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There is considerable evidence that the heavy fermion material UTes is a spin-triplet supercon-
ductor, possibly manifesting time-reversal symmetry breaking, as measured by Kerr effect below
the critical temperature, in some samples. Such signals can arise due to a chiral orbital state, or
possible nonunitary pairing. Although experiments at low temperatures appear to be consistent
with point nodes in the spectral gap, the detailed form of the order parameter and even the nodal
positions are not yet determined. Thermal conductivity measurements can extend to quite low
temperatures, and by varying the heat current direction should be able to provide information on
the order parameter structure. Here we derive a general expression for the thermal conductivity of
a spin triplet superconductor, and use it to compare the low-temperature behavior of various states
proposed for UTes.
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I. INTRODUCTION

The uranium-based superconductor UTes has stimulated a large number of experimental and theoretical studies,
initially because of its apparent role as a paramagnetic end-point of a family of ferromagnetic superconductors' 3, and
later as evidence for spin-triplet superconductivity accumulated. The nuclear magnetic resonance (NMR) Knight shift
measurements on the earlier samples did not show any change in the superconducting state?, although recent Knight
shift measurements on high quality samples show a small reduction along all three axes®. Both measurements support
spin triplet pairing, however, the spin structure of Cooper pairs remains unclear. Another piece of evidence that
indicate spin triplet pairing is the size of the upper critical field H., that exceeds the Pauli limit for all field directions'©.
Measured power law temperature dependence in NMR relaxation, specific heat! and thermal conductivity”® were
found to be consistent with point nodes, expected for a triplet superconductor in a system with strong spin-orbit
coupling” 1. Finally, a reentrant superconducting phase was shown to be stabilized at high magnetic fields'?.

A second set of measurements relevant to the nature of the superconducting state purports to exhibit evidence for
time reversal symmetry breaking (TRSB) below T, suggesting that UTey may support the long-sought chiral p-wave
state that may serve as a quantum computing platform!'3 7. Initially, polar Kerr effect'® experiments suggested TRSB
occurred in the superconductor, implying the existence of a multicomponent spin triplet order parameter. According
to group theoretical classifications of the 1-dimensional irreducible representations (irreps) allowed in orthorhombic
symmetry, order parameters corresponding to single irreps must be unitary triplet states, meaning that any TRSB must
arise from a nonunitary multicomponent state. Such combinations of 1D representations were discussed intensively,
particularly because a double specific heat transition was sometimes seen in early samples, recalling the specific heat
experiments in multicomponent UPts.

More recently, measurements of a new generation of high quality UTes crystals grown in molten salt flux have
challenged this characterization of UTey as a chiral triplet state breaking time reversal symmetry. The Kerr effect
was observed in a sample showing two specific heat jumps, but as the quality of the samples improved, only a single
transition was observed!?2°. A recent Kerr effect investigation of both the old and new generation UTe, single
crystals displaying a single specific heat jump found no evidence for TRSB superconductivity?!. Similarly, muon
spin relaxation (uSR) measurements of the molten-salt flux grown samples found no evidence of TRSB?2. Finally,
sound velocity changes across 7,23, as well as recent NMR Knight shift measurements on similar samples® both point
to a single-component, odd parity order parameter, i.e. are inconsistent with the previous hypothesis of nonunitary
pairing.

The thermal conductivity (7)) is an important probe of the gap structure of unconventional superconductors, re-
flecting the ability of the superconductor to carry heat current in various directions. The theory of thermal conductivity
in unitary triplet superconductors is quite similar to the well-known theory developed for singlet superconductors®*2°.
Most of the popular model triplet states in the literature, including the *He-A phase, are in this class. In that case,
the triplet quasiparticle energies are Ex = /& + |d(k)|?, where d(k) is the triplet order parameter vector defin-
ing its structure in spin space via A,o = [d(k) -G (io2)],,,. Since the thermal current response depends only on
the quasiparticle energies, and the same expressions can be used for triplet superconductors?®2® with |A(k)|? re-
placed by |d(k)|?>. As we show below, however, in the nonunitary case, additional terms involving the spin moment
q = id(k) x d* (k) carried by quasiparticles of momentum k occur in both the quasiparticle energies and the weights
of scattering processes. Furthermore, in nonunitary triplet superconductors, the zeros of |d(k)|? differ from those
of the zeros of Ex even when k is on the Fermi surface (“spectral nodes”). This distinction may be important; it
was suggested by Ishihara et al.? that in UTey, complex linear combinations of 1D irreducible representations could
support spectral nodes pointing in generic directions in the orthorhombic Brillouin zone and thereby explain early
experiments exhibiting TRSB and relative isotropy of the low-temperature penetration depth. On the other hand,
order parameters corresponding to a single 1D irrep must be real, with nodes along high symmetry axes.

In this paper, we derive a general form of the thermal conductivity of a triplet superconductor in the presence of
nonmagnetic disorder, and evaluate it for various types of triplet states that have been proposed for UTes. The aim
is to see if there are qualitative distinctions between the thermal conductivity temperature and heat current direction
dependence of unitary and nonunitary states, and whether or not predictions of low-temperature behavior can be
used, by comparison with experiments, to identify the ground state of UTe,.

II. MODEL & FORMALISM
A. Superconducting State

In a general triplet superconductor, the spin-structure of the superconducting order parameter is constrained by
the underlying crystal symmetries. The structure of the UTes crystals corresponds to the orthorhombic point group



'  Gap function d(k) Nodes
Arw  (prka, p2ky,psk.)  accidental
Biy, (plky7p2kzvp3kzkykz) Z axis
Bay (prkz,pekakyk:, psks) y axis
Bsy (pikzkykz, p2k=,psky) x axis

TABLE I. List of possible spin-triplet superconducting states for an orthorhombic crystal with strong spin orbit coupling. Here
pi=1,..,3 are constants and Vp; € R.

Classification d(k) Cylindrical FS Spherical FS
r Nnodes T Nnodes
r<l1l 0 r<l1 0
. r=1 4 (zy plane) |r=1| 4 (zy plane)
At +irBru 1<r<+?2 |8 (zz yz planes) |r > 1|8 (xz, yz planes)
r>/2 0
r<l1 0 r<l1 0
) r=1 2 (z axis) r=1| 4 (zz plane)
Antiferromagnetic b 1<r<v2 4 (zy plane) |r > 1|8 (zy, yz planes)
: r>+/2 |8 (zy, yz planes)
non-unitary r<1 0 r<1 0
. r= 2 (y axis) r=1| 4 (yz plane)
At +érBau 1<r<v2 4 (zy plane) |r > 1|8 (zy, xz planes)
r>/2 8 (zy, xz planes)
r< % 0 r <1| 4 (zz plane)
ABM_L +irBau iz <r<l1 4 (zz plane) |r=1 2 (z axis)
(& spin moment ) r=1 2 x axis r>1| 4 (zy plane)
r>1 4 (zy plane)
r< % 0 r < 1| 4 (yz plane)
Biu + irBau iz <r<l1 4 (yz plane) |r=1 2 (y axis)
Ferromagnetic | (¥ spin moment ) r=1 2 (y axis) r>1| 4 (zy plane)
non-unitary r>1 4 (zy plane)
Bow + irBs, r < % 4 (yz plane) |r <1| 4 (yz plane)
(2 spin moment ) o5 <r< V2 0 r=1 2 (z axis)
r>/2 4 (zz plane) |r > 1| 4 (zz plane)

TABLE II. Six possible mixed IR states

Dsp,, and the symmetry of the odd-parity pairing states can be deduced according to the irreducible representations of
the Dy, point group?” 32, Table I shows the odd parity triplet superconducting states that we consider in this article.
Here, we do not consider the even parity states for the Dsj point group, and we further assume strong spin-orbit
coupling (SOC) due to heavy atoms like U and Te. In the weak SOC limit, the odd-parity states for the Daj, point
group come with line nodes that are not consistent with experimental measurements.

The d-vector is real for the superconducting states listed in Table I, hence these states preserve time reversal
symmetry (TRS). These states are unitary triplet states, i.e. ATA o 1. We denote a 2x2 matrix in the spin
space with 0 and a 4x4 matrix in the Nambu-spin space with [J. A TRSB state is not possible with a single
component order parameter, noting that the Ds;, group has only one dimensional irreducible representations. We
construct the TRSB superconducting state with a combination of two irreducible representations, and all such possible
combinations are shown in Table II. In principle, a combination of two different irreducible representations involves
six real constants, however, we introduce a single parameter model for the TRSB states. The effective d-vector is
(dy +irda)/v1+ r2, where r is the mixing parameter that determines the relative strength of the individual order
parameter. The individual d-vectors are listed in Table I with all the coeflicients p;—1,2 3 are set to unity.

