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A novel spin texture formed by Cooper pair spins is found theoretically with a phase string attached by
half-quantized vortices at both ends in a unit cell and characterized by its topologically rich vortex structure
in a spin-triplet pairing. It is stable at an intermediate field below a conventional singular vortex phase. The
d-vector direction of this spin texture is tilted from the principal crystal axes, whose spin susceptibility is neither
the normal Pauli one xn nor zero, describing microscopically the process of the d-vector rotation phenomena
observed recently in UTe,. We compare the spin texture and singular vortex state in relation to the quasiparticle
structure with Majorana zero modes for STM, the nuclear spin resonance spectral line width for NMR and uSR,
and the vortex form factors for SANS to facilitate the identification of the pairing symmetry in UTe,.
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A spin-triplet pairing is extremely rare in nature. However,
its utility is highly envisioned in fundamental physics to ap-
plications such as quantum computation, except for superfluid
SHe [1-3]. Only a few phases have been identified among
the rich (3 x 3 x 2 = 18)-dimensional order parameter space
spanned by SO(3)spin X SO(3)orbital X U(1)gauge Such as ABM
and BW, or more recently, their distorted versions in addition
to the polar [4] and B phases [5]. In this context, the pairing
symmetry in a prime candidate of a spin-triplet pairing of
UTe, as a solid-state counterpart is quite intriguing, and its
identification is critical.

The concept of the d-vector rotation is well established
in neutral *He superfluids [1-3]. The d vector, which fully
characterizes a spin-triplet pairing, changes its direction uni-
formly in bulk under a magnetic field to minimize the Zeeman
energy loss due to the Pauli paramagnetic effect acting on
the Cooper pair spin. Namely, the d-vector tries to remain
perpendicular to the field orientation because the anisotropic
spin susceptibility parallel to d is smaller than that perpen-
dicular to d. In contrast, the situation is more complicated
and physically richer for a spin-triplet superconductor with
charged fermions because the applied field inevitably induces
the depairing current acting on the Cooper pair orbital motion
associated with vortices in addition to the Pauli effect. Thus,
the d-vector rotation is realized by a vortex morphological
change, or a spin textural change of Cooper pairs in gen-
eral. Although experimental observations have been reported
recently in UTe, [6-11] and UPts [12,13] a long time ago,
where the Knight shift gradually changes as varying a field,
its microscopic description has not been done before. The
experimental observations are interpreted only phenomeno-
logically [14]. This task is crucial in identifying the pairing
symmetry and topological nature of materials.

UTe, is a newly found heavy fermion superconductor [15]
and is regarded as a spin-triplet pairing candidate. Currently,
there is much attention focused on this strongly correlated
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system because of the following reasons: (i) The Knight shift
(KS), or the spin susceptibility x;(7) decreases for all princi-
pal field directions, a, b, and ¢ axes at lower H [6-11]. As a
function of H, xs(H ) becomes gradually unchanged for H || b
and c axes at lower T'. Thus, xs(H) = xn with xy normal spin
susceptibility. This is incompatible with the *He-B phaselike
state because it simply means the loss of the condensation
energy by eliminating the component parallel to the field
direction. However, this is physically improbable. Moreover,
the magnitude of the KS change for the a axis is abnormally
larger (four times the normal susceptibility) than the other b
and ¢ directions [11], implying that KS for the H || a axis
is governed by a mechanism different from the ordinary KS
drop, rather analogous to the Takagi mechanism observed in
3He-A phase [16]. (ii) The H-T phase diagram for the H || b
axis, which is the main focus of the present study, consists
of three phases [17-20]: low (LSC), intermediate (MSC),
and high (HSC) field phases. They meet at a tetracritical
point: Hiey ~ 15 T. Hp for HSC has a prominent positive
slope (d1./dH)p, > 0 emanating from Hiw. KS remains
unchanged (decreases) for HSC (LSC). MSCin I5T< H <
22 T is characterized by a finite flux flow state where vortices
are highly mobile [18,19], suggesting that an exotic coreless
vortex is formed [19]. Interestingly, it approximately corre-
sponds to a field region in which xs(H) is varying toward xn
and reaching at H ~ 15 T with increasing H. Under pressure,
the phase diagram has more than three distinct phases [21,22].
(iii) There exists a variety of nontrivial superconducting
properties. The polar Kerr experiment shows that SC breaks
time-reversal symmetry [23]. The STM measurements detect
the chiral symmetry-breaking state at sample edges [24] and
pair-density wave [25]. Several thermodynamic experiments
suggest a nodal gap structure [26-30]. H., for three crystal
directions far exceeds the Pauli limiting field [26].

