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Nonrelativistic Ising superconductivity in p-wave magnets
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We discuss a possibility of superconductivity in the p-wave magnets. These are recently discovered materials
that have zero net magnetization by symmetry and finite nonrelativistic spin splitting of electron bands, like
in altermagnets. Similarly, the spin polarizations are collinear in the momentum space. Yet, as opposed to
altermagnets, the magnetization is noncollinear in the real space, and the spin splitting obeys time-reversal
symmetry in the momentum space. As a result, if such material harbors superconductivity (due to phonons
or any other mechanism), the only supported superconducting symmetry is Ising superconductivity, an exotic
symmetry where any Cooper pair is a 50:50 mix of singlet and triplet. This unusual behavior is also in stark
contrast to a regular antiferromagnet, which can support Cooper pairs of any parity, and altermagnets, which can
only support nonunitary triplet pairs. The presence of a large triplet component and enhanced resilience against
pair breaking is inherent to the p-wave magnets and, as such, is unconventional as it does not materialize in
conventional spin-orbit-coupling—induced Ising superconductors.

DOI: 10.1103/p21c-rtv7

Introduction. P-wave magnets (pwM) are magnetic ma-
terials where the net magnetization is zero by symmetry,
magnetic moments are collinear in momentum space, and
the band splitting obeys time reversal, Eyy — Ey, = E_| —
E_x4y [1-7]. A perfect, if trivial, example of the time-reversal
symmetric spin-split system is a nonmagnetic noncentrosym-
metric two-dimensional (2D) material with the Ising-type
spin-orbit coupling (SOC) [8-15], such as the NbSe, mono-
layer. “Ising” in this context means that electrons spins are
collinear. The spins are polarized out of plane due to a basal
plane mirror symmetry. As a result, all 2D Fermi surfaces,
except at some special directions, are spin split, and Eyxy =
E_x,. Such materials exhibit many unconventional properties,
among the most intriguing of which is the so-called Ising
superconductivity (IS), explained later in this Letter.

One limiting factor that prevents many unconventional
phenomena predicted in Ising superconductors to manifest
themselves in real materials is the fact that SOC is a rela-
tivistic effect and, as such, very small in 3d metals, somewhat
larger in 4d, and moderate in 5d. Thus, all IS phenomena
can be classified into two groups: those that require the SOC
splitting £so to be stronger than the superconducting gap A
(most importantly, protection from Pauli limiting) and those
that require it to be comparable to the Fermi energy (or, in
momentum space, that the spin splitting of the Fermi surface
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be comparable to the Fermi momentum kz). The latter is not
satisfied in known IS materials.

Here we show that this limitation can be circumvented in
pwM'’s proposed a few years ago [1]. From the IS point of
view, there are two fundamental differences between SOC-
driven IS and nonrelativistic, exchange-driven IS (NR-IS).
First, while basically all practical implementations of SOC-IS
are hexagonal, the pwM’s can be orthorhombic. As a result,
the minimal theoretical models for the former involve f-wave
symmetry of the spin polarization, and for the latter, a p-wave
one. Second, the exchange mechanism can generate spin split-
tings of the order of eV [1], replacing the order-of-magnitude
weaker SOC. This leads not only to quantitatively but also to
qualitatively new phenomena, such as the nonrelativistic Edel-
stein effect [3], anomalous nonlinear Hall effect [6], net-triplet
pairing symmetry, field-induced nonunitary triplet pairing,
and reentrant superconductivity. While SOC-IS beyond two
spatial dimensions has been discussed only recently [16], in
NR-IS it comes naturally. And while in SOC-IS the spins are
collinear only in the 2D plane, in NR-IS their collinearity is
protected in the full 3D Brillouin zone (BZ) [1].

IS has been studied in NbSe, single layers and related
compounds. The heart of the matter here is the bands
crossing the Fermi level being composed of Nb xy, x> —
y?, and z? orbitals, which can only form an orbital mo-
ment parallel to z (out of plane). As a result, due to the
absence of inversion symmetry, the Fermi surfaces split
in two (apart from the nodal line I'-M, where the bands
are pure z> by symmetry), such that the spin and orbital

©2026 American Physical Society
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moment in one valley is parallel, and in the other antiparallel,
to z.