In the Nambu-spin basis, the mean field Hamiltonian reads,

T §k00 iAQ(d . O')Uy
H = <—iAoay (d*- o) —&xop > ’ (1)

where & is the electronic dispersion, Ag is the superconducting gap energy scale, o is the Pauli vector in the spin
space spanned by the Pauli matrices, and o is the identity matrix in the spin space. We adopt a model where the



electronic dispersion reads,
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where m, ;, is the effective masses along #/¢ directions, ¢, is the hopping energy that controls the 2 velocity, and p
is the chemical potential. We further assume ¢; < p. An alternate dispersion with closed Fermi surface has been
considered in the appendix. The bare Green’s function is,

7 .
Go = (iw — ) 12(@2 éz) 3)

Here, w is the quasi-particle energy. The Matsubara Green’s function can be obtained by w — iw,. The 2x2 matrices
in the spin space are,

G = IO (w2 e - AYdP)on + Ada o] (@
G = [(w® ~ €~ A3JdP)ov + Adq - o] BUL DT )
é21 = - [(w2 - 52 - A3|d|2)00 + A%Q' O'T} %d*-a), (6)
G = U8 [0 -~ B3P0 + 230" )
Here q = i(d x d*) and the denominator D is,
D = (w?—€ - AFdP)’ - Aflal® = (€2 —w? + AL)(& —w? + A2), (8)

Here we introduce A2 = A3(|d|? + |q|). For the unitary case, q = 0, therefore, there is only a single energy scale.
In contrast, for the TRSB non-unitary states, q # 0, which leads to non-degenerate excitation energies. For single
component order parameters, q vanishes. However, for a mixture of multiple irreducible representations q remains
finite, and it can be interpreted as spin moment of the Cooper pairs. The average of q over the Fermi surface
may or may not vanish. The non-unitary states can therefore be further divided in anti-ferromagnetic (AF) and
ferromagnetic (FM) states, where the average of q vanishes over the Fermi surface for the former, while remains finite
for the latter”. The six possible nonunitary states are shown in Table II, with the possibility of nodes on a spherical
or a cylindrical Fermi surface open along the Z axis. For cylindrical Fermi surface, we adopt cylindrical coordinates
with k. dependence of the gap functions replaced with sin(k.d/2), where d is the z-axis. The factor of half is added
to ensure only a single pair of point nodes in the first Brillouin zone in the unitary limit. However, this does not have
any qualitative effect on our results.

B. Impurity Scattering & Thermal Transport

In order to calculate the thermal conductivity, we need to include the effect of impurity scattering that dominates
all other relaxation mechanism at low temperatures. We consider elastic impurity scattering due to pointlike defects,
and include its effect through a disorder-averaged self-energy. The impurity self-energy is calculated within the
self-consistent T-matrix approximation. The momentum integrated Green’s function § has both vector and scalar
components for the normal Green’s functions,

g = 7lNo(90+8- o), (9)
g2 = T™No (9o +g-0"), (10)
and the anomalous Green’s functions gi2 and go; vanish because the odd-parity order parameter averages to zero. In

Eq. (9) and (10), g is directly related to the Fermi surface average of the spin moment q and remains finite for the
chiral non-unitary states, only. Using these integrated Green’s function, we can write the T-matrix self-energy for the



non-magnetic impurities as,

o . Y3+ X530 0 . Yo+ X0 0
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5, = Fuco [co (go-i-g g)}, (12)
Dimp
2 cot dsgog
3 = I'y—=, 13
? Dimp ( )
t26s — (98 — g~
5, = 1,% [co (9% -8 g)}, (14)
Dimp
t2 2-g-
s _ r 8l o+ (g~ & g)] (1)
Dimp
Dipyp = cot? 85 — 2 cot? &, (gg +g- g) + (gg -g- g)2 , (16)

where 85 = tan™!(mNoV;m,) is the s-wave scattering phase shift, 'y, = nimp/(7No), Nimp and Vi, are the impurity
concentration and impurity potential, respectively. . Here 73 is the Pauli matrix in the Nambu space. The 73
component of the self-energy that renormalizes the electronic dispersion is ignored. It can be absorbed in the chemical
potential. The impurity dressed Green’s function reads,

- 51 D—Efog—% -0 A
1 _ gty (W= &oo
G G ( —AT O+&og—X-07)’
. G Gu
G = |2 A . 17
<G21 G22) a7)

Here impurity renormalized © = w — ¥y, which is obtained self-consistently. Unlike unitary superconductors, the
impurity dressed non-unitary Green’s function acquires a different structure than the bare Green’s function, in par-
ticular the structure in spin space for the normal component. The individual component of the Green’s function G

are,

L0—|—L1'O'

G = , 18
1 5 (18)
. — _ 8 .oT
Gy = L2 O+ (€= 07 (19)
D
Gio = [26(2-d)+(@* - - AYdP+=-2)d -0 +iA3(gxd) 0 -2 AT o
+2i0(2 x d) - o] “’%AO, (20)
Gor = [-262-d" + (@* - & - AYdP+ 2 -2)d* -0’ —iA}(gxd) o —2%.-d'S - "
—2i(E x d*) - 7] ioy B0 (21)
D
where
LO = X()CLO — Agb0|d|2 — qu . 2, (22)
Li = (Xo+Aj|d*)Z + Ajboq — AFE -dd* — AZE - d*d, (23)
Here ag/bp = @ F &, Xo = b3 — X - ¥ and the denominator D= (&% + Qi)(ﬁ + Q%), where Q. is,
Q% = NP -2* — 2D+ \/Alg-q 4028 4 4A%0q - B - 4AY(S - d)( - d7) (24)

For the unitary states, the nodes are symmetry imposed, and for the non-unitary states, nodes may shift away from
the high symmetry directions, and their positions remain protected against disorder as long as the X component of
the impurity self-energy vanishes, 3 can be interpreted as impurity induced magnetization. For the chiral states,
this term remains finite and give rise to non-degenerate quasiparticle spin density, and in principle, can change the
nodal positions. Here the nodes do not refer to the zeros of gap or the order parameter, instead, they are the zeros



in the quasi-particle spectrum on the Fermi surface. In the unitary states, the gap nodes and the spectral nodes are
same unlike the nonunitary states. There are some additional triplet terms ¥ - o and (3 x d) - o in Eq. (A7), these
terms reflect impurity induced modification of spin structure of the Cooper pairs. It is worth mentioning that there
is an impurity induced odd-frequency pairing for the chiral non-unitary states, which is spin singlet and odd parity
in nature.

After obtaining the impurity dressed Green’s function, we calculate the electronic thermal conductivity x using the
Kubo formula that relates the thermal conductivity to the heat-current response?*. We ignore the vertex corrections
and restrict ourselves to the bare thermal current response function. The vertex corrections are small in the strong
scattering limit that we focus on this article®®. The diagonal thermal conductivity for a general triplet superconductor
reads,

Kii /OO dww—z <_ an(w)> <N0v%i (—c1cq + cacs) +263b12+ c1ba + bs(—cs + 0162)/C4> . (25)
T e T (5 4 cieq — crc2¢3) FS

Here ¢; = —2R6(Q+ + Q—)u C2 = |C~2+|2 + |C~2—|2 + 4RG(Q+)RG(Q—)= €3 = —2|Q+|2RG(Q—) - 2|Q—|2R6(Q+)7 C4 =
|Q+|%|Q—|%and the coefficients b;—1 .3 are,

b= (|22 = A3l + S + Re |Q} + Q2] (26)
by = i@i + Q% + (@] + = — Ajld]*)Re [Qi + QQ_} +3A5q - q+ 4|22 (|@]* + Re[w?])

—4A5 (|12 - d]? + [Z- d** + Re[(Z - d)(T - dY)])

+4|0|*Re[E - 2] 4 4A%Re[0q - T + 20q - I (27)
by = (l&f* = AGld[) [Jas [* + Aja - a] - 2A5a - qRe[ay] + V() (28)

V(@) = {|@ +Afldf* - - B)]* - Aga- a} [B = 2A7Re[(a- — o’ )oq - 7]

—AAG (0] + [B* — Afld[*)Re[wq - 7] + 2A¢Re [ - B — (q- 2)* + - 3q - q

+2A0Re [(|9]7 = &%) = (137 = 2 2)] (|- df* + [ d"°) — 4AJ[dP|&* =

+4AZRe [0 (27 - d7)(B* - d)] — 4A%Re[(&? — A3|dP)Z* - 57, (29)

where ay = ©?—A2|d|?£X-X. The derivation of thermal conductivity is provided in the supplementary materials. We
calculate the full temperature dependence of thermal conductivity using self-consistently determined superconducting
gap using an effective paring potential to give a single transition temperature (see appendix ).