These experimental findings provide strong evidence for
a spin-triplet pairing in UTe,. The order parameter must be
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properly configured to describe the d-vector rotation phe-
nomenon microscopically. Since xs(7') decreases below T
for three principal directions at lower fields, the d vector
must have three components with complex numbers whose
transition temperatures associated with each component are
nearly degenerate; otherwise, continuous d-vector rotation is
impossible. Upon increasing the H || b(c) axis, xs(H)(< xN)
starts to gradually increase toward xn at approximately 5 T
(1 T), and finally reaches xy at approximately H2, = 15 T
(HS, = 5 T). Since H', (i = b, ¢) depends on the field orien-
tations, those are slightly different, reflecting that the original
spin space symmetry SO(3)spin is weakly broken [31-36]. We
ignore this weak symmetry breaking to investigate the generic
features of the stable spin texture and establish the concept of
the d-vector rotation in the following.

The purpose of this study is to find a stable spin texture
in a spin-triplet pairing under SO(3)g,i, Symmetry, by solv-
ing the microscopic quasiclassical Eilenberger equation for
a spin-triplet pairing [37] with full three components of the
order parameter. This turns out to be rich topological features
with Majorana zero modes. We also establish the concept of
the d-vector rotation in connection with UTe,. In particular,
the recently found MSC for H | b with mobile vortices is
explained in terms of the above spin texture consisting of
coreless vortices.

We can obtain physical quantities from the quasiclassical
Green’s function defined in the 4 x 4 matrix in particle-hole
and spin spaces,

gk, r, wy)

ifk,r, w,)
_ _ A o
glk,r, w,) in (—i]_‘(k,r, o) ) (1)

—g(k, r, wn)

depending on the direction of the relative momentum of a
Cooper pair k, the center-of-mass coordinate of the Cooper
pair r, and the Matsubara frequency w, = (2n + 1)mwkpT. It
satisfies the normalization condition 3> = —n21. gk, r, w,)
is calculated using the Eilenberger equation [38—42],
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where K = Kk, r, w,) = [iw, + ev(k) - A@r)]1. It includes
the paramagnetic effects due to the Zeeman term ugB(r) - 6,
where up is a renormalized Bohr magneton, B(r) is the flux
density of the internal field, and 6 is the Pauli matrix. In
this study, we consider the two-dimensional cylindrical Fermi
surface, k = kg(cos 8, sin0), with the Fermi velocity v(k) =
vr(cos @, sinf), where 0 < 0 < 2.

We assume the chiral p-wave pairing symmetry with the
pairing function ¢(k) = ¢ independent of the spin state. In
the assumption, the spin-triplet order parameter is given by
Ak, r) = i¢(k)d(r) - 66,, with the local d vector d(r). The
self-consistent condition for A(k,r) is given as Ak, r) =
NotksT Y\, <o (VUe. k) f (K, 7, ) Where Ny is the den-
sity of states (DOS) in the normal state, w, is the cutoff energy
setting w. = 20w kgT, with the transition temperature 7, and
(- - - )x indicates the Fermi surface average. The pairing inter-
action V(k, k') = gp(k)¢*(k"), where gis a coupling constant.

TR ¢ S A E T[T N NK
20 AX\xe >774 N N\w
\\:‘. _.;vlf LS
IREL LESRRRR
10 fff?:i‘t‘t‘}fff
Ffff ‘H\.-ff
o pAARA Y ANSIEL A
baZf AKX 77
~ 22PN L LA
0 At AN, s
S Lart NA\we >/
;v/f \\‘i ;vl
ol F 11111
11‘1&f11‘f1¢?‘t
*\\.fff A XX
AXREWE 74PN
20 XXwe a7 At ERKRS
ANS « o 727 PN

20 -10 0
IE/RO

FIG. 1. (a) Spin texture S = i(d x d*)/|d|*> with B = 0.01B,,
w=1,and T = 0.2T.. (b) Schematic picture for phases of d-vector
components in a unit cell of the hexagonal vortex lattice. The green
dotted line indicates the phase string across which the phase of d,
jumps by 7. Both ends, indicated by red and blue dots, correspond
to the half-quantized vortices.