The band splitting is of the order of the SOC parameter
&so, such that H ~ A < &so0 < Er, where H is an external
magnetic field. Because of the first inequality, an in-plane
field does not shift, in the lowest order, the Fermi surfaces,
as opposed to the nonrelativistic case or to the relativistic case
with H||z. Magnetization in this case is induced by canting
the spins in the narrow belt between the two spin-split Fermi
surfaces. It can be shown [17] that the response is the same,
in the lowest order, as the Pauli response, even though the
physical origin is different. Since this canting mostly applies
to electrons far (compared to A) from the Fermi level, it is not
affected by superconductivity, which ensures the absence of a
thermodynamic Pauli limit. As we shall discuss later, it fully
applies to NR-ISs as well.

Another ramification of the above is that each individ-
ual Cooper pair is either |k, ;—k, ) or |k, |;—k, 1), as
opposed to pure singlet superconductivity with each pair
described by VW, = |k, 1; -k, |) — |k, |; —k, 1) or by ¥, =
k,1;—k, )+ |k, |; —k, 1) in the pure triplet case. In ma-
terials without inversion symmetry, such as a NbSe, single
layer, spin-singlet and spin-triplet pairs mix [18-20], so that
the full superconducting order parameter can be written as
A(k) = (Yoo +dy. - 0)ioy, with ¥ and d being singlet and
triplet components, and o, o the Pauli matrices parametrizing
the spin space. In SOC-ISs, as well as in NR-ISs, the ampli-
tudes of spin-singlet and spin-triplet Cooper pairs, W, ,, are
finite. Unfortunately, due to the smallness of SOC in SOC-ISs,
&so K Ep, a |k, t; —k, |) pair has a partner with nearly the
same amplitude that is a |k, |; —k, 1) pair, so the amplitude
of the triplet state, for all practical purposes, is vanishingly
small. As discussed below, this is not the case for NR-1Ss.

For concreteness, below we discuss a model of the pwM
superconductor. Still our conclusions hold for magnets of any
odd symmetry, including the recently discovered supercon-
ducting iron-based LaFeAs ¢Pg 4 [21,22], which is an existing
example of an h-wave magnet with magnetism driven by
exchange interaction [4].

Effective model of pwM. The model Bloch Hamiltonian
describing the pwM given in Ref. [1] (see, also, [23]) reads

ky
H, =2t (cos ETI + cos ky>

ke N
+2[,<sin 372]~a+cosky13]/-a>, €))

where the in-plane magnetization unit vectors at magnetic
sites are J = cos ¢ + sin ¢ and J = cos ¢'% + sin ¢'9. The
doubled unit cell contains two nonmagnetic atoms belonging
to two distinct sublattices [1]. In the four-dimensional space
of Bloch states, VkB, the o; and t; are the Pauli matrices
parametrizing the spin and the sublattice degrees of freedom,
respectively.

The coplanar structure is characterized by the antiunitary
symmetry 7 [C, ||E] that is the time reversal 7 followed
by the twofold spin rotation C,, in the plane defined by the
magnetic moments. Here, [o;]||0;] denotes the operation oy
acting on spins combined with the o; acting on the orbital
degrees of freedom. The system also has another antiunitary

symmetry 7t, where t is a translation by (half of the) basis
vector of the (magnetic) nonmagnetic lattice aX/2. Thus, the
model possesses a unitary symmetry, [Cy ||t]. Thanks to this
symmetry, the Bloch states at a generic k have zero in-plane
components of the spin polarization, (o) = (02) = 0. Stated
differently, in terms of the model (1), [Coy[[t] is S = o371).
And vanishing of (o7 3) follows from S"alqu = —o07,. For
t = 0, the Hamiltonian (1) anticommutes with o3. Therefore,
att =0, and at k, = % if there is no degeneracy, the expec-
tation value of all components of the spin operator vanishes.