III. RESULTS & DISCUSSION
A. T =0 limit of density of states and thermal conductivity

We start with the single component states based on four irreducible representations of the Dy, point group sym-
metry. The basis functions for these four states are listed in Table I, where the Ay, state remains gapped unless
the coefficient of one of the basis functions is set to zero. We exclude that possibility and choose the same coeffi-
cients for all three basis functions, and this choice of coefficients is adopted for the other states, too. For qualitative
understanding of the low energy properties, this is a reasonable choice. In principle, it is also possible to generate
line nodes with appropriate choice of basis function coefficients, but those possibilities are excluded considering the
recent experimental results on UTey. Apart from the Ay, state, the By, state also remains gapped because the open
Fermi surface along the z-axis forbids the nodes for this state. For the By, and Bs, states, there is a pair of point
nodes that exists along the g-axis and Z-axis, respectively. Fig. 1(a) to (d) show the disorder dependence of the
thermal conductivity normalized to the normal state value at the transition as a function of relative reduction in the
transition temperature §t, == 1 — T,/T.o, where T, is the transition temperature in the clean limit. For a clean
system, dt. = 0 and 0t. reaches unity as the impurity scattering kill superconductivity. The normalized residual
thermal conductivity «T./knT in the zero temperature limit remains zero up to a threshold value of disorder Ty,
for all four states, this I'y;, corresponds to a threshold level of 7. suppression §¢;". This threshold value of disorder
depends on the superconducting gap structure and the strength of the impurity potential?”. For the gapped states
Ay, and By, the residual thermal conductivity remains zero for slightly higher values of disorder compared to the
other two states Bo, and Bs, as expected due to the presence of impurity induced quasiparticle states near the nodes.
The normalized thermal conductivity remains very isotropic for the Ay, and By, states. However, for the nodal
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FIG. 1. Thermal conductivity for the single component unitary states allowed by the Ds;, point group: The
thermal conductivity normalized to its value at Tt for the four irreducible representations of the Ds, point group shown column-
wise for the A1y, Biu, B2, and Bs, representations from panel (a) to (d), respectively. The first row shows the residual thermal
conductivity in the zero temperature limit as a function of relative reduction in the transition temperature dt.. Panels (e) to
(h) in the second row show kT./knT for the weak scatterers with tan0s = 2 and for the intermediate strength scatterers with
tan0s = 5 from panels (i) to(l) in the third row. For the temperature dependence, the T, is reduced by 2%(dt. = 0.02) w.r.t.
the clean limit.

states, the residual thermal conductivity is enhanced for thermal current along the nodal directions. This trend in
anisotropy in thermal conductivity continues even at finite temperatures, as shown in the temperature evolution of
KT./knT for the four single component states in Fig. 1(e) to (h) for tanfs = 2 and in panels (i) to (1) for tan s = 5,
which represents the stronger scatterers. For both impurity strengths, dt. is 0.02. In the presence of the point nodes,
the thermal conductivity shows a weak maximum at very low temperature along the nodal direction for the weak
scatterers, which disappears as the scattering rate increases. This is a known behavior for the superconducting states
with point nodes?®, which is not present for the stronger impurity potentials.

It is useful to examine the density of states (DOS) and the structure of the low energy quasiparticle states before
discussing the thermal transport for the nonunitary states. We first report the average density of states per spin for
the nonunitary states on a cylindrical Fermi surface that is open along the z-axis. Fig. 2(a) shows the DOS for the
Ay, + irBa, state, which is a chiral state, and Fig. 2(b), (¢) and (d) show A_ for this state. In the gapped phase
(r < 1), this state has minima near the Z-axis and a small gap is visible in the DOS. For r = 1, a pair of point nodes
appears along the -axis and the low energy DOS shows w? behavior that is expected for linear point nodes. Here and
in subsequent discussion, “node” refers to spectral nodes, not the gap nodes. However, in contrast to a unitary state,
the low energy quadratic behavior remains confined to very low energy scale as compared to the unitary Bs, state.
For r > 1, the nodes move away from the Z-axis and the positions of four nodes are determined by tan ¢ = +v/r2 — 1,
where ¢ is the polar angle on the cylindrical Fermi surface. As the mixing parameter r increases, additional pairs
of nodes appear in the yz plane at sin(k,/2) = £1/4/r? — 1. In the r — oo limit, only two point nodes along g-axis
survive, as expected for a pure By, state. The low energy DOS remains quadratic in all these cases. For 1 < r < /2,
the nodes remain closer to the z-axis, for r > \/5, the nodes move closer to y-axis. The Aj, + irBs, state also
shows similar DOS as Ay, + irBs, state, but it has different nodal structure. It has gap minima in quasiparticle
spectrum near the g-axis, and nodes appear along the g-axis. For r > 1, a set of four nodes appear near g-axis at
¢ = £ cot™' V72 — 1 and move towards the Z-axis in the zy plane as the value of r increases. For 7 > /2, four more
nodes appear at k, = +2 sin71(1 /v/r? — 1) in the 2z plane. Both these states are chiral and show finite quasiparticle
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FIG. 2. Density of states: Panel (a) shows the DOS per spin for the A1, + ir B2, state for different values of the mixing
parameter r. The inset shows the energy dependence of DOS at low energies. A dashed line illustrating the DOS for the
unitary Bs, state has been shown for comparison. Panel (b), (c¢) and (d) show the variation of A_ for different values of r in
the zy, xz and yz planes, respectively. Panel (f) shows the DOS per spin for the Biy, + irBa, state and A_ in the zy, xz and
yz planes are shown in panels (f), (g) and (h), respectively.

spin density along ¢ and & directions in the spin space. The last AF non-unitary state is Ay, + irB1,, which is not a
chiral state. It has nodes along the z and ¢ directions for » = 1, a quadruple pair of point nodes in the xz-plane, and
another set of four point nodes yz plane, where the k., for the nodal position is determined by sin(k./2) = /72 — 1.
The DOS shows quadratic behavior at low energies (see appendix).

Next, we consider the ferromagnetic nonunitary states on the cylindrical Fermi surface, which are chiral states with
finite Cooper pair spin moment. Fig. 2(d) shows the DOS for the By, + irBz, state along with the A_ in the panels
(e) and (f). This state is gapped for r < 1/ V2, and a quadruple pair of point nodes appears in the yz plane for
1/v/2 < r < 1, whose positions are determined by sin(k./2) = r/+/1 — 2. For r > 1, a quadruple pair of point nodes
appear in the zy plane at ¢ = =tan~' /72 — 1 close to the Z-axis and move towards g-axis as r increases. These
states show quadratic DOS at low energies. For r = 1, this state shows point nodes along the z-axis, but these are
the quadratic point nodes. The first derivative of the A_ vanishes at the nodes for a quadratic or second order point
nodes. This leads to linear DOS at low energies, as shown in the Fig. 2(d). Similarly, for the By, + irBs, a twin pair
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FIG. 3. Residual thermal conductivity: Zero temperature limit k7¢./rknT for the Ay, + irBiy in panels (a) to (d) and for
the By, + irBs, state in panels (e) to (g) for various values of mixing parameter r. Panel (h) shows xT./knT|7—0 for the
unitary Bs,, state. The s-wave scattering phase shift is s = tan71(2) for all the panels. The number of nodes N,, is indicated
for each case.

of quadratic point nodes appear along the g-axis and shows linear DOS at low energies for r = 1. For 1/ V2<r<l1
four point nodes appear at sin(k,/2) = +v/1 — r2/r in the yz plane, and for r > 1 there is a quadruple pair of point
nodes in the xy plane at cot ¢ = +v/r2 — 1, closer to the g-axis for » > 1, which move towards the Z-axis for r > 1.
The DOS remains quadratic, as expected. For the By, + irBs, state, four point nodes are either located in the yz
plane at sin(k,/2) = £r/v/1— 72 for » < 1/y/2 or in the zz plane at sin(k./2) = +1/vr2 —1 for r > /2. These
states show w? behavior in the low energy DOS. For 1/v/2 < r < v/2, there exists a gap in the quasiparticle spectrum
due to lack of nodes (see supplementary materials). In contrast to the AF nonunitary states on the cylindrical Fermi
surface, the FM nonunitary states can have at most four nodes and are expected to be more anisotropic.

