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Violation of Pauli-Clogston limit in the heavy-fermion superconductor CeRh,As;:
Duality of itinerant and localized 4 f electrons

Kazushige Machida
Department of Physics, Ritsumeikan University, Kusatsu 525-8577, Japan

® (Received 15 September 2022; revised 26 October 2022; accepted 9 November 2022; published 18 November 2022)

We theoretically propose a mechanism to understand the violation of the Pauli-Clogston limit for the upper
critical field Hc, observed in the Ce bearing heavy Fermion material CeRh,As, from the view point of spin
singlet pairing. It is based on a duality concept, the dual simultaneous aspects of an electron: The itinerant
part and localized part of quasiparticles (QPs) originated from the 4f electrons of the Ce atoms. While the
itinerant QPs directly participate in forming the Cooper pairs, the localized QPs exert the internal field so as to
oppose the applied field through the antiferromagnetic exchange interaction between them. This is inherent in
the dense Kondo lattice system in general. We argue that this mechanism can be applied not only to the locally
noncentrosymmetric material CeRh,As,, but also to globally inversion symmetry broken Ce-based materials
such as CePt;Si. Moreover, we point out that it also works for strongly Pauli-limit-violated spin triplet pairing

systems, such as UTe,.
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I. INTRODUCTION

The newly found heavy Fermion superconductor (SC)
CeRh,As; is attracting enormous attention both experimen-
tally [1-5] and theoretically [6—12] because, compared with
the SC transition temperature 7. = 0.35 K both of the upper
critical fields HZ, ~ 16T for the ¢ axis and Hfg ~ 2T for
the ab-plane exceed the Pauli-Clogston limit estimated by
the weak coupling Bardeen-Cooper Schriefer (BCS) formula
HBECS = 1.84T, ~ 0.6T in the tetragonal crystal symmetry.
The degree of the violation of the Pauli limit HS, /HE®S ~ 27
is extraordinary.

Given that the local symmetry on the Ce sites breaks the
inversion symmetry, it is argued that the spin singlet-triplet
mixing scenario to overcome the Pauli limitation is real-
ized in this compound [6-12]. This scenario is an extended
version designed for globally non-centrosymmetric SC ma-
terials [13-19], in particular on Ce heavy Fermion SC [20]
such as CePt3Si [21-24], CelrSiz [25,26], CeRhSi3 [27],
and CeCoGes; [28]. They also break the Pauli limitation and
CelrSij exhibits a record high He, ~ 45T with T, = 2K under
pressure [27]. However, no firm experimental evidence has
proven those theories so far.

There have been several known mechanisms to explain the
Pauli limit violation apart from the spin triplet pairing. For
example, the Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) state
can raise the Pauili limit, but it is only within a factor of 2 or
so of HS, /HECS at most [29]. An especially designed thin film
system with few layers shows the enhanced H., due to strong
spin-orbit coupling, leading to the so-called Ising supercon-
ductivity [30,31], or twisted magic angle graphene exhibits
also the Pauli limit violation [32]. Apparently, those are not
appropriate for the present three-dimensional bulk systems.

To understand the strong Pauli limit violation in CeRh,As;,
the following should be noted:
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(1) The phase diagram in H(|| ¢) vs T is subdivided into the
SC1 and SC2 phases [1] for low and high fields separated by a
first order line at H = 4T as shown schematically in Fig. 1(a).
The SC2 phase reaches 16T far beyond the Pauli limit with a
large margin as mentioned.

(2) Below T, = 0.35K, the antiferromagnetic order (AF)
develops at Ty = 0.25K whose detailed AF structure has not
been determined yet [33,34]. This order disappears above the
field H¢ > 4T applied along the c-axis [35], whose value
approximately coincides with the SC1 and SC2 boundary line.

(3) By tilting the field direction from the ¢ axis towards
the ab plane by the angle 6, the enhanced Hc,(0) quickly di-
minishes up to 6 ~ 30° beyond which H.,(6) smoothly tends
to H% = 2T for the ab plane [3]. Thus, the low field phase
of the SC1, starting below 4T for the ¢ axis, is continuously
connected to H%.

