T ) H c 2 3 6 o 3 0 o 2 4 o 1 8 o 1 2 o ؔ | • H -2 • ( s i n 2 ؑ ) -1 ( a r b . u . ) H * 1 0 1 5 H c r 0 1 0 2 . 5 o
Here, we focus on the superconducting critical fields. Figure 4 shows the µ 0 H vs T phase diagrams for selected angles obtained from the temperature sweeps of C/T in Fig. 3, the temperature sweeps of the ac susceptibility [16] and the field sweeps from Fig. 1. Note that the discrepancy between the critical field from specific heat and ac-susceptibility at 20 • is ascribed to a difference in angle within the uncertainty be- 
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A n g l e ( θ) Since the transition at H q shows a strong hysteresis, only the critical fields from up sweeps are shown here. The critical fields from the down sweeps are typically around 1 T lower. (b) Angle dependence of the upper critical fields of SC1 and SC2 as well the orbital limit H orb of SC1 obtained from the phase diagrams in Fig. 4 and a fit of it using equation 1 (orange dashed line). Red and black lines are fits to equation 2 at 45 mK and the violet line reflects the calculated transition between SC1 and SC2, as detailed in the main text and [16].
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cause in this angle region, H c2 changes strongly even with only a few degrees. For all angles below 35 • , a kink appears in H c2 (T ) at a field that is close to H * obtained from the fieldsweeps in agreement with the fact that the H * line is almost temperature independent for all angles. As already observed for the high-symmetry directions [8], the phase diagrams determined by ac-susceptibility are fully consistent with those obtained from the specific heat and hence reveal the bulk properties.

The present torque and specific heat data also provide some new information on the phase diagram of the phases connected with T 0 and H cr , which were identified as a quadrupolar density wave [11]. Both T 0 and H cr present a clear angle dependence. For 10 • and 20 • , the hump at T 0 is suppressed with field, but remains visible up to roughly 4 T (Figure 3a,b), similar to what was observed for H c [8]. For 45 • T 0 stays approximately constant in applied fields up to 10 T, far above the superconducting critical field, similar to the behavior observed for H ab [8,11]. Because H cr shoots up for an- Here, a nuclear contribution has been removed (as in the supplementary information in [8]).
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gles from 90 • to 60 • , this suggests a tricritical point in the range 30 • < θ < 60 • and µH > 15 T. Furthermore, the absence of any further anomaly in the torque up to µH = 36 T for θ = 89.4 • (H a) [16] indicates that the phase forming at H > H cr is stable until very high field as observed e.g. for the quadrupolar phase II in CeB 6 in high magnetic fields [17]. Further high-field studies are necessary to determine the T 0 (H) boundary and the nature of this phase. Notably, the angle dependence of T 0 and H cr are quite different from those of H c2 and H * , suggesting the interaction between this phase and superconductivity to be weak.

III. SUPERCONDUCTING CRITICAL FIELDS

Let us first concentrate on the angle dependence of the critical field of the state SC1. Previous analysis along the two crystallographic directions showed that the orbital limit H orb in CeRh 2 As 2 is large and strongly exceeds the experimental critical fields of SC1. Therefore, this state is strongly Pauli limited with enhanced Pauli fields compared to the bare weak coupling value of H p = 1.84 T c ≈ 0.5 T [12,13]. We now proceed with the determination of the angle dependence of both the orbital limit H orb and the Pauli limit H p . In the clean-limit H orb is given by the slope of the critical field H c2 (T ) near T c as H orb (T = 0) = -0.73 T c dH c2 dT T =T c [18].

From the data in Fig. 4 we extract the values of the H c2 slopes near T c [16] and hence H orb for all angles, which are given in Figure 2b. We observe that the T c varies slightly even in zero field for different sample orientations, which is probably due to the remanent magnetic field in the superconducting magnet and a slightly different shapes of the ac susceptibility curves Magnetic field-temperature phase diagrams of CeRh 2 As 2 for different directions of the magnetic field. The experimental points are from ac susceptibility and specific heat, as indicated. The data show in (a) and (f) were taken from [8].

at different angles near the onset of the transition where we define T c . The values of T c are listed in [16]. Note that the uncertainty of the slope and hence H orb at each angle is quite large (error bars in Figure 2b). The angle dependence of H orb behaves as expected for an anisotropic bulk superconductor [START_REF] Tinkham | Introduction to Superconductivity[END_REF] according to

H c2 (θ ) = H c c2 √ Γ 2 sin θ 2 + cos θ 2 (1) 
where 

Γ = H c c2 /H ab c2 . We find Γ = H c orb /H ab orb = 2.
(0) = 0.18hV F /k B T c . Using v F = hk F /m * we find H c orb /H ab orb = m * 2 a /m * c m * a ⇒ m * a /m * c = 2.6
. This is comparable to the weak anisotropy in the magnetization at 2 K, where the in-plane value is a factor of 2 larger than the c axis value [8]. It will be interesting to see if band-structure calculations confirm this anisotropy in the future [11].