We now discuss the zero temperature limit of the thermal conductivity, which is very sensitive to the gap struc-
ture. We compare the normalized xT./Tky along three principle directions, where the thermal conductivity along a
particular direction is normalized to its normal state value at T, along that direction. This suppresses the intrinsic
anisotropy present in the electronic structure and highlights the effect of order parameter anisotropy. Panels (a) to
(d) in Fig. 3 show the kT./Tky in the zero temperature limit for the A, + irBi, state as a function of relative
reduction in the transition temperature 67,.. For a weakly disordered system, x/T vanishes in the zero temperature
limit, but as the disorder level increases and crosses I'yy,, x/T |70 becomes finite and reaches the normal state value
as the superconductivity vanishes. For the Ay, +irBy, state, the kT,./knT shows isotropic behavior in the zy-plane.
Note, for this state, the nodes are always along the & and gy axes at the same k, value. In contrast, the By, + irBs,
state shows relatively weaker level anisotropy than a unitary state. Panels (e) to (g) in Fig. 3 show the xT./knyT for
the Ba, + irBs, state, while Fig. 3(h) shows «T./knT for the unitary Bs, state with nodes along & axis. As shown
in Fig. 3(e), with nodes in the yz-plane k,, and k., exceed kg, and this behavior reverses as the nodes move to the
xz-plane for the Bs, + irBs, state, as depicted in Fig. 3(h). As the value of r increases, the anisotropy also reduces,
and for r = 1 the superconducting state becomes fully isotropic, as shown in Fig. 3(f). This is a special case, which
has a four-fold symmetric A_, leads to a very isotropic normalized thermal conductivity along the three principal
directions. As 7 becomes larger than unity, the ,, starts to dominate.

Next, we look at the zero temperature limit thermal conductivity for the Ay, +1irBs, state for two different impurity
potential strengths. Fig. 4 (a) to (d) show xT./knT for s-wave scattering phase shift tan=!(2) and panels (e) to (h)
show kT./kNT for 65 = tan=1(5). The x/T|r_o becomes finite above a threshold disorder level, like earlier cases.
This threshold scattering rate is smaller for the stronger impurity potentials. This state has minimum and maximum
along the zz-plane, the energy gap is small in the yz-plane and there is a weak maximum along the y-axis in the
xy-plane. This excitation energy spectrum is reflected in the thermal conductivity. As the x/T becomes finite, the
in-plane anisotropy is very weak with slightly larger value along the Z-axis, as long as there is no node in the yz-plane.
As the impurity induced quasiparticles overcome the minima along the ¢ axis, the thermal conductivity along the
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FIG. 4. Residual thermal conductivity: Panels (a) to (h) show x/7" in the zero temperature limit normalized to rn /T at
T. as a function of relative T¢. reduction dt. for the Ay, +ir Bz, state for different values of the mixing parameter r. The s-wave
scattering phase for the panels (a) to (d) is #s = tan™*(2) and for the panels (e) to (h) is 85 = tan~'(5). For the Ba, + irBa,
state, kT./kNT|1T—0 is shown for various values of parameter r for s-wave scattering phase shift 0, = tan71(2) in the panels
(i) to (1) and with 6s = tan™'(5) in the panels (m) to (p). The number of nodes N,, is indicated for each case.

7 axis starts to dominate. In case of eight nodes, with four in the zy-plane and another four yz-plane, the thermal
conductivity is always larger along the g-axis. The Z-axis thermal conductivity remains close to the z-axis thermal
conductivity. For the Ay, +irBs, state, the thermal conductivity along the z-axis and gy-axis show the same behavior
as the ky, /T and kg, /T in the Ay, + irBa, state, respectively.

For the By, + irBs, state, in the gapped phase i.e. r < 1/\/5, the spectral gap on the Fermi surface is small in
the yz-plane, and near the ¢ axis in the xy-plane, which leads to larger /T |r_0 along the § axis followed by the 2
direction, as shown in Fig. 4(i) and Fig. 4(m), for tanf, = 2 and tanf; = 5, respectively. As a pair of quadruple
nodes appears in the yz-plane, the relative anisotropy remains the same, as depicted in Fig.4(j) and Fig.4(n). This
state also shows an elusive quadratic node for 7 = 1 along the g-axis. Unlike the other states with linear point nodes,
for this case the x/T|r_ term remain finite along the nodes and for other directions residual thermal conductivity
remains zero below the threshold disorder level. This state shows linear DOS at low energies, like superconductors
with line nodes. Finally, the nodes appear in the zy-plane for this state as r goes beyond unity and remains closer to
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FIG. 5. Ay, +irBiy: Thermal conductivity normalized to its normal state value at T, for the Ay, + irBi, shown as a function
of temperature normalized to Tt for scatterers with tan6s = 5 for 6t. = 0.02 from panels (a) to (d) and for é¢t. = 0.15 in panels
(e) to (h) for various values of mixing parameter r.

the g-axis, and thermal conductivity along the y-axis becomes dominant, while other two directions show very similar
KT./knT. As r increases, the in-plane anisotropy decreases and the Z-axis s increases and becomes stronger along

the g direction in 7 > 1 limit. For the By, + irBs, state, the in-plane anisotropy found for the By, + irBs, state
gets interchanged.

B. Finite T electronic thermal conductivity

Now, we look at the temperature evolution of the normalized thermal conductivity for the nonunitary states.
At very low temperatures, the elastic scattering by the impurities is the main mechanism of relaxation. However,
as the temperature increases the inelastic scattering also becomes important, which we discuss in the subsequent
section. Apart from the electronic contribution to thermal conductivity, phonon thermal conductivity can also become
significant. Here, we focus on electronic thermal conductivity and the effect of impurity scattering on it, and the
effect of underlying spectral nodes on the anisotropy in the thermal conductivity. As shown in the Fig. 1, the thermal
conductivity shows a weak maximum as function of temperature at very low temperatures along the nodal directions.
There is no evidence for such a feature in the experimental measurements”3*; therefore, we have set 6, = tan~'(5)
for the rest of our discussion (see supplementary materials for the weaker impurity scatterers). We first look at the
Ay, + irBy, state, which shows very isotropic residual thermal conductivity, and the thermal conductivity remains
isotropic as a function of temperature, as shown in Fig. 5(a) to (d). For the clean system with §t. = 0.02, at very low
temperatures, the thermal conductivity remains vanishingly small and as the temperature increases, /T increases
T? at very low temperatures. This behavior is observed for both nodal and gapped systems. One should keep in
mind that in superconductors with point nodes, there are very few states available at the Fermi energy, as shown
in Fig. 2. For dirtier systems such as dt. = 0.15, there are sufficient quasiparticle states at the Fermi level to give
nonzero thermal conductivity, which is depicted in Fig. 5(e) to (h). At low temperatures, /T remains independent
of temperature, and it begins to increase, once more quasiparticles become relevant for transport as the temperature
increases.

Next, we look at the Ay, + irBs, state, which shows enhanced thermal conductivity along the g-axis. The zero
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FIG. 6. Ay +irBa,: Thermal conductivity normalized to its normal state value at T. for the A1, + irBs,, shown as a function
of temperature normalized to T for a scatterers with tanfs = 5 for 6t = 0.02 from panels (a) to (d) and for §t. = 0.15 in
panels (e) to (h) for various values of mixing parameter r. The dashed lines show the normalized thermal conductivities for
the B, state with same impurity parameters.

temperature trends in anisotropy continue as the temperature increases, as shown in Fig. 6. For 6t. = 0.02, /T
is close to zero and rises as temperature increases beyond a critical value. For the gapped case (r < 1) and for the
Z-axis nodes (r = 1), k/T is slightly larger than other two directions, but as the temperature increases, the other two
directions begin to increase and dominate because the temperature overcomes the gap minima in the yz-plane. For
r > 1, there are four point nodes which move towards the § axis, and it is reflected as a larger x/7" along the g-axis.
For 7 > /2, four more nodes in yz-plane make /T along § and # directions larger than the & direction. For dirtier
systems, thermal conductivity becomes finite and T-independent at very low temperature like the earlier case, but
the anisotropy remains similar to its zero temperature limit. For Ay, + iBs,, the behavior of & and § directions get
interchanged (see supplementary materials).