In our calculation, we use the relation 1/gNy = In(T/T,) +

kBT 310 1<, 1/ 10nl-
The vector potential A(r) is determined by

]&V V x A(r)
By x [V x A(r)]

Ro 1T k
- B_QV XMpara(r)"'lﬁF Z <Eg0(kar7 a)n)>k»

€ on| <o
3)

where gy is a component of the quasiclassical Green’s
function § in spin space, namely, & = gol +g- 6. Here,
we show the dimensionless expression with the units
Ry = hvr /2rkpT,), Bo = /(2le|R), k = Bo/(Eov/2No) =
J1¢(3)/8kqL, and Ey = wkgT,. We use a large Ginzburg—
Landau (GL) parameter kg, = 60. The paramagnetic moment

is given by

By T
Mpm(r)=Mo(r)+17i‘¥ glk.r, 0)). (@)

with © = ugBy/Ep and the normal-state paramagnetic mo-
ment My(r) = ZMZBNOB(r). We obtain a self-consistent solu-
tion under a given unit cell of the vortex lattice by a uniform
flux density B = (0, 0, B) [43—47] (see the detail in Supple-
mental Material [48]).

Local spin polarization of the Cooper pair is given by
the local d vector as S(r) = i[d(r) x d(r)*]/|d (r)|*> [49]. We
obtain a stable spin texture by the self-consistent calculation.
The spin texture under the magnetic field B = 0.01B, with
w=1atT = 0.27; is shown in Fig. 1. The area of the unit
cell of the hexagonal vortex lattice is 2007 R} under this
magnetic field. The spin texture has a position with S, = +1
and a position with S, = —1 in the unit cell. The positions
correspond to the phase singularity of d-vector components,
d, = |d;|e": and ds = (Fd + id))//2 = |d|e™*.

A schematic picture for the phases, ¢, and ¢, in a unit
cell is shown in Fig. 1(b). The singularities of ¢, and ¢_
with 2w -phase winding are situated at (0, —y.) and (0, +y.),
respectively, with y. & 5.6Ry. Phase ¢, has singularities with
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FIG. 2. (a) Spatial variations of internal field B(r) and (b) para-
magnetic moment My, (r) with B=0.01By, u = 1,and T = 0.2T,.
(c) Distributions of internal field P(B) and (d) paramagnetic moment
P(Myyr,) with 4 = 1 and T = 0.2T;. The distributions are shown for
spin textures under B = 0.01B, and B = 0.03B,, and singular vortex
structure with uniform spin parallel to the z axis under B = 0.1B,.

m-phase winding also at (0, —y.), and (0, +y.) and phase
jumps by 7 at the branch cut on x = 0 connecting these two
singularities. Thus, the phase of the d vector changes by 2w
around the unit cell of the vortex lattice.

The phase singularities at (0, £y.) can be viewed as a
half-quantized vortex (HQV) because locally d_e"- +d, =
e'-2{d, cos(p_/2) + dy sin(¢_/2)}. Therefore, the spin tex-
ture obtained is described as the two HQVs [red and blue dots
in Fig. 1(b)] bound together by the string or branch cut (dotted
green line) with the phase 7 jump. The amplitude of the
order parameters in the spin texture is nonvanishing anywhere.
As H increases, the string length decreases, and the objects
merge to form a singular vortex. We can calculate the average
d-vector direction over the unit cell, finding the tilting angle
10.6°(11.3°) for B = 0.01(0.03)B, away from the xy plane.