The S = 103 symmetry implies that the two sectors,
Vk.s=+1 of Bloch states defined by S = 1 decouple for all
k. Namely, in the basis adjusted to the decomposition, V5 =
Vi.s=1 ® Vi s=—1, the Hamiltonian (1) is block diagonal. This
is a generic feature of the NR models with the period dou-
bling caused by the magnetic order [4]. The Vi s—4 sector is
spanned by the bonding spin-up state, T} = 03 = +1, and an-
tibonding spin-down state, 7, = o3 = —1. Similarly, V; s—_|
is spanned by the pair of states 1 = —o3 = F1. Introducing
the pseudospin Pauli matrices p;, i = 0, 1, 2, 3, to parametrize
the two sectors, the two blocks of the Hamiltonian (1) in
Vk,s=+1 are

H,y (k) =2t cosk, +2hi(k) - p, 2)
ke /
[he ()] =15 (:t sin > sin ¢ + cos k, cos ¢ ),
. kX : ’
[he(B)], =15 (:1: sin 5 cos ¢ + cosk, sin ¢ )

[h+(k)]3 = =t cos % 3)

The spectrum and the spin polarization has been recently
studied in details in Ref. [23]. For us, it is important to realize
that Cooper pairs are formed by partner states related by 7t
symmetry. However, as (7t)~!S7t = —S, the Cooper pairing
combines electrons at different S sectors. Furthermore, the
Cooper pair partners are the eigenstates of the pseudospin 1/2.
Although o3 = p3, 012 # p1.2 and, in general, the pseudospin
states have to be projected on the interaction channels with
well-defined total spin. The full analysis of the pairing is be-
yond the scope of this work. Instead, we consider the #; /f < 1
regime to illustrate the generic features of pairing.

As is clear from Eq. (3), in this limit, (01 2)/(p3) X t;/t K
1 and the spin o3 is approximately quantized. At #; = 0O, the
eigenstates form two spin-degenerate sectors Vi r,—+1, split in
energy by AE; = 4t cos(k,/2). Although S has an advantage
over the sublattice exchange parity t; of being exact sym-
metry, the Cooper pairs belong to the same parity and have
opposite spins. Therefore, in the limit#; /¢ < 1, it is more con-
venient to organize Bloch states by 7. In the basis adjusted to
the decomposition, VkB = Vky=1 ® Vik.r,=—1, Eq. (1) becomes

2t cosky + Ak Vi
H, = b 2 4
k ( VkT 2t cosk, — % ’ “

where V; = 2¢;(i sin ’%j -0 4 cos ky]/ - 0). With the leading
order in #; /t correction, VkaT / AEy [24] included, the effective
Hamiltonian in the Vi ;- subspace reads

H" =ap +bh(J xJ)- o, Q)
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FIG. 1. (a) The p-wave spin-split bands with the momentum-
space spins (top panel) oriented perpendicular to the direct space
(bottom panel) noncollinear magnetic order. (b) The dispersion re-
lations of the two spin-split bands EkT 4, given by Eq. (7), at k, =0
as a function of k,. (c) At a fixed Fermi energy Er, the two oppo-
sitely spin-polarized Fermi surfaces are disjoint at sufficiently large
separation, 2k.

where by = —2tJ2 sin(k,/2) cos k, /[t cos(k,/2)], and we ig-
nore the corrections to the spin-independent part, setting ax =
2t cos ky + 2t cos(ky/2).

As 1) = 1 is fixed, the triple product in Eq. (5) is the only
combination surviving the SU(2) spin transformations applied
to both localized and itinerant moments allowed at zero SOC.
The spatial inversion is broken by magnetism [1,25]. At J L
J', the spatial inversion becomes a symmetry when combined
with the spin transformation restoring the original magnetic
arrangement. Unlike the more familiar inversion in SOC-ISs,
this combined operation flips (o). Therefore, in NR-ISs, this
feature does not affect superconductivity in the same way as
in SOC-ISs and we set J x J = 2 for simplicity.