Next, we consider the Bs, + irBs, state, which is one of the FM nonunitary chiral states. For this state, there
are four point nodes in yz-plane for r < 1/ V2 and for r > /2, there is a quadruple pair of nodes in the xz-plane.
Fig. 7 shows the thermal conductivity as a function of temperature, and as expected, /T along the nodal directions
dominate. For r < 1, the thermal conductivity is enhanced along the y and Z directions, and as r increases, the
system becomes gapped with enhanced thermal conductivity in the y and Z directions, but the anisotropy reduces.
For » = 1, this state shows a completely isotropic behavior and as r goes beyond unity, this state show Z-axis
dominated thermal response, as the nodes reappear in the zz-plane. The anisotropy remains qualitatively same as
the temperature increases. Finally, we look at the By, + irBs, state, which is another possible FM nonunitary state
that shows enhanced thermal conductivity along the ¢ directions. Here, the anisotropy changes significantly as the
temperature increases. At low temperatures, § axis dominates due to its vicinity to the point nodes, however, as the
temperature increases, we find enhancement of kT./knT along the Z directions. This happens because at the lower

temperatures, the lower energy branch of the quasiparticle excitations /&2 + A2 dominates, which has more quasi-

particle states along the § directions, but at higher temperatures /&2 + Ai branch of the quasiparticle excitations
begin to contribute, which for this state has minima along the & axis. The overall anisotropy for this state is relatively
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single component superconducting states.

less compare to other states, except those that show fully isotropic behavior as a function of temperature or disorder.
For the By, + irBa, state, k/T along the & and ¢ directions gets interchanged.

C. Inelastic scattering effects

As we mentioned in the previous section, at very low temperatures i.e. T' < T, the elastic scattering from impurities
is the only mechanism that determines the scattering rate. However, at higher temperature inelastic scattering from
a bosonic mode is possible. We consider a simple scenario where there is a dispersionless bosonic mod that couples
with the fermions with an effective coupling constant gs,. We further assume that the coupling does not depend on
the fermion’s spin degree of freedom. The lowest order self-energy for the fermions reads,

Sin(iwn, K) = 5T Gliwn — i, k — q)D(iQm, q). (30)

m,q

Here D is the bosonic Green’s function, w, and €, are the fermionic and bosonic Matsubara frequencies. After
performing the Matsubara summation, we get,

9 fb y)D"(z)
> = coth 2) + tanh 2 31
w) = =2 [~ [ ay DT (cotn5/2) + tanh(5y/2), (31)
Here the real part of the self-energy contributes to mass renormalization and the imaginary part modifies the scattering
rate, which is a function of quasiparticle energy and temperature. Noting that the UTes has very high effective mass,
we ignore the real part of the self energy. The imaginary part of the self-energy is,

¥ (w) = —% - dzN(w — x)D" () (coth(Bx/2) + tanh(B(w — x)/2)), (32)

— 00
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panels (e) to (h) for various values of mixing parameter r. The dashed lines show the normalized thermal conductivities for
the B, state with same impurity parameters.

where D" (x) = 2/(2® + Q3) is the bosonic DOS, and ) is the characteristic energy scale associated to the bosonic
mode. In the context of UTey, we expect Qo > T, therefore, we approximate the bosonic DOS as D" (z) ~ z/Q3.
In the zero temperature limit, ¥/ oc w™*2, where the DOS for the superconducting state behaves like w™ at low
energies. For linear point nodes, ¥7 oc w* and for quadratic point nodes or line nodes, it behaves like w?. Similarly,
in the static limit (w — 0), the imaginary part of the inelastic self-energy reads,

(2)D" (2)

© N
Y (w=0,T)=—2¢% / d 33
zn(w ’ ) gfb 0 € sinhﬁx ( )

Since the thermal response integrand is peaked at w = 0, we only retain the temperature dependence of the inelastic
self-energy at w = 0. At very low temperatures, the inelastic scattering rate behaves likes T for the point nodes
and T2 for the line nodes in the static limit. This is sufficient to understand the qualitative effect of the inelastic
scattering. The prefactor in Eq. (33) is fixed by the value of the inelastic scattering rate at 7.

Fig. 9 shows the effect of the inelastic scattering on the electronic thermal conductivity. We show the results for
two cases, as the rest of the cases are qualitatively similar. The first row of the Fig. 9 shows the normalized thermal
conductivity for the Ay, +irBs, state, which show enhanced thermal conductivity along the g-axis. Note, the normal
state thermal conductivity includes the inelastic scattering. We have fixed the value of r at 1.2, which leads to four
point nodes in the zy-plane. The primary effect of inelastic scattering is formation of a peak below T,. This peak
appears first for the directions that have larger thermal conductivity, as shown in Fig. 9(a) for § = 0.02. As the
system becomes dirtier, the peaks get smeared as depicted in Fig. 9(b) for §t. = 0.15. If the strength of inelastic
scattering is increased, the peaks also strengthen, as shown in Fig. 9(c¢) and it may survive in dirtier systems, as
illustrated in Fig. 9(d). The similar trends continue for the other states also. In panels 9(e) to (h), we show the
normalized thermal conductivity for the By, + irBs, state, which shows qualitatively same behavior as a function of
disorder and inelastic scattering strength. However, this state shows a nonmonotonic variation of anisotropy, and the
peaks for different directions remain quite close to each other.
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FIG. 9. Effect of inelastic scattering scattering: Panels (a) to (d) show temperature dependence of normalized thermal
conductivity for the A1y + irBa, state for r = 1.2. Panels (e) to (h) show the temperature dependence of the normalized
thermal conductivity for the Bi, + irBs, state. The imaginary part of the the inelastic self energy at T" = Tro and relative
reduction in T, are indicated in each panel. For brevity, we denote X7, (T = T.o) as Z’%:Tco. The s-wave scattering phase is
tan™'(5).

IV. SUMMARY & CONCLUDING REMARKS

We studied low energy quasiparticle excitations and the thermal transport for the single component and two
components pairing states allowed by the irreducible representations of the Ds; point group symmetry, which is
relevant for the orthorhombic UTes crystals. Since Dsp has only one dimensional representations, the four single
component pairing states corresponding to the irreducible representations can not break the time reversal symmetry,
and describe unitary triplet pairing states. Therefore, we also considered the pairing states that are combinations of
two of the four irreducible representations using a single mixing parameter r. We examined all six two component
superconducting states as a function of 7 on a cylindrical Fermi surface, which describe either gapped states or state
with spectral point nodes depending on the value of the mixing parameter. The spectral point nodes are not necessarily
the zeros of order parameters, but these are the points on the Fermi surface hosting quasiparticle excitations. Of
course, the spectral nodes are identical to the gap nodes in the case of single component or unitary states. These
six states can be divided into AF or FM categories depending on the Fermi surface average of the Cooper pair spin-
moment, which vanishes for the AF states and remains finite for the FM states. Except for the A, + irBy, state,
all other states are chiral on the cylindrical Fermi surface, as the average angular momentum of the Cooper pairs
remains finite.

After introducing the one parameter model for the two component states, we calculated the effect of impurity
scattering within the self-consistent t-matrix approximation. One of the new findings is the spin-dependent impurity
scattering rate for the chiral states. This happens due to finite quasiparticle spin densities for the chiral states. This
can be interpreted as accumulation of magnetization near the impurity sites and this leads to qualitative changes in
the quasiparticle excitation spectrum. For the two component states, the nodes are accidental not symmetry imposed
like the single component states, and the spin-dependent self-energy or the impurity pinned magnetization can change
the position of the spectral nodes. In principle, the removal of spectral point nodes by impurity scattering is possible in
the chiral superconducting states, but we have not found such effect for the cases that we consider. Next, we calculate
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the thermal conductivity using the Kubo formula for the thermal current response function. Due to spin-dependent
impurity self-energies, the thermal conductivity significantly differs from the thermal conductivity reported for the
unitary states. We examine the thermal transport for all the single and double component states that are possible
for the Dsp, point group.

We have considered a single band with cylindrical Fermi surface in our theoretical calculations. The quantum
oscillation experiment reports two cylindrical Fermi surfaces, where one of them is an electron-like and the other
one is a hole-like Fermi surface with comparable effective masses®®. However, we expect our analysis to be valid for
two band system too, because the interband scattering is always pair-breaking due to odd-parity order parameters.
The impurity will renormalize the quasiparticle energies, there will not be any off-diagonal impurity self-energy.
Therefore, multiple bands will lead to higher impurity scattering rate, this should not affect the anisotropy of the
thermal transport. There are also some speculations about a closed Fermi surface near the Z point, therefore, we also
considered a spherical Fermi surfaces (see appendix). The key qualitative difference is the possibility of nodes along
the 2 axis and strong thermal conductivity along that directions, however, there is no experimental data available to
support that scenario.