As a next step, the Pauli paramagnetic limit of SC1 is investigated. Here we consider the following expression for the upper critical field of a spin-singlet superconductor with both orbital and Pauli limiting

ln(t) = ∞ 0 du [1 -F θ + F θ cos( Hg θ u H P t )] exp( -Hu 2 √ 2H orb t 2 ) -1 sinh u (2)
where g θ is a field-angle dependent g-factor, t = T /T c , and F θ = 1 quantifies the pair-breaking due to Pauli limiting (as discussed later, this takes a different form for a pseudospintriplet order parameter). Using the H orb values from the fit of its angle dependence (in order to reduce the uncertainty at each angle), we find that H P /g θ exhibits an anisotropy similar to H c2 (θ ), that can also be described by Eq.1 with an effective Γ g = 2.8. For more details about the fitting procedure please refer to [16]. Within error bars, there is no temperature dependence of the H c2 anisotropy for SC1. Now let us turn to the critical field of SC2 with the aim to understand what is causing the strong suppression of H c2 when fields are turned away from the c axis and the disappearance of SC2 at an angle of 35 • . For H c, the temperature dependence of H c2 follows qualitatively -and even quantitatively, when a lower T c is assumedvery well the expectations for a pure orbital limit [8] without Pauli limiting effect [16]. To first order, the orbital limit of SC2 should be similar to the one of SC1 given in Fig. 2[20]. Therefore, we can make the first statement that the angle dependence of the orbital limit is not strong enough to describe the steep decrease of the experimental critical field H c2 with angle. Hence, the decrease must be related with the Pauli limit kicking in when the field is tilted towards the ab plane. As discussed in the context of SC1, one place where the Pauli field introduces anisotropy is through the spin-orbit coupling renormalized g-factor g θ . However, this anisotropy is also too small to account for the steep decrease of the experimental critical field H c2 with angle since any renormalized H p for a spin-singlet state should have the same anisotropy as in SC1. Consequently, there must be another source of anisotropy due to Pauli limiting. Indeed, this is exactly the behavior expected for triplet superconductors with d vector in the plane (helical state): an absence of Pauli limit for H c (infinite H c p ) and presence of Pauli limit for H ab. The latter is enhanced compared to the bare value [8,[START_REF] Frigeri | [END_REF], when Rashba spin-orbit coupling is included. Here we consider such a helical triplet state subject to an orbital critical field, for which the critical field is given by the expression of Eq.( 2) but now with

F θ = | d • ĥθ | 2 ,
where d is d/| d| and ĥθ is a unit vector that gives the direction of the Zeeman field projected onto to the pseudospin basis [8]. We note that when the orbital field energy (g θ µ B H orb ) is smaller than the spin-orbit coupling energy, this expression is equivalent to that found for an odd-parity spin-singlet state in which the order parameter has opposite sign on the two inequivalent Ce-layers. In Fig. 2, we show the calculated critical field for the state SC2. In the SM, we provide plots of the H -T phase diagrams for the different field angles. The agreement with experiment is excellent.

This leads us to the main conclusion of our paper: The angle dependence of the superconducting critical field is dom-inated by the huge anisotropy of the Pauli field of an odd parity state with d-vector in the plane, in agreement with the interpretation in [8] and in previous models of locally noncentrosymmetric SC [15], although here the SC state is a pseudospin triplet state with staggered dominant singlet intra-layer pairing.

As a final point, we have also calculated H * , the first-order transition between the SC1 and SC2 states. For H c, the H * transition was found to be a result of a competition between the Pauli-limited SC1 (with Pauli field H P,1 ) and the Pauli-limit free SC2, so that H * H P,1 . Here, we calculate the phase transition between SC1 and SC2 from the free energies taking only the Pauli limiting effect into account (violet line in Fig. 2b), with no additional parameters beyond those calculated from the fitting procedure. The neglect of the orbital limit leads to a slight overestimate of the critical field, but the angular dependence is in perfect agreement with experiment [16].

IV. DISCUSSION

We would like to emphasize that the simple model established in [8] and extended here to intermediate angles can reproduce all experimental observations based on only 3 open parameters that cannot be obtained experimentally: the critical temperature of the superconducting state SC2 T c,2 , the inplane Pauli limit H P,1 and the strength of the Rashba spin-orbit coupling relative to the interlayer hopping α. This model has the minimal number of bands in this crystal symmetry and naturally contains both even and odd parity superconducting states. Even though CeRh 2 As 2 certainly contains multiple bands [11], renormalized density functional theory calculations reveal the bulk of the density of states are on Fermi surfaces near the zone boundary -which justifies the single-band approach used here [11,22].

