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Doped Bi,Se; is proposed to be a nematic superconductor originating from unusual interorbital pairing. We
calculate all induced superconducting pair correlations in Bi,Se; and discover that intraorbital odd-frequency
pairing clearly dominates over a significant range of frequencies. Moreover, we explore the contributions of
even- and odd-frequency pairing to the Meissner effect, including separating intra- and interband processes
in the response function. Contrary to expectations, and due to interband contributions, we find a diamagnetic
Meissner effect from the odd-frequency pairing that stabilizes the superconducting order.
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Superconductivity in Bi,Se; has been a focal point of
experimental and theoretical research in the past few years.
Bi,Se; had already gained prominence as a strong topological
insulator [1,2], when it was discovered that electron doping
by intercalation of Cu (and later Nb and Sr) leads to the
appearance of superconductivity [3]. Due to the strong spin-
orbit coupling, the pairing was already early on proposed to be
of odd parity, making doped Bi,Se; an intrinsic topological
superconductor [4]. More recently, a series of experiments
have additionally discovered a surprising breaking of the
rotation symmetry of BiSes in the superconducting state
[5-10]. This so-called nematic superconducting state has been
found to only be consistent with an exotic interorbital order
parameter, meaning the Cooper pairs consist of two electrons
from different orbitals in the Bi,Se; low-energy structure [11],
in contrast to more standard intraorbital pairing.

In the presence of an additional electronic degree of
freedom, such as the orbital index in Bi,Ses, the symmetry
classification of superconducting pairing is extended [12,13].
In particular, in the presence of spin, spatial parity, orbital
(or band, layer, valley, etc.), and time/frequency quantum
numbers, a total eight classes are possible, of which four
are odd in frequency [12,13]. Odd-frequency superconductiv-
ity has the electrons paired at different times, with an odd
relative time difference. It was originally envisaged as an
order parameter for *He [14] and has played a major role
in the understanding of proximity-induced superconductivity
in heterostructures [15-22]. More recently, bulk systems in
the presence of interorbital terms in the Hamiltonian have
also been shown to often host odd-frequency pair correlations
[12,23-27].

As odd-frequency pairing joins electrons at different times,
direct probes of this intrinsically dynamical state have proven
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to be challenging. Nevertheless, there still exist directly
measurable consequences, such as finite Josephson currents
through half metals and Weyl semimetals, entirely carried
by odd-frequency pairs [28-31]. In addition, the presence of
odd-frequency correlations has been connected indirectly to,
for example, the Kerr effect [26,27]. Another direct phys-
ical probe of odd-frequency pairing has traditionally been
the Meissner effect. In contrast to the usual diamagnetic
Meissner response of even-frequency pairing, which expels
an external magnetic field from the superconductor, quasi-
classical approaches have predicted a telltale paramagnetic
Meissner effect for the proximity-induced odd-frequency
pairing in heterostructures [22,32-34], which was recently
also experimentally observed in superconductor-ferromagnet
junctions [35]. A paramagnetic response for odd-frequency
pair correlations has also been calculated for generic multi-
band Hamiltonians [36]. Because a paramagnetic Meissner
effect means the superconductor attracts instead of repels
magnetic fields, the superconducting state should become
unstable [37]. While an odd-frequency order parameter has
been shown to possibly be thermodynamically stable [38,39],
the paramagnetic response from odd-frequency pair correla-
tions would prove detrimental to superconductivity in mul-
tiorbital systems. It would therefore be very important to
discover odd-frequency pairing with a diamagnetic Meissner
response.

In this Rapid Communication, we calculate all pair cor-
relations induced in the interorbital nematic superconductor
BiySe; and discover prominent intraorbital pairing terms,
which are odd in frequency and clearly dominate the even-
frequency pairing over a wide range of frequencies. More-
over, we calculate the Meissner response of both the even-
and odd-frequency pair correlations and analyze inter- and
intraband processes separately. Surprisingly, we obtain a dia-
magnetic Meissner effect for the odd-frequency components.
This is both paramount for the stability of the dominant odd-
frequency pairing in the superconducting phase of Bi,Se; and
opens a road for designing other stable odd-frequency super-
conductors. Finally, we also find a clear twofold rotational
symmetry in the Meissner response signaling the nematic
state.
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Model. The low-energy physics in the normal state of
Bi,Ses is well captured by a linear momentum model with
two orbitals [4,40],

7:10 = moy + U(kxsy - kysx) ®o; + UZkZO'y — MK, 1

where o; and s; indicate the Pauli matrices in orbital and
spin spaces, respectively, v and v, are the Fermi veloc-
ities of the electrons in and out of plane, m hybridizes
the different orbitals, and p is the chemical potential. We
also set i = 1. The eigenvalues of Ho are given by €} =
:i:\/ m? +v2(k} + k) + v2kZ — p, forming a gapped three-
dimensional (3D) Dirac dispersion, with the twofold degen-
erate valence and conduction bands separated by a 2m energy
gap.