(4) According to the recent Knight shift (KS) experiments
of 7®As-nuclear magentic resonance (NMR) by the Ishida
group [33-35], not only for the SCI1 phase, but also for the
SC2 phase for the ¢ axis, KS does decrease below T, negating
a spin triplet phase. Note that KS also decreases for the ab-
plane field [36]. There is evidence neither for the spin-triplet
pairing, nor the singlet-triplet mixing associated with local
inversion symmetry breaking [6—12]. This urges us to consider
the Pauli limit violation within the spin-singlet framework,
or more broadly a framework applicable to both singlet and
triplet pairings.

(5) It is noteworthy to note the fact that LaRh, As, [37] with
identical locally non-centrosymmetric crystal structure and
similar T, ~ 0.3K, shows neither the enhanced He, (HS, =
10mT and H% = 12mT), nor the multiple phase diagram.
This means that the 4f electrons of the Ce atoms play crucial
roles in those intriguing phenomena, in particular the strong
Pauli limit violation of H}, = 16T.
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T a the Cooper pair formation. This duality or dichotomy of the
4f electrons is essential in unveiling the physics of CeRh,As,.
Te T~ (a) All figures are schematic throughout the paper, intending
Teo —\\,4\1\1\@, to no quantitative meaning.
N e AN
A+F ‘ SC&\ II. BASIC IDEA AND ASSUMPTIONS
0= Hyy H® H 2 ﬁ TQ overcome the fundameptal and seemingly unavoi@able
A c2 H?z llmltgtlog due to t.hfa Pauli paramagnetic effect associated
M T ¢ v v (b) with a spin singlet pairing, we consider the effects of the lo-
N calized moment M (H ) originating from the 4f electrons on the
/ Ce atomic sites. This is to exert the internal field J.¢M (H) to
MI— / SC the conduction electrons through the c-f exchange interaction
0 == 3> Jor coming from the periodic Kondo lattice Hamiltonian nec-
/I M, H essary for describing the heavy Fermion systems in general.
In the past, this interaction was considered to play several
A (©) important and crucial roles in the coexistence problems of
N magnetism and superconductivity. In the ferromagnetic case,
it stabilizes the FFLO state via the ferromagnetic molecular
v(H) field [38] whereas in the AF case, it yields the suppressed
H., below Ty [39-41]. This idea is somewhat similar to the
0 > H Jaccarino-Peter mechanism [42].
Hi The effective exchange interaction J.+ between the conduc-
0 A (d) tion electrons and 4f electron pseudo spins is determined by
c2 prad projecting the f electrons with the total angular momentum
prad c J onto the crystal field doublet state [43]. Thus the sign of
eff g - ol Js depends on several factors, such as the g factor or the
- doublet matrix elements of the crystal electric field effect,
TJ;MO etc. Here we assume it to be antiferromagnetic (Ji > 0) for
0 J_ I }H our dense Kondo lattice systems, i.e., CeRh;As,, to realize
c2

FIG. 1. The field dependences of various quantities for H || ¢
axis. (a) HS, vs T phase diagram. SC1 starts at Ty, with the slope
dHy/dT = —af and reaches aiTy at T =0. HS = af(T, — T)
for SC2. H, ultimately reaches o7, /(1 — J5x.) at T = 0 with the
enhanced slope -a/(1 — J§ x.). Note a jump by JGM,. SC2 coexists
with the distorted AF. (b) Magnetization processes for the normal
(N) and SC states. In the normal state M =0 for H < Hp and
jumps by M, at Hp via the first-order spin flop transition. In the
SC it exhibits the negative jump by -J$M, on top of SC diamagnetic
background. Here we sketch the AF spin configurations for each field
region where at H = 0 the moment points to the ¢ direction. (c) Field
dependence of y(H). In SCI1 for 0 < H < Hp it shows a strong
Pauli affected curve with a concave curvature [48]. Corresponding to
the H,, jump, y (H) stays a constant and then gradually increases up
to the normal value yy at H,. (d) The effective field H. (H) = H for
0 < H < Hp. After showing the negative jump by -J.;My, Heir (H)
grows linearly in H and reaches afTc at HY, far below the unen-
hanced case drown by the dashed line.