Based on our thermal transport study and some recent experimental data, we can identify some states that could
possibly describe the gap structure in UTey. Definitive conclusions are not possible at this time due to a lack of
sufficient direction-dependent data on the newer samples, but we can make some qualitative statements and rule out
some states. For the Ap, + irBy, state on a cylindrical Fermi surface, the normalized thermal conductivity shows
isotropic behavior as a function of impurity scattering in the zero temperature limit and in its temperature dependence
for a fixed disorder level. The limited data that are available for the thermal conductivity indicates weak in-plane
anisotropy, but not absolute isotropic behavior”. The thermal conductivity measurements by Suetsugu et al.** claims
a fully gapped superconducting state. In contrast, another independent thermal conductivity measurements by Hayes
et al. find evidence for point nodes without finding any residual thermal conductivity in the zero temperature limit®.
Therefore, absence of finite zero temperature limit thermal conductivity in high quality samples is not sufficient to
rule out point nodes. Other probes such as the field dependence of specific heat suggest a superconducting state with
nodes closer to g-axis®®. The superfluid density measurement indicate stronger low energy quasiparticle excitations
along the ¢ directions and weakest along the # axis?’. The relative anisotropy in the penetration depth measurements
is weaker compare to the single component states. We find that the A;, + irBs, state, the Bs, + irBs, state with
dominant Bs, component and the By, + irBs, state show stronger quasi-particle excitations along the g-axis. The
By, +irBs, state shows change of anisotropy as a function of temperature, which can be used to distinguish it from
other two states. This state also shows a quadratic point node for » = 1, which shows linear DOS at low energies,
hence, it can be also ruled out. The two ferromagnetic states show higher thermal conductivity along the ¢y direction
than the Ba, state, which has point nodes along the g-axis.

As we mentioned earlier that the phonon thermal conductivity could be significant, especially in the low T, samples.
At very low temperatures, the scattering of phonons from defects dictates the phonon mean free path, hence, the
phonon thermal conductivity®” . Phonon thermal conductivity is expected to be insignificant in the high quality
samples due to low concentration of defects. Therefore, a systematic measurement of thermal conductivity along all
three directions in the samples with high residual resistivity ratios is highly desirable. One common feature among
all these superconducting phases is zero x/T in the zero temperature limit in clean samples. For sufficient disorder,
even point nodal states acquire a very small residual kappa/T, which would require very careful low-T measurements
to detect.
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Appendix A: Thermal Conductivity
The heat current vertex jQ along the it" (i = 2,7, 2) reads,

jo. = (W+9Q/2) [vrims ® 0], (A1)

where 7 denotes the direction of the heat current in the real space along /¢/Z. The thermal conductivity « is obtained
from the current-current correlation function for the thermal current®’. After doing the Matsubara summation,
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thermal conductivity becomes,

T =

ko1 /°° dww? [ dnpw)\ Tr[Ak, w)jo, Ak, w)jg, ] (42)
oo T T? dw 2 ’

Here a factor of half accounts for the double counting of the spins while taking the trace, np is the Fermi function

and A is the spectral function, which reads,

[G(k,w + in) - G(k,w —in)] _ (G — GA), (A3)

A= 2% %

where the impurity dressed Green’s function G is,

= Gn éu)
G = (G Snez) Ad
<G21 Goo (A44)

where the block Green’s functions in the spin-space are,

G, = Hotlio (A5)
D
. L O +L —¢)-oT
Goy = 0(€—> €)+~1(§_> 5) o , (AG)
D
Gz = [26(2-d)+(@* - - AYdP+ 2 -X)d o0 +iAd(gxd)-oc-2X-d)= o
12i0(S x d) - o] LA (A7)
Goi = [-22-d" +(@* - - AYdP+ 2 -2)d* - 07 —iA3(gxd) 0! —28.d'S- 0"
~2i5(% x d*) - 7] ioyBo. (A8)
D
where
LO = X()CLO — A3b0|d|2 — A%q . 2, (Ag)
L = (Xo+Ad*)Z + Adbpq — AZE - dd* — AZS - d*d, (A10)
Here ag =@ — &, by = @ + &, Xo = b2 — £ - X and the denominator D = (£2 + Q2)(€2 + Q2), where Qo is,
Q% = AP -2* ~ 2 D&\ /Al q + 40282 +4A%0q - S - 4AY(S - d)(2 - d7) (A11)
First we evaluate the trace term,
1 7 i H o 1
§T1" [Ak, w)jo, Ak, w)je,] = vFiiTr[Tl]a
Ty = Andi — A Asy — Asi Avo + Azo Ao (A12)

Note, the Green’s function have complex gap function, but the poles of the Green’s function depend on the sign of
@, which is renormalized due to disorder. We can express G as (G — G*)/2i, and only a combination of G and G*
will have poles on the opposite side of the real axis to make a non-zero contribution to the integral over £. For ¢
integration, it is useful to express the numerator and the denominator in terms of polynomials. The numerator can
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be written as,

94(€) = bo&® + b1&* + b2 + bs, (A13)
by = 1, (Al14)
b = (6] - A3l + |B2) + Re Q% + Q2| (A15)

by = J1QL + QL+ (|0 + [B* — Af|d[*)Re [Qi + Q%} +3A0q - q+ 4Z[*(|@]* + Re[@?])
—4A] (|2 -d]* + |Z-d* > + Re[(Z - d)(Z - dY)])
+4|@*Re[ - 2] + 4A2Re[0q - T* + 20q - X] (A16)
by = (|0 — Afld*) [las | + Aja - a] — 2A5q - qRefa] + V(X) (A17)
Y(E) = {[(@ +Afld? -2 ) - Aja-q} [E[° - 2AFRe[(a- — a’ )oq - T
—4A3([0]* + = — Af|d[*)Re[wq - =] + 2A0Re [|[a- B — (q- 2)* + 2 q - q
+2A8Re [([0? &%) = (2P -2 2)] (1= -d]* + [£ - d*[*) - 4AF|d]*|o]*[Z]?

+4AZRe [y (2 - d*)(Z* - d)] — 4AZRe[(0? — AZ[dH)Z* - 7], (A18)
where ag = ©? — A2|d|? £ ¥ - X, and the denominator can be expressed as,
IDE)* = ha(&)ha(=€), (A19)
ha(§) = (£ —iQ4)(€ —iQ})(€ —iQ-)(§ —iQT) (A20)
= apt’ + a1&® + a2€® + az€ + ay, (A21)
ap = 1, (A22)
a1 = —i(Q+ + Q% + Q- + Q%) = —2iRe(Q + Q_) = icy, (A23)
a2 = —[Q+° — Q- — 4Re(Q+)Re(Q-) = —c2 (A24)
az = 2i[Q+|*Re(Q-) + 2i|Q-|*Re(Q4) = —ics, (A25)
ar = Q4+Q1Q-Q" =1Q+|Q-* = ca. (A26)

Here hy(€) is defined to ensure poles on the upper half of the plane for the retarded Green’s functions. Using®® (Eq.
3.112.5)

dz = dm , (A27)

oo ha(x)hy(—2) ao(apd? + alas — arazas)
(—a1a4 + a2a3) —azby + arbs + b3(a3 — alag)/a4
(a3 + a?ays — arazas)
(—6104 + 6203) + Cgbl + Cle + bg(—Cg + 6102)/64

_ A28
T (3 4 c3eq — creacs) (A28)

/Oo ga(z) __bo(—ara4 + aza3) — agasbi + apaibs + apbs(apas — araz)/as

)

Finally, we have the thermal conductivity,

Kii /00 w? (_dnp(W)) <NOU%i (—Clc4+0203) + c3b1 + c1bs +bg(—03 +0102)/C4> (A29)
FS

dw—
2. 2
w TI? (¢35 + ciea — crcacs)

Appendix B: Gap equation and transition temperature

We consider a simple separable pairing potential
Vapsars (k k) = =V(d(k) - oioy )ap(d(K) - oioy) ], 5 (B1)

here «, 8, ', B’ denote spin and V(> 0) is the strength of pairing. This pairing potential gives a single transition
temperature for the mixed two component order parameters. In principle, it is possible to construct an effective
pairing potential to get more than one transition, however, such scenario is excluded in the current discussion. The
gap equation can be written as,

1(1 N 1>|d|2 Alq-q—2%¥-d¥-d* +2i0,q - Z
2\Q, Q_

% I Ao (B2)

A0 = 7"'ApairT'Z
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where Apgir = NoV and Qu is,

R = AYdP+a2-=-3

/Mg q - 4625 B+ 4iA30,q- B - 4AX(S - d)(S - dY) (B3)

We solve the gap equation using Matsubara Green’s function. In Matsubara Frequencies, ¥ o iA32, therefore it will
drop out near T, and the linearized gap equation becomes,

Ay = \27T) i Ao <|ol|2 (ﬁ) >FS, (B4)

wWn >0

where I'y is the normal state scattering rate. Using § = (|d|?) s, we can express Ty,

1
T.o = 1.13Q, exp (_E) , (B5)

and the critical value of I'y to completely kill the superconductivity as,
Ceric = L T.o = 0.8857T, (B6)
cric — 1.13 c0 — Y. c0

which is same as the critical value of impurity scattering rate that kills d-wave superconductivity. The general equation

to determine T, is,
T, 1 1 'y
1 =V || -V |= . B
. <Tco> M {2 N 27TTC:| (B7)

Here ¥ denotes the digamma function and we have assumed Tro, 'y < Q.. In the weak disorder limit (T'y < Teo),

TC ~ TCO

Dy |, 7C(3) (FN>2 Bs)

1——
4 Tco 47T2 Tco

Appendix C: Some additional results
1. Density of states: Nonunitary states on cylindrical Fermi surface

Fig. A1 shows the low energy density of state (DOS) for the Ay, +ir By, state and the Ba, +irBs,, state for various
values of the mixing parameter r. The former is an antiferromagnetic (AF) nonunitary state, while the latter is a
ferromagnetic nonunitary state. For both these states, the possibility of Z-axis nodes is prevented by the topology of
the Fermi surface, which is assumed to be open along the Z-axis.