In the long-wavelength limit, the effective Hamiltonian

K2 okoke 2
= 5 4 Zk2 4 Ho, (6)
m

k" om
where ky = —2tJ2/t2, and 1/m = —t/2. The exchange field
Hx we introduced as an addition to Eq. (1) breaks 7t and
[Co1]]t], yet crucially preserves their product, 7 [Cy, ||E].
Without loss of generality, we apply Eq. (6) with the
penultimate term replaced by kf,/2m, rendering the prob-
lem isotropic. The most important feature of Eq. (6) is the
momentum-dependent nonrelativistic spin splitting, &,.(k) =
2kok,/m. At H = 0, the spin-up and -down subbands

El = [k F ko) + k7] /2m, (7)

where we have added a constant to complete the expression
for EkT’i to the square; see Fig. 1.

At the Fermi energy Ep, the spin-up (-down) Fermi sur-
faces form spheres shifted by +koX. For kr = /2mEr > ko,
the two Fermi spheres intersect (case 1); otherwise, they are
disjoint (case 2). For phenomena such as the Edelstein effect
[3,26,27] and in-plane critical field anisotropy [28,29], nodes
play an important role, and this makes case 1 a more appro-
priate model.

The Cooper pairs with momenta at the crossings of the two
Fermi surfaces [see Fig. 1(a)] form pure singlets, as the triplet

TABLE 1. The D,, symmetry of the model given by Eq. (1) at
ko = 0 reduced to G, at ky % 0. The third and fifth columns list the
even (e) and odd (o) irreps of D,, along with the scalar and vector
functions to the leading order in k, respectively. The even and odd
irreps of Dy, merge pairwise into one irrep of C,, listed in the same
line of the second column. In the 2D system, k, = O, the dj = Zk,
in square brackets coexists with singlet Cooper pairs in C,,. The dj,
vectors in the braces are induced by the field components shown in
the same line. They are distinguished by the same k dependence (o<
k,) as the triplet in the square brackets in the second line.

H Ca Dy(e) Vi D;;,(0) dy

AI Ag 1 B2u )/fsz, )A)kxkykz, [zkx]
Hy A2 B2g kxkz Au {)?kx}v )A}ky, ﬁkz
Hx BI B3g kykz Blu )/ekya {)A’kx}, 2kxkykz
H BZ B]g kxky B3u ﬁkxkykzv )A}kz, 2kx

amplitude is odd in k.. Therefore, these specific Cooper pairs
are affected by the magnetic field. The expected topological
transition to the nodal state [30,31] has no bearing on the
thermodynamic properties of ISs [32]. It is, therefore, justified
and useful to consider the extreme case 2, Er < tj2 /t, of well-
separated Fermi surfaces in the discussion of the properties of
the order parameter defined globally across the Brillouin zone.
In case 2, &, (k) =~ &, sgn(ky), & = 2(k§/m). For clarity, we
consider a weakly bound Cooper pairs, A < Er. The results
hold qualitatively regardless of the microscopic details such as
the symmetry of the interaction channel, the size of the Cooper
pair, and the separation &y of the two Fermi surfaces.

The s 4 p pairing in pwM. We turn to the structure of the
Cooper pairs unique to pwM in the extreme case 2, where the
spin splitting is large for all momenta, while for intersecting
Fermi surfaces, the same is true for the overwhelming major-
ity of the states at the Fermi level, setting, for now, H = 0. An
earlier paper [33] has considered a specific model for pwM,
considering an attractive interaction in the singlet channel.
Even if an attractive interaction is assumed to exist only in the
singlet channel, the p-wave band structure inevitably leads to
emergent triplet correlations manifest in the anomalous Green
function. For this reason, the singlet and triplet channels can-
not be treated independently.

The triplet component of the anomalous average inherits
the p-wave symmetry of the underlying band structure of the
pwM. Hence, one can also refer to this combined order as
s + p. To put it in correspondence with SOC-ISs, we view the
effective model (1) as having the arising from orthorhombic
Dy, symmetry at kg = 0 broken down to C,, at finite ky (see
Table I). This symmetry reduction eliminates the inversion
and preserves the basal mirror as is required for the Ising SOC.