(6) Substantial magnetic moments are progressively in-
duced with increasing applied fields at low T, i.e., M (My,) =
0.2 (0.4) ug/Ce for the ¢ (ab) axis under H = 15T [1]. In
view of the dual nature of the 4f electrons of the Ce atoms in
the present dense Kondo lattice material with Tgqpgo ~30K,
a part of the 4f electrons is localized to form the AF order
and the other part is itinerant to form a coherent Fermion
state with heavy quasiparticle mass; It has a huge Sommerfeld
coefficient yn ~1J/mol K2. The latter directly participates in

the Kondo effect which ultimately leads to the heavy Fermion
phenomenology [43]. Thus, the effective internal field Hg felt
by the conduction electrons is written as

He(H) = H — JM(H), ey

with H being the applied external field. We assume that in
the AF order, the sublattice moment is parallel to the ¢ axis
although we know that the system is a magnetically easy
ab plane XY type [34]. This conflicting situation sometimes
happens in other Ce-Kondo materials [44]. Under the field
parallel to the ¢ axis, via a first- order transition, the AF flips
the moment M, towards the ¢ axis at Hp_ in general. We
assume Hgp, = 4T, coinciding with the field above which the
NMR experiment detects no AF order [33]. Until this spin flop
transition H < Hg, = 4T the total moment M (H) = 0 in the
normal state. The magnetization process along the ¢ axis is
schematically depicted in Fig. 1(b) where at Hg = 4T, the
moment jumps by My. Thus, for the ¢ axis,

ML(H) =0 for H < HFL
= Mo+ xH+ xPH> forH 2 Hp,  (2)

while for the ab axis,
_ 3) g3
Mup(H) = xaH + Xap H + -+, 3

where x; and X,-m (i = c and ab) are the linear and non-linear
magnetic susceptibilities, respectively. By substituting M (H )
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into Eq. (1), we obtain for H || ¢
H =H forH < Hp

= (1 = xJG)H — J5 (Mo + xH?) for H 2 Hp.  (4)
For H || ab,

HEH) = (1 — xad)VH — I X DH? + - (5)

The cf-exchange interaction constants are anisotropic, i.e.,
JS # J% in general. The following can be clearly observed:

(1) The external field is scaled by a factor 1 — xJ as ex-
pressed in Egs. (4) and (5).

(2) The external field is reduced (enhanced) by a factor
JM, for the antiferromagnetic J.¢ > 0 (ferromagnetic J+ < 0)
cf-coupling case, as expressed in Eq. (4).

We start with the Ginzburg-Landau free energy density
F under external magnetic field H in terms of the SC order
parameter W for a singlet pairing. It is given by

H2
F=%U—EWW+EWﬁ+4£
2 8

+ Kup(IDxW > + Dy %) + K. | D, W |, ©6)

where K, (K.) is the effective mass along the ab plane (c axis)
and D; = —iV; + é—”ﬁAi is the gauge invariant derivative with
®,, being the quantum flux and A; the vector potential. 8(> 0)
is the coefficient of the fourth- order term. The variation with
respect of W* leads to the Ginzburg-Landau equation

ao(T — T)W + BIW [V + {K,(D; + D;) + K.D}}W = 0.
@)

Following the standard procedure [45], the upper critical
field H, is obtained as the lowest eigenvalue of the linearized
Ginzburg-Landau equation, or Schrodinger- type equation of
a harmonic oscillator, namely

Heiff o(T)=a)(To —T); i=abandc (8)
with of = 2;1:]( ap and oe Zﬂ;}ﬁao

After plugging Eq. (4) into it, we'ﬁnd forH | ¢
H,T)=oa5 - (T,o—T) forO<H < Hp

ag

=0 . (T.—T) forH=Hy (9
1= xJ5

with

JS
T = Teo+ - Mo. (10)