2. Thermal conductivity for the Ay, + irBs, and B, + ir B2, states

Fig. A2 shows the zero temperature limit thermal conductivity as a function of relative T, reduction §t.(= 1—T./Tro)
for the Ay, + irBs, in panels (a) to (d) and for the By, + irBsy, states in panels (e) to (h). The s-wave scattering
phase shift is tan~!(5). The temperature evolution for these states in shown in Fig. A3.

3. Effect of weak sactterers on thermal conductivity

Fig. A4 shows the temperature dependence of thermal conductivity normalized to its normal state value for the
Ay, + irBsy, state and for the By, + irBs, state. The s-wave scattering phase shift is tan_1(2). For each state,
thermal conductivity is calculated for §t. = 0.02 and 6t. = 0.15.
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Appendix D: Spherical Fermi surface

Now we consider the two component states on a spherical Fermi surface. Fig. A5(a) shows the DOS for the
Ay, + irBy, state, which is an AF and non-chiral state. The variation of A_ for this state is shown in the Fig. A5
(b) and (c). In case of a spherical Fermi surface, all AF states are non-chiral and all the FM nonunitary states are
chiral. For r < 1, the Ay, +irBy, state remains gapped with deep minima along the & and g directions in the k, = 0
plane, and for r = 1, four nodes appear along the z and ¢ directions and show quadratic density of states. For r > 1,
nodes split into eight along the 42 directions, where the polar angle of nodal position becomes tanf = 4++/r2 — 1.
For large values of 7, nodes move towards the Z axis. The DOS remains quadratic at low energies. The DOS remains
the same for other AF nonunitary states, but the location of minima and nodes changes.

Next, we show the DOS of the FM nonunitary state By, + irBs, in Fig. A5(d) with A_ for this state in panel
(e) and (f). For r < 1, there are four point nodes in the zz plane at cotd = £r/v/1 — 12 and for r > 1, there are
four nodes in the zy plane at tanf = £+/1 — r2. The DOS is similar to a state with linear line nodes. For r = 1,
there is a pair of quadratic nodes along the z-axis with linear DOS. The DOS for other FM nonunitary states remains
qualitatively same.

Now, we look at the residual thermal conductivity for the two component states on a spherical Fermi surface. Fig.
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FIG. A5. Panel (a) shows the DOS per spin for the A1, + irBi, state for different values of the mixing parameter r. The inset
shows the energy dependence of DOS at lower energies. The dashed line illustrates the DOS for unitary B3, state has been
shown for comparison. Panel (b) and (c) show the variation of A_ for different values of r in the zy and yz planes, respectively.
Panel (d) shows the DOS per spin for the By, + irBs. state, and the gap structures in the zy and zz planes are shown in
panels (e) and (f).
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FIG. A6. Zero temperature limit xT./knT for the Ay, + irBi, state in panels (a) to (c) and for the Ba, + irBs, state in
panels (d) to (f) for various values of mixing parameter r. The Fermi surface is assumed to be a three-dimensional sphere. The
number of nodes N,, is indicated for each case.

A6 shows the normalized thermal conductivity in the zero temperature limit for the Ay, +irBj, state in panels (a) to
(¢). For the gapped state (r < 1), this state shows complete isotropic behavior and the Z-axis remains very closer to
the xy-plane thermal response. For r = 1, this has nodes in the zy-plane, therefore, as a function of disorder, z-axis
is weaker, but as the disorder level increases, the z-axis response dominate, because there are minima along the xz
and yz planes, and zy-plane also contains a maxima. For r > 1, there are quadruple pairs of point nodes in the zz
and yzplanes, therefore, z-axis always dominates. For the Ay, +irBs, and the Ay, +irBs, states, Z <> ¢ and Z < Z,
respectively, in Fig. A6(a) to (c).

Next, we consider the By, + irBs, state, which is a chiral state on a spherical Fermi surface. Fig. A6 (d) to (f)
show the zero temperature limit normalized thermal conductivity. For » < 1, the nodes are located in the yz-plane,
therefore, the & direction remains smallest. For small values of r, nodes are closer to the g-axis, hence this direction
show the largest thermal conductivity. As r increases and reaches closer to unity, the thermal conductivity along the
z-axis starts to dominate. For r = 1, there are quadratic point nodes along the Z-axis, the thermal conductivity is
largest along the nodal directions. For » > 1, nodes are located in the xz-plane, and the thermal conductivity becomes
smallest along g direction. For values closer to unity, Z-direction shows highest normalized thermal conductivity, but
as the r increases, the nodes move towards z-axis, which shows highest normalized thermal conductivity.

Finally, we look at the temperature dependence of the normalized thermal conductivity for the Ay, + irBy,, which
is shown in Fig. A7(a) to (f). For the Ay, + irBi,, the anisotropy as a function of temperature follows the zero
temperature trend. in Fig. A7(g) to (1) show the normalized thermal conductivity for the By, + irBs, state, the zero
temperature anisotropy continues at low temperature, but at higher temperature the anisotropy reverses as seen in
the case of cylindrical Fermi surface due to the upper quasiparticle energy band.
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for dt. = 0.15 in panels (j) to (1) for various values of mixing parameter r.



1

ot

10
11
12

13

14
15
16
17
18

19

20
21

22

23

24
25
26
27
28
29

30
31
32
33
34

35

36

26

S. Ran, C. Eckberg, Q.-P. Ding, Y. Furukawa, T. Metz, S. R. Saha, [.-L. Liu, M. Zic, H. Kim, J. Paglione, and N. P. Butch,
Science 365, 684 (2019).

D. Aoki, K. Ishida, and J. Flouquet, Journal of the Physical Society of Japan 88, 022001 (2019).

D. Aoki, J.-P. Brison, J. Flouquet, K. Ishida, G. Knebel, Y. Tokunaga, and Y. Yanase, Journal of Physics: Condensed
Matter 34, 243002 (2022).

H. Fujibayashi, G. Nakamine, K. Kinjo, S. Kitagawa, K. Ishida, Y. Tokunaga, H. Sakai, S. Kambe, A. Nakamura, Y. Shimizu,
Y. Homma, D. Li, F. Honda, and D. Aoki, Journal of the Physical Society of Japan 91, 043705 (2022).

H. Matsumura, H. Fujibayashi, K. Kinjo, S. Kitagawa, K. Ishida, Y. Tokunaga, H. Sakai, S. Kambe, A. Nakamura,
Y. Shimizu, Y. Homma, D. Li, F. Honda, and D. Aoki, Journal of the Physical Society of Japan 92, 063701 (2023).

D. Aoki, A. Nakamura, F. Honda, D. Li, Y. Homma, Y. Shimizu, Y. J. Sato, G. Knebel, J.-P. Brison, A. Pourret, D. Braith-
waite, G. Lapertot, Q. Niu, M. Valiska, H. Harima, and J. Flouquet, Journal of the Physical Society of Japan 88, 043702
(2019).

T. Metz, S. Bae, S. Ran, I.-L. Liu, Y. S. Eo, W. T. Fuhrman, D. F. Agterberg, S. M. Anlage, N. P. Butch, and J. Paglione,
Phys. Rev. B 100, 220504(R) (2019).

I. M. Hayes, T. E. Metz, C. E. Frank, S. R. Saha, N. P. Butch, V. Mishra, P. J. Hirschfeld, and J. Paglione, , arXiv:2402.19353
(2024), 10.48550/arXiv.2402.19353, arXiv:2402.19353.