As the spin-dependent term o< ky plays the role of the SOC,
we follow a well-known procedure to identify the triplet order
parameter coexisting with the singlet one [19,34]. The A, and
By, irreps of D, merge in C,,; see Table 1. As a result, the
singlet component coexists with the dy, = nZf;, where f = k,
to the leading order in k. More generally, f; is momentum
odd and satisfies f*; , = —f{ , . The p-wave symmetry of

the triplet amplitude f,i reflects the symmetry of the p-wave
symmetric spin texture of pwM; see Fig. 1. Similarly, in
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TABLE II. The same as Table I for the hexagonal SOC-ISs, with
the D¢, symmetry reduced to D3, lacking an inversion center still
having the basal mirror plane [19,34]. Here, ky+ = k, * ik,, 7. =X £
iy, Hy = H, £ iH,.

H D3, Dgj(e) Yk Dg,(0) d;
A Al 1 Bi. [Imék3 2], Imk2 k. 7,
H. A Ay Imk§ Ba Rek? 2
Al B, Imk3 k, Ay 2k, k& + k9
Aj By, Rek3 k, Any Imk_#,
H. E” Ei, +k k. En (k371 (kirs)
kP, kokd2
E' Ex, K2 Ey tk 2, Tk e

hexagonal SOC-IS, the reduction of the Dg; symmetry down
to D3, causes the admixture of the opposite spin triplets of a
similar form, d; = Znf;, where f; has a threefold, rather than
twofold, rotational symmetry; see Table II.

A crucial difference between the SOC-ISs and NR-ISs is
the relative admixture of the d | Z triplets. Although in both
cases the singlet and triplet order parameters are allowed to
mix by symmetry, at (£s0/Er)* < 1, they effectively decou-
ple [18,35,36], in stark contrast to Eq. (12). One therefore can
speak of a (nearly) pure singlet superconductivity in SOC-ISs.
In contrast, in NR-ISs, the singlet and d || Z triplet always
occur together and one cannot be considered without the other.

The above symmetry considerations allow us to formulate
the minimal pairing Hamiltonian featuring all pairing chan-
nels that cannot be disentangled in NR-IS,

H, = g,P/P + PP, ®)
where Py = Zk flgc—ks[ia)r(x)]ss’cks/ and P, = Zk f]éc—ks [ox]ss
Cks» and we set f = 1.

The self-consistency conditions are

Y S i o, L = 3 4o A0, ©)
8s % 8t %

where the imaginary-time (r) anomalous Green function
Fy 59 (v) = —(Trcks(T)c_ky), Where cg, annihilates an elec-
tron, with momentum k and spin s=+, |. It is the off-
diagonal block of the mean-field Green function, G(k, iw,) =
(iw, — H)~!, and the Bogoliubov—de Gennes (BdG) Hamil-
tonian is

g 0 0 —v-nf
yo| 0 & vk 0
0 v-nfi €, o |
Yy —nfi 0 0 —£,
(10)

where E,j V= EkT Y _Ep,and ¥ (y f¢) are the singlet (triplet)
components of the order parameter.

The BdG Hamiltonian (10) makes it clear that the only
Cooper pairs surviving the large nonrelativistic spin splitting
are |k, 1; —k, |) for k, > 0 and |k, |; —k, 1) for k, < 0. The

anomalous Green function is
v+ nfi
W3+ ED?+ (v + )"
Y +nfi
W3+ E?+ (v =)
>(<)

where 6, =1 for k. > 0 (k, < 0), and zero otherwise. At
a given k, either Fy 4| or I 4 is nonzero. Reflecting again,
the equal mixture of the singlet and triplet components of the
Cooper-pair wave function is Fj. Note that as E,j = Efk, the
Cooper-pair wave function (11) satisfies F 4| = —F_ |4, as
prescribed by the Pauli principle.

Setting fi = sgn(k,), and combining Egs. (11) and (9), we
obtain, at temperature T,

v ¥+
L =2 =aNT) —— | 12
& & g Z 2+ (Y +n)? (12

Fk,»w(l'a)n) = 9k>

F 1 (iwy) = 67 an

where N is the density of states. Equation (12) demonstrates
the strong coupling between the two order parameters.