0
Two factors raise HS,(T), one through the effective mass
and the other through 7.. From now on we neglect the non-
linear susceptibility X(3) term for simplicity. For H || ab,

we find
ab

ab _ 0
HZ(T) = Tabfafb(

Too —T). (11)
III. ANALYSIS OF UPPER CRITICAL FIELDS
A.H | ¢

Let us now consider the upper critical field H., behaviors
in CeRh;,As; by utilizing Egs. (9) and (11). We first show a

schematic HS, (T') in Fig. 1(a). As can be observed from this,
when HS, (T ) started from Tp with the slope dHG (T )/dT =
—af reaches H = Hpy, it jumps by J$M, which is estimated
by ~4T later. Then, according to Eq. (9), HY,(T) is enhanced
by the scaling factor, namely

ag T,
HY(T =0) = —>"—, 12
ST =0 == 5 (12)
with the enhanced slope
dH, _ of . (13)
dT 1 — xJS

Notice that the high field part of HS,(T') has the enhanced T
given in Eq. (10). Those factors compound to push Hy; to a
higher field.

There is no distinction between the SC1 phase for0 < H <
Hpp, and the SC2 phase for H > Hpy in the pairing symmetry
in our scenario. Note, however, that the SC1 phase coexists
with the genuine AF below Ty while AF is distorted in SC2.
Various observed thermodynamic anomalies [1] at H = 4T
such as ac-susceptibility x,.(H), M.(H), and magnetostric-
tion are due to the first-order phase transition associated with
the AF spin flop transition Hgp although it was interpreted
as the pairing symmetry change from a spin singlet to triplet
pairing [1-3,37].

In Fig. 1(b) we illustrate the magnetization curves both for
the SC and normal states. At H = Hpy vis the first-order spin
flop transition M (H) exhibits a jump by Mj in the normal
state. Correspondingly, in the SC state a negative jump by
—J§My appears. According to the data [1], the magnetization
curve exhibits a kinklike anomaly at H = 4T in the supercon-
ducting state. We interpret it as a first-order negative jump.

As shown later, the SC1 phase is strongly suppressed by
the Pauli paramagnetic effect characterized by a large Maki
parameter, compared with the SC2 phase. The Sommerfeld
coefficient y (H) with its normal state value yy in the vortex
state is an important thermodynamic quantity [47,48] directly
measured by the specific heat experiment and reflects the
underlying superconducting state properties. y (H) exhibits a
characteristic downward curvature [47,48] up to H < Hpp as
displayed in Fig. 1(c) This is followed by a plateau corre-
sponding to the HS, jump above which y(H) grows slowly
and monotonically. The existing data [4] for y (H) and thermal
conductivity x (H) at the lowest temperature limit both exhibit
a similar behavior. Those data are consistent with the above
picture.

In Fig. 1(d) we summarize the field evolution of effective
field H.¢s(H); For H < Hyp, Hets(H) = H. Then after show-
ing the negative jump of —J§ Mo, it grows linearly up to HS,
where Hegr = a§Tco. This value is far less than the reached
HS, (T = 0) given by Eq. (12).

B. H | ab

Let us consider the case of H || ab whose direction is
perpendicular to the AF moment. In this case M, (H) =
XapH because the sublattice moment continuously rotates
towards the field direction. As illustrated in Fig. 2(a), Hfzb
given by Eq. (11) is enhanced by the factor 1/(1 — xaJ%).
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FIG. 2. The field dependences of various quantities for H ||
ab plane. (a) H% vs T phase diagram where it is enhanced by
H%(orb)/(1 — xaJer) from the orbital H% (orb). The dashed line
denotes the initial slope. Hc"zb(T = 0) is low because of the para-
magnetic effect. (b) Magnetization processes for the normal and
SC states. In the normal state M,,(H) = xu.H. In the SC M,,(H)
consists of the superconducting diamagnetic contribution and the
paramagnetic contribution due to the localized moments. (c) Field
dependence of y(H). it shows a strong Pauli affected curve with a
concave curvature with puy = 0.8 [48]. The dashed curve indicates
y (H) for the s-wave case with a full gap without the Pauli paramag-
netic effect uy = 0 [48]. (d) The effective field H.(H) = H grows
linearly in H and reaches a8’T,o at HY far below the un-enhanced
case drown by the dashed line.