The local spin of the Cooper pair is polarized in the +y
direction perpendicular to the field direction z on the boundary
edge of the hexagonal unit cell shown in Fig. 1(b). In contrast,
the d vector at (0,0) is parallel to the y axis with § = 0.
The spin polarization is shrunk around (0,0) with |S| < 1.
Note that A(r) is nonvanishing everywhere, as displayed in
Fig. S1(a) [48]. Thus, this spin texture is coreless with the
soft cores, which is contrasted with the singular vortex states,
having the hard core, stabilized in higher fields (HSC) (see
Supplemental Material for detail [48]). Note that the topo-
logical skyrmion number [50] for the spin polarization S(r)
is ill defined due to S(0) = 0 [51]. Topological properties of
the spin texture is discussed later in connection with the local
density of states (LDOS).

Internal magnetic field B(r) for the spin texture are shown
in Fig. 2(a). The internal field has maxima at the positions
of the phase singularity; namely, the spin of the Cooper pair
is polarized to the z axis. As shown in Fig. 2(a), the cen-
tral maximum region is thus elongated along the polarization

direction of the y axis. The spatial dependence of the inter-
nal field gives the characteristic distribution function P(B) =
f 8(B — B(r))dr, whose intensity originates from the length
of a contour satisfying B = B(r). P(B) for the spin texture
under B = 0.01B, has three peaks as shown in Fig. 2(c).
The right peak around B = 1.003B originates from a contour
enclosing each maximum of the internal field. The central
peak slightly below B = B originates from the square contour
colored with white in Fig. 2(a). The left peak at the lowest B
comes from the minima of the internal field. In contrast, P(B)
for the singular vortex structure with uniform spin has a single
peak due to internal field minima, as shown in Fig. 2(c). Thus
P(B) for the spin texture is more widely distributed than that
for the singular vortex structure. The right peak at the highest
B in the distribution function for the spin texture disappears
under B = 0.03B,. This is because contours enclosing each
maximum of the internal field become short owing to the
maxima overlapping each other in the small area of the unit
cell of the vortex lattice.

These remarkable three-peak structures in P(B) can be
observable by the muon spin rotation («SR) experiment [52].
This significantly impacts the SANS experiment, as funda-
mental form factors [46] such as Fjo and F>q increase as H
increases, in sharp contrast to conventional SC, where these
decrease exponentially with H [46,47] because the two sin-
gularities approach each other. Thus, the elongated high field
region in Fig. 2(a) becomes round to concentrate it, causing
those form factors to grow.

The paramagnetic moment My, () shown in Fig. 2(b) also
has maxima at the positions of the phase singularity similar to
B(r) mentioned above. However, it is more strongly confined
near the phase singularities, as shown from Fig. 2(b). Mpar, (r)
approaches M, /2 on the edge of the hexagonal unit cell be-
cause one of two components of the d vector parallel to the
x and z axes is parallel to the magnetic field. The distribution
functions of Mpa(r), P(M) = f 8(M — Mpara(r))dr, for the
spin texture and the singular vortex structure are shown in
Fig. 2(d). P(M) for the spin texture has double peaks in low
M compared to the singular vortex structure case. The double
peaks originates from long contours enclosing the minima of
the paramagnetic moment compared to the sharp single peak
in the singular vortex.

P(M) is directly measured by NMR on 125Te as KS [7].
The gradual change of KS with field for the H || b axis is
interpreted as the d-vector rotation [7,8]. Here, we have shown
theoretically that this is indeed the case: Starting at the lower
field for LSC with x; = xn/2 where all the d vectors are
parallel to z, the peak position moves up from M = M, /2
with increasing H as shown in Fig. 2(d). During this process,
the d vector rotates away from the field direction in MSC.
The average d-vector direction over a unit cell for the spin
texture is tilted away from the field direction. The shift of the
peak position of P(M) precisely corresponds to the d-vector
angle away from B. This process of the spin textural changes
continues until all the local spin polarizations S(r) direct along
B with the peak at M = M,,. At higher fields P(M) has a single
sharp peak at the normal state position: M = M, as shown
in Fig. 2(d), corresponding to HSC, with all the d vectors
perpendicular to z. The resulting vortex has a singularity at
the vortex core, bearing the genuine Majorana zero mode,
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FIG. 3. (a) Zero-energy LDOS for the spin texture under B =
0.01B, and (b) singular vortex structure with uniform spin parallel to
the y axis under B = 0.1By with 4 = 1 and T = 0.27T,. (c) Energy
profiles of the LDOS N(0, E) at the vortex core and (d) spatial
variations of the zero energy LDOS N (x, 0) along the x axis for the
singular vortex structure with £ = 0.01, u = 1, and u = 2.

as explained in Supplemental Material [48]. The one-to-one
correspondence between the tilting angle and the peak posi-
tion deviation from the bottom at M, /2 in KS establishes the
concept of the d-vector rotation phenomenon.