Keeping, close to the transition, the terms up to the second
order in ¥ and 7, the free energy is

2 2
Pl b N SR 4 42yl (13)
8s 8t T

where wp is the pairing interaction energy scale and c is
a constant of the order one. Similar to Eq. (12), Eq. (13)
implies ¥ /g; = n/g; for any g; including g, = 0, i.e., n =0
in the latter case. The constraint on the Cooper pairs to be
half singlet and half triplet enforces the critical temperature
of T, x w. expl(gs + g,)’lN’l], even in the presence of the
repulsion in the triplet channel [37,38]. As a consequence, as
g: approaches —g; from below, the 7, goes to zero.

Superconductivity beyond Pauli limit. The pwM enjoys a
similar or higher level of protection against the pair breaking
[39,40]. Similar to IS, in the pwM, the spin susceptibility is
not affected by the superconductivity. In fact, except for a tiny
fraction, all the electrons contribute to the magnetization by
adjusting theirs spins exactly as in the normal state.

The above argument generally applies in the T < T, limit.
In Ref. [40], the opposite limit, 7. — T < T, was considered
and, under an implicit assumption that §s0 < wp, an ex-
pression for the critical field H, = EsolIn(Eso/2M)]1712(1 —
T/T.)'/?> was obtained. In reality, even in NbSe,, &0 2>
100 meV, while wp ~ 30 meV. Obviously, NR-ISs are also
in this regime, where similar arguments lead to another loga-
rithmically accurate estimate, H, = Exr[In(ewp /2017 12(1 —
T/T.)"?. As &y, > &so, the parallel critical field of the
NR-SOC is larger than the critical field of IS by a factor
nr/Eso > 1.

Field-induced s+ p + ip’ superconductivity. In NR-ISs,
the in-plane exchange field respects the 7[C,, ||E] symmetry
connecting the electrons forming a Cooper pair. The exchange
field transforms the pair wave function by canting the spins
[41-43]. Based on the considerations on SOC-IS [32,41-44],
we expect a transformation of the s + p in pwM.

The mixed s 4+ p-wave order parameter of a pwM responds
to the exchange field in a way that is qualitatively distinct from
the s-wave order parameter of SOC-ISs. To understand this
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ky

FIG. 2. The dispersion relations of the two spin-split bands are
not modified by the exchange field, H = HX at k, = 0 in the lowest
order in H, but spins cant into the field direction. The states at the
two branches with opposite momenta are related by the 7 [C,, ||E]
symmetry. At large enough Er, the two branches remain disjoint at
finite exchange field as in Fig. 1.

difference, it is instructive to follow the evolution of a |k 1
; —k | ) Cooper-pair wave function with the in-plane field, see
Fig. 2. Let Uy, denote the spin rotation by an angle ¢ around
n. The H = Hx field turns the Cooper-pair wave function W
into
lIJ/ = |k7 Uy@ T; _kv IJ}A’,fg ‘L)
= |k,cos6/2 1+ +sin6/2 |;—k,sin6/2 1 4+cos6/2 |)
=2sin6(k, t;—k, 1)+ |k, |;—k, )
+2(1—cosO)lk, |; —k, 1)+2(1+cos )|k, 1;—k, |),
(14)

where the angle 6 satisfies cos 6 = &, sgn(k,)/(E2 + H?)1/2,
sin6 > 0. Equivalently,

V' = ioy cosf + ogsinf + oy. (15)

To highlight the significance of Eq. (15), we again turn to
the Landau free energy. In addition to the spin-triplet order
parameter d,’f = nzk, present at H = 0, the exchange field
makes it necessary to introduce the imaginary order parameter
di = —i¢ Pk, that is a different p wave (p’ wave) describing
the parallel spin Cooper pairs. The Landau functional accom-
modating both types of triplets extends Eq. (13) to

FOW =11 g +n /8 +¢7/¢
+2NIn %(g + ¥ cosf +nsin6), (16)

resulting in coupled linearized self-consistency equations,
Y/gs = —2In(cwp/T )¢ + Y cosd 4+ nsinh)cosb,
n/g = —2In(cwp/T)( + Y cosf + nsinbh)sinb,
¢/g, = —2In(cwp/T)(¢ + ¢ cosO + nsinb), an

in agreement with Eq. (15). While the s 4 if in hexagonal
SOC-ISs is unitary, s + p + ip’ in orthorhombic NR-ISs such
as pwM is nonunitary.