We introduce superconductivity through the pairing matrix
A and write the full Hamiltonian in Nambu space as H=
Hy + A, where Hy = (H‘gk) —7—1;?(—1())’ and A= (AOT ﬁ),
where we use -°- (-¥-) to signal 4 x 4 (8 x 8) matrices.
Out of the four possible k-independent pairing symmetries
identified for doped Bi,Ses [4], the experimental discovery of
nematic superconductivity [5,6] singles out an unconventional
frequency-independent interorbital spin-triplet order param-
eter. Specifically, this state transforms according to the 2D
E, irreducible representation of the D3 point group of BiySes
and has the form (Ax, Ay) = A(so ® ioy, s; ® ioy) [11]. Be-
low the transition temperature 7, the order parameter can
form any linear combination, parametrized by A = A, A, +
A_,,Ay with coefficients A, ;. The nematic state is formed by
(Ax, Ay) = [cos(0), sin(f)], where 6 corresponds to the in-
plane angle of the nematic director. With complex coefficients
(Ag,A)) = %(1, i) the order parameter instead describes a
chiral superconductor.

For all numerical evaluations we set A = 0.3 meV, which
is similar to values measured in scanning tunneling exper-
iments [41]. The other parameters are obtained from com-
parison to density functional theory (DFT) calculations as
m = —0.28 eV,v =0.434 eV, and v, = —0.248 eV [40]. Su-
perconductivity in BiySe; is observed for electron doping [42]
and we therefore study 0.27 eV < p < 0.4 eV, ranging from
the Fermi level close to the bottom of the bulk conduction
band to the doped metallic regime.

Odd-frequency pairing. We first perform a complete clas-
sification of the superconducting pair correlations by studying
the anomalous Green’s function , which is directly obtained
from the Matsubara Green’s function

Gliw) = (iw—H)™ ' = (Jg: ]g:) 2)

Here, G and G are the normal Green’s functions in particle
and hole spaces, respectively. To obtain compact analytical
expressions for all types of pair correlations, we treat, in a
first step, the superconducting order parameter A as a small
quantity relative to the other energy scales and expand the
Green’s function to first order in A. The anomalous part then

reduces to F = QOAQ_O, where C;o is the Green’s functions
of the bare Hamiltonian H,.

TABLE I. Symmetry classification of the pair correlations in
F® for generic (A,,A,) according to their spin, parity, orbital,
and frequency symmetries. The bold term has the same symmetries
as the order parameter, while the italic (first row) highlights the
s-wave intraorbital odd-frequency pairing. Here, AL = A, £ iA,, A -
k= Ak, + Ak, A x k = Ak, — Ayk,, and D = [, [(iw)* — (e?)z]
is the common denominator with e? the eigenvalues of ?-Alo.

Pairing (F" % D) Spin Parity Orbital Freq.
2iALmwA ML s Intra Odd
2i(A X k)vwA M =11 Dxy Even-inter  Odd
2A 1 kv A ML P- Intra Even
2(A - k)yvmA N+ Dx.y Intra Even
2(A X k)vk,v, A M= d Intra Even
iAL(m? — u? + wH)A M s Odd-inter Even
iAikzzvzzA ML d Odd-inter  Even
2A kv, A ML Pz Even-inter  Even
2(A - kvuA Mo+ Dx.y Even-inter ~ Even

An overview of all pairing terms in doped BiySe; as
elucidated by FM for any choice of (A,,A,) and with a
classification according to their spin, parity, orbital, and fre-
quency symmetries is shown in Table I [see Supplemental
Material (SM) for the full anomalous Green’s function [43],
fully consistent with Table I]. One of the eight different terms
constitutes spin-triplet, s-wave, interorbital, even-frequency
pairing, i.e., the same symmetry as the order parameter (bold
in Table I). Apart from this, there is only one other s-wave
term, i.e., k independent: a spin-triplet, intraorbital, odd-
frequency pairing (italic, first row). Thus, even though the
superconducting order parameter has unconventional interor-
bital symmetry, there exists odd-frequency spin-triplet, but
otherwise conventional intraorbital s-wave pairing, explicitly
induced by the hybridization between orbitals m. We also
obtain another odd-frequency term, with spin-singlet, p-wave,
even interorbital symmetry. Both of these odd-frequency (and
all even-frequency) pair correlations are proportional to A,
and A, in such a way, that they are present in both the nematic
and chiral superconducting phases.