This is compared with the corresponding orbital limit value
H (orb) = ai’T,. This means that even in the paramagnetic
state under suitable conditions, the violation of the Pauli limit
is possible, implying that the present violation mechanism is
quite generic applicable to other systems. In Fig. 2 we sum-
marize the corresponding behaviors for this orientation, and in
Fig. 2(c) we schematically plot y (H) with the Maki parame-
ter um = 0.8 [48]. Note that the effective field Her(HY) =
ocgbﬂo is reduced by the factor 1 — Xa;,JC“fb as depicted in
Fig. 2(d).

M(6)

N \

T, T® T

0 TFL(e) TN

FIG. 3. Angle dependences of H.,(0) where 6 is the angle from
the ¢ axis towards the ab plane. For 6 = 0, H, starting from T
meets the spin flop transition line denoted by the green line, and it
jump vertically around the point at (7n, Hr ). Then H, follows the
dashed curve with the enhanced 7,.(0) = T,y + %MO(G) and reaches
the enhanced HS, (T = 0) value given by Eq. (l%). Upon increasing
6 because the initial slopes at T, decreases according to the effective
mass model, Tr (0) is progressively lowering. Beyond 6 > 30° it
fails to meet the Hp, line denoted by the green horizontal line. Thus
no enhanced H,, occurs. The inset shows the predicted behavior of
the magnetization jump M, as a function of 6.

C. Field tilting from the c axis to the ab plane

When tilting the field direction from the ¢ axis to the
ab plane by 6, H.,(9) decreases quickly from H, = 16T to
H, (0 = 30°) = 4T [3]. This finding is analyzed within the
present framework. This can be attributed to the angle depen-
dence of the magnetization jump My(6) at Hg, as shown in
the inset of Fig. 3. Namely, H.»(0) is evaluated near the small
angle 0 as

c

Heo(6) = —C—(T.(0) — T, (14)
1= xeJi

with T.(8) = To + %MQ(Q) for H 2 Hpg;.. This reduces to
Eq. (9) when 6 = 0 for the c axis. As seen below, Hp, hardly
changes with 6 according to the standard phenomenological
theory for the spin flop transition [46]. As will be explained,
the AF is quite fragile for the tilted field because the compet-
ing two anisotropies; Kag(> 0) aligns the sublattice moment
along the c-axis and K is the intrinsic anisotropy reflecting
the fact that x,, = 2x. in the paramagnetic state [1]. This is
characterized by an easy plane XY anisotropy [34]. While K
is usual single-ion effect, Kxp contains the intersite exchange
anisotropy. The spin flop transition is estimated by comparing
the two free energies f. and f,, for the AF state with the
moment along the ¢ and ab directions, respectively. Under the
tilted field 6, those are given by

Fo = =3 Xapsin® 6 - H? — K,
Fupp = —1xccos’60-H* — K. (15)

By equalizing the two energies, we obtain

2(Kar — K
HFLZ\/ (KaF ) (16)

Xe €082 0 — xapsin 6’
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This reduces to the standard expression [46] of Hpp =

M when 6 = 0. Equation (16) indicates an absolute

instability of the AF with the moment along the c-axis. This
analysis is only meaningful for y.cos?>6 — yusin’6 > 0,
namely,

O Stan~' /xe/xap =tan"' \/1/2 =352°.  (17)

Beyond 6., the magnetic system may enter the paramagnetic
state. Thus it is conceivable that towards this critical angle
the jump of the moment My(0) decreases. According to our
analysis of H(0), we predict that it decreases linearly in 6
and vanishes around 6., as shown in the inset of Fig. 3. This
can be verified experimentally.

It is noted from Fig. 3 that upon increasing 6, (1) As
My(0) diminishes, the enhanced H.»(6) quickly decreases
because 7.(0) given by Eq. (14) drops. (2) While Hg is
nearly independent of 6, the first order transition temperature
TrL(0) becomes lower because the orbital limit Hg;b(e) =
a(0)(T.o — T) with the effective mass «(0) decreases from
Hggb(e =0)=4T to Hc"2rb(9 = 90°) = 2T according to the
effective mass model discussed later. (3) Thus, above 8 ~ 30°,
H,(0) cannot be enhanced simply because Hc"zrb(Q > 30°) is
less than Hpp, = 4T, namely, it fails to reach the spin flop
transition field.