It is worth noting that all SOC-ISs discussed in the lit-
erature are hexagonal, while nearly all pwM discussed so
far are orthorhombic. This is reflected in the above result,
in the sense that the triplet component in the former is f
wave and in the latter is p wave. In addition, the large am-
plitude of the spin splitting makes it necessary in the NR-IS
case to add a p’ component rendering the superconductivity
nonunitary.

Reentrant field-induced superconductivity. In ISs, the pair-
breaking effect of magnetic impurities depends on the size
Rinp of the impurities and on the orientation of their mag-
netic moment, m [45]. For m || Z, the impurities suppress T;
through spin-conserving scattering. For m L Z, the scattering
flips the electron spin. Therefore, the scattering is suppressed
if Rimp >> vr /&n(so) in NR-IS and OC-IS, respectively. In a
standard SOC-IS, &soc is quite small and therefore the condi-
tion Rimp > vr/&so can rarely be satisfied. On the contrary,
the condition Rimp >> vr /&y is very realistic. As a result, in
the NR-IS, an applied field that rotates m fromm || Ztom L Z
restores the clean-limit value of 7;.. The superconductivity in-
duces magnetization reorientation if the condensation energy
is larger than the magnetic anisotropy energy. Otherwise, the
polarization direction can switch superconductivity on and
off [46].

Conclusion. In this Letter, we have examined how the
effects characteristic of ISs with the relativistic SOC manifest
themselves in pwM’s with the much larger nonrelativistic
spin splitting. Some of the previous results apply equally
to both systems. These include the lack of Pauli limiting,
field-induced topological transition to the nodal state [30,47],
field-induced Bogoliubov Fermi surfaces [31], mirage gaps
[48], and critical in-plane anisotropy [49,50], all predicted for
SOC-ISs.

In all ISs, relativistic and nonrelativistic alike, the Cooper-
pair wave function for a given electron momentum is a 50:50
mixture of singlet and triplet components. However, while in
the BCS models of SOC-ISs this is largely inconsequential in
terms of the resulting order parameter, in NR-ISs it translates
into the strongly coupled and distinct singlet and triplet com-
ponents of the order parameter. In particular, in orthorhombic
pwM, the transition temperature is set by the net interaction in
the singlet and p-wave triplet channels.

We note that the unconventional parity-mixed supercon-
ductivity has been reported in recent studies of the SOC-ISs
with multivalley Fermi surfaces and realistic electron-
phonon and Coulomb interactions [15,51,52]. We expect
the unconventional character of these pairing states to be
substantially more pronounced in NR-ISs. The nonunitary
and nodal pairing can be accessed via the quasiparticle
interference [53].

The s + p state specific to pwM responds nontrivially to
the applied field by turning into a nonunitary s+ p 4+ ip
mixed symmetry state. These unconventional states are robust
against magnetic impurities if the impurity magnetic moments
can be oriented perpendicular to the spin polarization. The su-
perconductivity is not incompatible with coplanar magnetism
[21,54]. We expect the mixed-parity unconventional character
of the order parameter to have a direct impact on the properties
of the Josephson junctions with NR-IS serving as a weak
link [55,56].
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The NR-IS may possess a relativistic SOC. In SOC-
IS, as long as Rashba and Dresselhaus terms are small,
the formally infinite Pauli limiting field becomes finite but
still anomalously large [29,57,58]. Strict “Isingness” is not
required for what is discussed in this Letter. All physics
remains the same, only somewhat weakened. For our NR-
IS, the same is even much more true: potential Ising SOC
will only enhance the effect, and Rashba or Dresselhaus
terms will be much weaker than the nonrelativistic Ising
splitting.

The work opens an exciting possibility for unconventional
pairing such as coexisting s-wave singlets and h-wave triplets
in an experimentally realized LaFeAsg P4 NR-IS.
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