We find that the induced odd-frequency pair amplitudes
exceed the even-frequency amplitudes with the same spa-
tial parity for a wide range of frequencies. Comparing the
even- and odd-frequency s-wave pair amplitudes in ), the
odd-frequency pairing dominates for m + u < |w| < —m +
i, when the system is doped in the bulk regime, i.e., u >
|m|. The odd-frequency p-wave pairing becomes larger than
the two even-frequency in-plane p-wave pair amplitudes for
|w| > m, and |w| > p, respectively. These analytical findings
are corroborated by a numerical analysis to infinite order in
A. We compare pair amplitudes as a function of frequency by
integrating the absolute value | F(iw)| over k making the usual
replacement iw — % i0". To study p-wave symmetries we
multiply by the corresponding form factors before the integra-
tion. The window of frequencies in which the odd-frequency
pairing dominates is clearly visible in Fig. 1 and agrees well
with the analytical prediction from first-order perturbation
theory (shaded areas), which also further strengthens the
confidence in our perturbative analysis. These results clearly
demonstrate that doped Bi,Se; has dominating odd-frequency
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FIG. 1. Comparison between the absolute value |]:' (w)| inte-
grated over k for odd- and even-frequency pairing in the nematic
state as a function of frequency for (a) s-wave and (b) in-plane
p-wave pair amplitudes. Shaded areas mark the frequency windows
at which the odd-frequency exceeds the even-frequency amplitudes
obtained analytically in first-order perturbation theory. Here, the
nematic angle is 7 /6.

superconducting pair correlations. Taking this odd-frequency
pairing into account is important for any physical property
sensitive to the symmetry of the superconducting pairing, such
as the Josephson effect.

Meissner effect. Having established the presence of dom-
inant odd-frequency pairing in doped Bi,Se;, we turn to its
influence on the Meissner effect. In contrast to the traditional
diamagnetic Meissner effect of even-frequency superconduc-
tivity, odd-frequency pairing has traditionally been assumed
to manifest itself in a paramagnetic Meissner response, which
destabilizes the superconducting order [22,32-36].

The Meissner effect is the response of a superconductor
to an external magnetic field. Within linear response theory
the current response j,(q, w.) to an external vector poten-
tial A, (q, w.) is governed by the current-current response
function through j,(q, w.) = =K., (q, w.)A,(q, w.). Here, q
and w, are the wave vector and angular frequency of the
external vector potential, and p and v spatial indices x, y, z.
The Meissner response is obtained in the limit of a static,
uniform magnetic field w, — 0, ¢ — 0 (in that order) [47,48].

We introduce the vector potential in our Hamiltonian
Eq. (1) by replacing k — k — A (setting ¢ = 1) and cal-
culate the current density operators by taking a variational
derivative with respect to A, [49]. Usually, the current den-
sity consists of a paramagnetic (j© o Ag) and a diamagnetic
part (P o A,). However, due to the linear spectrum of the
Hamiltonian #,, the diamagnetic current vanishes and the
current-current response function reduces to K, (q, .) =
(jif(q, w0)jE (—q., @.)) [50] (see SM for the full derivation
[43]). We express this expectation value to infinite order in
A with the help of the Green’s function as

. . M MP X NP
K;w = (111_{% a}}LnO K;w(qa we)=T kZTre[G]MG]u]
=Ty T[GiGit + FILFir), 3)
K,iw
where Tr, is a trace over only the particle part of the ma-
trix, T is the temperature, and jf: = —dHo(k —A)/0A, and

]_'5 =— jﬁ* are the paramagnetic current operators in particle

and hole space, respectively. We have also suppressed the
momentum and frequency dependence for legibility.

Due to the linear dispersion of the Hamiltonian with an
infinite bandwidth, the integration over the first term of Eq. (3)
diverges. Furthermore, it contributes an unphysical Meissner
response in the limit A — 0, but which would be canceled by
the diamagnetic current from higher-order terms of a more
material-specific Hamiltonian [50]. However, because the
even- and odd-frequency pair correlations are naturally fully
contained in the anomalous Green’s function F = F¢ + F °,
we can work out their complete influence on the Meissner
response by focusing solely on the last term in Eq. (3) [36].
Additionally, in the limit of small A, applicable for Bi,Ses,
the last term in Eq. (3), even captures the full Meissner effect,
because the diverging first term is then always canceled by the
normal-state contribution of K9 = Tr[gAOJA'/f G 711501, as we
also numerically confirm (see SM [43]).