D. Pauli paramagnetic effect and J; values

The orbital limit H%° = 17T and =8T for the ¢ and ab
axis estimated from their initial slopes at Ty are suppressed
to 4 and 2 T, respectively [1]. This is because of the Pauli
paramagnetic effect signified by the Maki parameter wy;. This
wM is evaluated by employing an empirical formula derived
by the microscopic Eilenberger theory [48] based on the ef-
fective mass model:

H3 (60 = 90°)

He(0) =
\/FZ cos? 0 + sin* 0 + 2.4u3,

, (18)

where I' is the effective mass anisotropy for the orbital limit
HSP. Substituting the above values for the ¢ and ab axes,
we determine I' = 1.75 and uym = 2.5. This large Maki pa-
rameter gives rise to the first-order transition for ordinary
superconductors. Here because of the field scaling Hegr =
(1 — xJ)H, the effective Maki parameter is reduced to pu =
(1 — xJ)um because

H}]?CS
1y

Hp 19)

For Hlec, u.=04 and (1— xJS)=0.159, and
for H | ab, ump =0.8 and (1 — Xabfffb) =0.32 with
HI?CS = 1.84T,p = 0.64T. Those moderate Maki parameter
values avoid the first-order transition at H., as observed. We
regard that their upper critical fields are both Pauli limited:
Hg = 4.0T and Hffb = 2.0T. Utilizing the observed suscep-
tibilities [1] x. = 0.016ug/T and x, = 0.029ug/T, we

obtain JG =52.5T/up and J% =23.4T/up. Their
anisotropy JS/J%=2.2. This yields the HS jump:
My =525 x x.Hp. = 3.6T at H = Hpy..

cf

IV. POSSIBLE APPLICATION TO OTHER MATERIALS

Having performed the detailed analysis on CeRh,As,, we
turn to other superconductors that break the Pauli limit to
apply the present scenario. As mentioned in the Introduction,
for the noncentrosymmetric Ce heavy Fermion supercon-
ductors [20], CePt;Si, CelrSi;, CeRhSiz, and CeCoGes are
possible candidates because (1) our theory requires neither
local and global inversion symmetry breaking in the crys-
talline structure. (2) Because those are all dense Kondo lattice
systems, the 4f electrons of the Ce atoms have the dual nature:
Itinerant and localized characters. In fact, they also exhibit AF
order above the superconducting transition, meaning that the
4f electrons of the Ce atoms are localized. (3) The cf exchange
coupling constants J.; for those systems are expected to be
antiferromagnetic, thus the effective field is reduced from the
applied external field, enhancing the Pauli limit. Those three
conditions satisfy precisely the requirement for the violation
of the Pauli limit as explained above.

To facilitate future investigations further, we briefly ex-
amine CePt3Si with T, = 0.75K. As HI?CS = 1.38T, the
enhancement factor for the c-axis HS(T = 0)/HE =
5T/1.38T = 3.62, and thus (1 — x.J§) = 0.276. By knowing
that x. = 0.025ug/T [22], we find J§ = 29.0T/ug. Simi-
larly, for the ab plane, the corresponding values are HC"ZI’(T =
0) = 3T, and x,» = 0.02p /T, which yield Jé‘f’ =23.0T/ug.
The obtained cf exchange constants are similar numbers to
those of CeRh,As, as mentioned above, suggesting that the
same mechanism for the violation of the Pauli limit is work-
ing here. The record high H,, ~ 45T with T, = 2K under
pressure in CelrSi3 [27] may be within our reach although we
do not have further experimental information for the detailed
analysis.

It may be interesting to compare the present Kondo
systems with the materials where the obvious localized
moments embedded in the conduction electrons exert the
field compensated internal field through the Jaccarino-
Peter mechanism [42]. For example, the Chevrel system
Eu,Sn;_,MogSg [49] has the compensation field —30T with
the Eu localized moment, giving rise to J¢ = 8 ~ 9T /usp.
The exchange constant J,_; = 2.3ug/T in an organic SC:
k-(BETS),FeBr, is estimated directly by NMR Knight shift
experiment [50]. In this compound the field induced SC is
observed around 15T with T, = 0.3K. The present exchange
constant Ji¢ is an order of magnitude larger than those of
non-Kondo materials.