G. E. Volovik and L. P. Gorkov, Zh. Eksp. Teor. Fiz. 88, 1412 (1985).

K. Ueda and T. M. Rice, Phys. Rev. B 31, 7114 (1985).

E. I. Blount, Phys. Rev. B 32, 2935 (1985).

S. Ran, I[.-L. Liu, Y. S. Eo, D. J. Campbell, P. M. Neves, W. T. Fuhrman, S. R. Saha, C. Eckberg, H. Kim, D. Graf,
F. Balakirev, J. Singleton, J. Paglione, and N. P. Butch, Nature Physics 15, 1250 (2019).

7. Wang, J. O. Rodriguez, L. Jiao, S. Howard, M. Graham, G. D. Gu, T. L. Hughes, D. K. Morr, and V. Madhavan, Science
367, 104 (2020).

A. Y. Kitaev, Physics-Uspekhi 44, 131 (2001).

F. Wilczek, Nature Physics 5, 614 (2009).

D. A. Ivanov, Phys. Rev. Lett. 86, 268 (2001).

S. B. Chung, H.-J. Zhang, X.-L. Qi, and S.-C. Zhang, Phys. Rev. B 84, 060510 (2011).

I. M. Hayes, D. S. Wei, T. Metz, J. Zhang, Y. S. Eo, S. Ran, S. R. Saha, J. Collini, N. P. Butch, D. F. Agterberg,
A. Kapitulnik, and J. Paglione, Science 373, 797 (2021).

P. F. S. Rosa, A. Weiland, S. S. Fender, B. L. Scott, F. Ronning, J. D. Thompson, E. D. Bauer, and S. M. Thomas,
Communications Materials 3, 33 (2022).

H. Sakai, P. Opletal, Y. Tokiwa, E. Yamamoto, Y. Tokunaga, S. Kambe, and Y. Haga, Phys. Rev. Mater. 6, 073401 (2022).
M. O. Ajeesh, M. Bordelon, C. Girod, S. Mishra, F. Ronning, E. D. Bauer, B. Maiorov, J. D. Thompson, P. F. S. Rosa,
and S. M. Thomas, Phys. Rev. X 13, 041019 (2023).

N. Azari, M. Yakovlev, N. Rye, S. R. Dunsiger, S. Sundar, M. M. Bordelon, S. M. Thomas, J. D. Thompson, P. F. S. Rosa,
and J. E. Sonier, Phys. Rev. Lett. 131, 226504 (2023).

F. Theuss, A. Shragai, G. Grissonnanche, I. M. Hayes, S. R. Saha, Y. S. Eo, A. Suarez, T. Shishidou, N. P. Butch, J. Paglione,
and B. J. Ramshaw, Nature Physics (2024), 10.1038/s41567-024-02493-1.

V. Ambegaokar and A. Griffin, Phys. Rev. 137, A1151 (1965).

L. P. Kadanoff and P. C. Martin, Annals of Physics 24, 419 (1963).

S. Schmitt-Rink, K. Miyake, and C. M. Varma, Phys. Rev. Lett. 57, 2575 (1986).

P. Hirschfeld, D. Vollhardt, and P. Wolfle, Solid State Communications 59, 111 (1986).

P. J. Hirschfeld, P. Wélfle, and D. Einzel, Phys. Rev. B 37, 83 (1988).

K. Ishihara, M. Roppongi, M. Kobayashi, K. Imamura, Y. Mizukami, H. Sakai, P. Opletal, Y. Tokiwa, Y. Haga,
K. Hashimoto, and T. Shibauchi, Nature Communications 14, 2966 (2023).

V. I. Marchenko, Zh. Eksp. Teor. Fiz. 93, 583 (1986).

M. Sigrist and T. M. Rice, Z. Phys. B 68, 9 (1987).

J. F. Annett, Advances in Physics 39, 83 (1990).

A. Fledderjohann and P. Hirschfeld, Solid State Communications 94, 163 (1995).

S. Suetsugu, M. Shimomura, M. Kamimura, T. Asaba, H. Asaeda, Y. Kosuge, Y. Sekino, S. Ikemori, Y. Kasahara,
Y. Kohsaka, M. Lee, Y. Yanase, H. Sakai, P. Opletal, Y. Tokiwa, Y. Haga, and Y. Matsuda, Science Advances 10,
eadk3772 (2024).

D. Aoki, H. Sakai, P. Opletal, Y. Tokiwa, J. Ishizuka, Y. Yanase, H. Harima, A. Nakamura, D. Li, Y. Homma, Y. Shimizu,
G. Knebel, J. Flouquet, and Y. Haga, J. Phys. Soc. Jpn 91, 083704 (2022).

S. Lee, A. J. Woods, P. F. S. Rosa, S. M. Thomas, E. D. Bauer, S.-Z. Lin, and R. Movshovich, “Anisotropic field-induced
changes in the superconducting order parameter of ute2,” (2023), arXiv:2310.04938 [cond-mat.supr-con].

P. G. Klemens, Proc. Phys. Soc. London, Sect. A 68, 1113 (1955).

J. Bardeen, G. Rickayzen, and L. Tewordt, Phys. Rev. 113, 982 (1959).

C. Uher, Journal of Superconductivity 3, 337 (1990).

I. S. Gradshteyn and I. M. Ryzhik, Table of Integrals, Series, and Products (Academic Press, Cambridge, 2007).



http://dx.doi.org/ 10.1126/science.aav8645
http://dx.doi.org/10.7566/JPSJ.88.022001
http://dx.doi.org/10.1088/1361-648X/ac5863
http://dx.doi.org/10.7566/JPSJ.91.043705
http://dx.doi.org/10.7566/JPSJ.92.063701
http://dx.doi.org/10.7566/JPSJ.88.043702
http://dx.doi.org/10.1103/PhysRevB.100.220504
http://dx.doi.org/ 10.48550/arXiv.2402.19353
http://arxiv.org/abs/2402.19353
http://dx.doi.org/10.1103/PhysRevB.31.7114
http://dx.doi.org/10.1103/PhysRevB.32.2935
http://dx.doi.org/ 10.1038/s41567-019-0670-x
http://dx.doi.org/10.1126/science.aaw8419
http://dx.doi.org/10.1070/1063-7869/44/10S/S29
http://dx.doi.org/10.1038/nphys1380
http://dx.doi.org/10.1103/PhysRevLett.86.268
http://dx.doi.org/ 10.1103/PhysRevB.84.060510
http://dx.doi.org/ 10.1126/science.abb0272
http://dx.doi.org/ 10.1038/s43246-022-00254-2
http://dx.doi.org/ 10.1103/PhysRevMaterials.6.073401
http://dx.doi.org/10.1103/PhysRevX.13.041019
http://dx.doi.org/10.1103/PhysRevLett.131.226504
http://dx.doi.org/10.1038/s41567-024-02493-1
http://dx.doi.org/10.1103/PhysRev.137.A1151
http://dx.doi.org/https://doi.org/10.1016/0003-4916(63)90078-2
http://dx.doi.org/10.1103/PhysRevLett.57.2575
http://dx.doi.org/https://doi.org/10.1016/0038-1098(86)90190-0
http://dx.doi.org/10.1103/PhysRevB.37.83
http://dx.doi.org/10.1038/s41467-023-38688-y
http://dx.doi.org/10.1007/BF01307857
http://dx.doi.org/10.1080/00018739000101481
http://dx.doi.org/ https://doi.org/10.1016/0038-1098(95)00050-X
http://dx.doi.org/ 10.1126/sciadv.adk3772
http://dx.doi.org/ 10.7566/JPSJ.91.083704
http://arxiv.org/abs/2310.04938
http://dx.doi.org/10.1088/0370-1298/68/12/303
http://dx.doi.org/10.1103/PhysRev.113.982
http://dx.doi.org/10.1007/BF00617463

	Thermal conductivity of nonunitary triplet superconductors: application to UTe2
	Abstract
	Introduction
	Model & Formalism
	Superconducting State
	Impurity Scattering & Thermal Transport

	Results & Discussion
	T=0 limit of density of states and thermal conductivity
	Finite T electronic thermal conductivity
	Inelastic scattering effects

	Summary & Concluding Remarks
	Acknowledgments
	Thermal Conductivity
	Gap equation and transition temperature
	Some additional results
	Density of states: Nonunitary states on cylindrical Fermi surface
	Thermal conductivity for the A1u+irB3u and B1u+irB2u states
	Effect of weak sactterers on thermal conductivity

	Spherical Fermi surface
	References