The angle dependence of the orbital limit of SC1 corroborates a rather 3D Fermi surface in agreement with the strongly warped cylinders calculated with renormalised bandstructure calculations [11]. Both the anisotropy of the effective mass given by the anisotropy of H orb as well as the anisotropy of the g factor (and the magnetic susceptibility) are rather small. Furthermore, in quasi 2D systems such as Sr 2 RuO 4 [23], CeCoIn 5 [24] or FeSe [25], the critical field is usually larger for in-plane fields than for c-axis fields, and in the 2D limit a cusp is expected for H orb for fields close to the a axis as observed for example in FeSe, K 2 Cr 3 As 3 or in superlattices of CeCoIn 5 /YbCoIn 5 [START_REF] Tinkham | Introduction to Superconductivity[END_REF][25][26][27], but not observed here. A previous theoretical study found that going from a quasi two dimensional Fermi surface to a three dimensional Fermi surface reduces the anisotropy of SC1 due to Rashba spin-orbit coupling, but shouldn't affect qualitatively the anisotropy of SC2 for the suggested scenario here [9]. However, they investigated a Fermi surface at the Brillouin zone center and the situation may change for a Fermi surface at the zone boundary. In ferromagnetic superconductors, which are the most prominent candidates of spin-triplet superconductivity, the critical fields are highly anisotropic [2,28], and the strong enhancements observed along certain directions or in the fieldreentrant phases are related with strong Ising-type spin fluctuations and quantum criticality influencing the orbital limit [2,[START_REF] Tada | [END_REF]. Here we find that this is not the case for CeRh 2 As 2 , where the anisotropy is accounted for by a pseudospin d that is oriented in the basal plane. An interesting open issue is why the orbital critical field and the Sommerfeld coefficient are so large for CeRh 2 As 2 . In the non-centrosymmetric superconductors CePt 3 Si and CeRhSi 3 the origin of this was proposed to be antiferromagnetic quantum critical fluctuations that enhance the electron effective mass [START_REF] Tada | [END_REF][29][30][31][START_REF] Bauer | Non-Centrosymmetric Superconductors : Introduction and Overview[END_REF]. This needs to be investigated further in CeRh 2 As 2 , where quadrupolar degrees of freedom are suggested to play a role [11] and a broadening of the As(2) NQR line below 0.25 K was interpreted as the onset of antiferromagnetic order [33]. Those systems show a similar anisotropy of the superconducting state to CeRh 2 As 2 with absence of Pauli limit for H c and strong but enhanced Pauli limit for H ab, but a full determination of the angle dependence hasn't been possible yet because the large anisotropy appears only under pressure, preventing an easy angle-dependent measurement.

V. SUMMARY AND CONCLUSION

The strong angle dependence of the upper critical fields of the high-field superconducting state SC2 determined via acsusceptibility, torque and specific heat reveals the unprecedented observation of the text-book like behavior of an odd parity state. Our discussion of the angle dependence of the critical fields presented above neglects an influence of the quadrupole density wave order below T 0 on the superconducting phase diagram, which has an anisotropic field dependence itself [11]. Future research is needed to understand both the interplay between the order below T 0 and the superconducting state in a unified picture.
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 1 Figure 1. Magnetic field dependence of magnetic susceptibility and torque for different field directions. (a) Absolute value of the ac susceptibility χ at 45 mK for different angles as indicated. θ = 0 • corresponds to µ 0 H c. The bump labelled as H * , is the transition between SC1 and SC2. The inset shows the derivative of the curve at 30 • , indicating that H * is still present at that angle. The dashed horizontal line indicates the value at which H c2 is defined. (b) Magnetic torque divided by H 2 sin(2θ ) at 40 mK, the inset shows the data for 2.5 • where the change in the hysteresis of τ is visible. (c) Torque divided by H 2 sin(2θ ) for angles close to the plane. The inset in (c) shows an additional phase transition appearing at about H cr ≈ 9 T. In b) and c) curves have been shifted for clarity.

Figure 2 .

 2 Figure 2. Angle dependence of the critical fields 45 mK. (a) different symbols represent different experimental techniques as indicated.Since the transition at H q shows a strong hysteresis, only the critical fields from up sweeps are shown here. The critical fields from the down sweeps are typically around 1 T lower. (b) Angle dependence of the upper critical fields of SC1 and SC2 as well the orbital limit H orb of SC1 obtained from the phase diagrams in Fig.4and a fit of it using equation 1 (orange dashed line). Red and black lines are fits to equation 2 at 45 mK and the violet line reflects the calculated transition between SC1 and SC2, as detailed in the main text and[16].

Figure 3 .

 3 Figure 3. Temperature dependence of the specific heat C/T in magnetic field at different angles. Here, a nuclear contribution has been removed (as in the supplementary information in[8]).

Figure 4 .

 4 Figure 4.Magnetic field-temperature phase diagrams of CeRh 2 As 2 for different directions of the magnetic field. The experimental points are from ac susceptibility and specific heat, as indicated. The data show in (a) and (f) were taken from[8].
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 162 as shown by the dashed orange line in Figure 2b. For a fully gapped 3D superconductor in the Bardeen Cooper Schrieffer theory, this angle dependence reflects the anisotropy of the normal state since H orb = Φ 0 /2πξ 2 (T ) and ξ
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