We point out also the case where J is ferromagnetic
in TmNi;Byc [51]. According to the small angle neutron
scattering (SANS) experiment [51], the internal field differs
from the applied field because the vortex lattice constant re-
flects directly the internal field, not applied field. Thus the
measurement shows that the internal field is larger than the
applied field [51], indicating that the Tm localized moment
enhances the applied field by ~10%, the opposite of the
present CeRh,As; case. The exchange constant is ferromag-
netic. It is understood that heavy Fermion SC is guaranteed
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for Jr to be antiferromagnetic in general, satisfying one of
the criteria for the violation of the Pauli limit.

V. CONCLUSION AND PROSPECTS

As for CeRh;As,, it is desirable to perform experiments
to better characterize the phase boundary between SCI and
SC2 for H || ¢ at 4T because it was interpreted as a spin
singlet-triplet pairing change [1-4]. According to our theory,
this is nothing but the spin flop transition via a first order.
The AF moment is assumed to point to the ¢ direction as a
fundamental assumption in our theory. This can be verified by
various methods, including neutron diffraction experiment. As
predicted in Fig. 3 the magnetization jump My(0) at Hp, = 4T
vanishes quickly by rotating the applied field from the ¢ axis
towards the ab plane up to 8 = 30°. This is an important
prediction to verify our scenario because the enhancement
of H(0) near the ¢ axis is closely correlated with M (6).
Obviously, the gap structure should be characterized more
precisely, either full gap or nodal structure. There are sev-
eral established spectroscopic methods to probe, such as the
field-angle dependent specific heat experiment [52], or the
scanning tunneling spectroscopy to probe the local density of
states [53,54].

More generally, apart from CeRh,As;, the present theory
on the violation mechanism of the Pauli limit can be ap-
plied to other SC’s, in particular to the Ce containing Kondo
systems [20], including CePt3Si [21-24], CelrSiz [25,26],
CeRhSij; [27] and CeCoGes [28] as mentioned. Here the du-
ality of the 4f electrons of the Ce atoms is essential where
the localized aspect produces the antiferromagnetic exchange
field to cancel the applied field, and the itinerant aspect pro-
duces the heavy Fermions. Both aspects are crucial to attain
the high field superconductivity beyond the Pauli-Clogston
limit. The extremely enhanced H,, observed in those materials
largely remains unexplained so far. We propose several exper-
iments on these superconductor to establish the generality of
our idea on the violation mechanism: (1) To probe the actual
internal field, or magnetic induction, which is a nontrivial
task, the KS experiment of NMR is one of the direct methods.

In fact, it is applied successfully to probe the compensation
field in the organic superconductor [50]. (2) As mentioned
above, the SANS experiment is also a powerful way to verify
the internal field because the vortex lattice spacing directly
reflects the internal field via the flux quantization rule [51].

We should point out a common and unexpected feature
between two singlet and triplet superconductors where both
are driven and reinforced by the incipient magnetization; The
H., enhancement in a spin singlet pairing here is analogous to
the physics [55-57] in spin triplet pairing in a series of mag-
netically polarized superconductors: UGe,, URhGe, UCoGe,
and UTe,, where the field reinforced H., is observed. While
the magnetization M (H) is coupled through the exchange in-
teraction J.¢ in the form M (H )J.¢ on the conduction electrons
in a singlet case, it directly couples with a triplet pairing
vectorial order parameter 7 in the form of kM(H) -7 x *.
This common field-reinforced SC feature is deeply rooted in
the duality nature of the f electrons, itinerant and localized.

Finally, it should be noticed that the present mechanism of
the Pauli-Clogston limit violation has been applied so far to
the spin singlet pairing case in mind, but it can work in the spin
triplet pairing as well without any alternation. Thus, it might
be interesting to verify whether or not the observed extremely
high H., enhancement over the Pauli limit; 60T/1.847, ~ 22
in UTe, with T, = 1.5K needs this mechanism in addition to
the spin triplet pairing symmetry.

Note added. During the preparation of the manuscript, we
became aware of a new experimental fact by NMR measure-
ment that the sublattice moment in the antiferromagnetic state
in CeRh,As; indeed points to the ¢ axis as predicted here [58].
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