The LDOS for the energy E is given by N,(r,E) =
No(Re[go(k, 7, wy)|iw,—E+in])k, Where n is a positive in-
finitesimal constant assigned n = 0.03E, in this paper. The
zero-energy LDOS for the spin texture with B = 0.01B,,
w=1,and T = 0.2T; is shown in Fig. 3(a). The zero-energy
quasiparticles are localized in the phase singularity of d-
vector components dy, and their LDOS extends along the
branch cut, or phase string attached to the two singularities
at both ends across which the phase of d, jumps by 7. Each
of the localized modes is single Majorana zero-energy mode
protected by the symmetry of the magnetic reflection on the
plane including the brunch cut of d,. The magnetic reflection
symmetry gives the one-dimensional winding number in the
mirror-symmetric subspace. The change of the winding num-
ber at the singularities of dy, which guarantees the existence
of the single zero-energy mode localized in the singularities
(see the detail in Supplemental Material [48]).

In contrast, the zero-energy quasiparticles are concentrated
in the vortex core for the singular vortex structure. The
concentration of the zero-energy LDOS is clearly shown in
Fig. 3(b) for the singular vortex structure with S || y under

B =0.1By at T = 0.2T, with u = 1. The dependence of the
LDOS on the strength of the Pauli paramagnetic effect, u, is
found in the energy profile of the LDOS at the vortex core
[Fig. 3(c)] and the spatial variation of the zero-energy LDOS
along the x axis [Fig. 3(d)]. The intensity of the zero-energy
LDOS at the vortex core decreases as the Pauli paramagnetic
effect increases. The suppression of the zero-energy peak
height is accompanied by the broadening of the low-energy
spectrum, as shown in Fig. 3(c). A spatial spread of the zero-
energy LDOS around the vortex core is less sensitive to the
strength of the Pauli paramagnetic effect [Fig. 3(d)]. In con-
trast, the Pauli paramagnetic effect does not affect the LDOS
for the singular vortex structure with S || z. Then, the LDOS
for the singular vortex with S || z is equivalent to that with
S ||y for w =0. Note that the LDOS is larger than Ny/2
because one of the spin states remains in the normal state in
the spin-polarized superconductivity.

A singular vortex with S || z in HSC has a spin-polarized
Majorana zero-energy mode [53] regardless of the Pauli para-
magnetic effect. The Pauli paramagnetic effect hybridizes
a spin-polarized zero-energy mode in the vortex core with
quasiparticles in the normal spin state for a singular vortex
with S || y. Despite the hybridization of the spin states, their
energy levels do not shift from zero energy. The zero-energy
modes in a singular vortex with S || y are protected by the
magnetic reflection symmetry similarly to the zero modes in
the spin texture (see the detail in Supplemental Material [48]).

In summary, we microscopically described the d-vector
rotation phenomena by solving the Eilenberger equation for
a spin-triplet pairing to understand this concept. The obtained
spin texture S(r) for MSC stabilized below the singular vortex
state with uniform S || B for HSC was fully characterized,
providing several important indications to understand exper-
imental data on UTe,. Table I summarizes the characteristics
of the three phases. In particular, the newly found MSC ex-
perimentally characterized by an unusual flux flow state, or
mobile vortices [18,19], might correspond to this spin texture,
consisting of two coreless HQV’s tagged by the phase string.
We demonstrated the rich topological features, including the
locations of the Majorana zero modes associated with the spin
texture to be investigated experimentally in UTe,.
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TABLE I. Characterizations of the three phases.

Phase Xs/ XN d vector Core Majorana modes Width*
LSC 1/2 d || B (uniform) - - -
MSC 1/2~1 spin texture Soft Each singularity Wide
HSC 1 d L B (uniform) Hard A singular core Narrow

awidth: NMR resonance width.
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