Focusing on the contribution of the second term in Eq. (3),
K\3), we find a sum of even- and odd-frequency contributions
K =K¢, + K2, =T, TiLFjuFej, + FjuFoinl,
since the terms Tr[]:"gj'u]_-"of\,], Tr[ﬁoj'ﬂj-"‘)fv] vanish. The
sign of K{3) determines whether the Meissner response is
diamagnetic (K > 0) or paramagnetic (K < 0) [36]. To
further simplify the results, we use the bands obtained from
diagonalizing H to split the response function K3 into intra-
and interband contributions. The intraband contributions
are dominated by quasiparticles excited just above the
superconducting gap, while the interband contribution, on
the other hand, becomes enhanced when two bands approach
each other in the vicinity of, but not necessarily at, the
Fermi surface. After carrying out the Matsubara summation
analytically, we integrate numerically over k at 7 = 2 K (see
SM [43] for further details).

The resulting even- and odd-frequency contributions to
the Meissner effect in the nematic state are presented in
Figs. 2(a) and 2(b) as a function of chemical potential. For the
even-frequency contribution we find a standard diamagnetic
Meissner response, which is also the dominant contribution
to the total Meissner response, especially for ; >> m. For the
odd-frequency contribution we find that it also contributes
a diamagnetic and not paramagnetic Meissner response, for
almost all field directions and parameters. Considering that
odd-frequency pairing has been widely considered to yield a
paramagnetic response [22,32-36], this is a surprising finding,
which we can understand by separately studying the intra-
and interband processes. In Figs. 2(c) and 2(d) we display
separately the intra- and interband contributions to the K
component at doping levels around the onset of the con-
duction band. For intraband processes, the even-frequency
pairing gives rise to a diamagnetic and the odd-frequency
pairing to a paramagnetic Meissner response, as expected.
The interband processes, however, contribute with the oppo-
site sign. The total response can then be para- or diamag-
netic depending on the balance between intra- and interband
processes. The even-frequency pairing yields a dominating
diamagnetic Meissner response, because the intraband con-
tribution is much larger than the interband one for u > |m|,
as clearly seen in Fig. 2(c). For the odd-frequency pairing
in doped Bi,Se; we find intra- and interband processes of
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FIG. 2. Superconducting contributions to the Meissner effect
for the nematic state as a function of chemical potential. (a) and
(b) K, K, and K responses for even- and odd-frequency
contributions, respectively. (c) Intra- and interband parts of the K&
Meissner response for the even- and odd-frequency contributions
around the onset of the conduction band. (d) Summary of signs (4 for
diamagnetic, — for paramagnetic) for the even- and odd-frequency,
intra- and interband contributions to K displayed in (c). Here, the
nematic angle is 7 /6.

the same order of magnitude and also notably larger than
the corresponding even-frequency processes below the onset
of the conduction band. For the realistic parameters used in
Fig. 2(c), the odd-frequency contributions can be strongly
diamagnetic, when the interband processes become dominant,
but also slightly paramagnetic such as for the K’ component
in Fig. 2(b). As a consequence, the dominating odd-frequency
pairing in doped Bi,Se; actually contributes to a stabilizing
diamagnetic Meissner effect. This is at odds with the previous
notion of a paramagnetic and thus destabilizing Meissner
response from odd-frequency pairing and also opens the
possibility of finding other stable multiorbital odd-frequency
superconductors.

Nematicity. Finally, we discuss the nematicity of the Meiss-
ner response, which is already apparent in Fig. 2, where
K® > K)(,f) > K. A different response in the z direction is
expected from the different Fermi velocities, |v| > |v,|. The
in-plane Fermi surface is, however, isotropic, such that the
observed nematicity in the in-plane Meissner response, with
K almost twice as large as Ky()s,) for 6 = /6 in Fig. 2,
constitutes a clear imprint of nematic superconductivity. The
nematicity also appears in the response for different nematic
angles 6 as we display in Fig. 3, which is equivalent to the
Meissner response for a fixed nematic angle but with the
magnetic field rotated in the x-y plane. The K{¥ and K’
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FIG. 3. In- and out-of-plane (a) even- and (b) odd-frequency
contributions to the Meissner response as a function of nematic angle
0 for chemical potential u = 0.3 eV.

responses display a clear twofold periodicity as a function
of nematic angle both for the even- and the odd-frequency
response, while the out-of-plane K& response is completely
independent of the choice of 8. This twofold periodic response
is a clear-cut manifestation of the spontaneous rotational sym-
metry breaking by the superconducting order parameter, as the
Meissner effect explicitly measures the superconducting state.
The variation is significant, with max(K®))/min(K$®)) ~ 2,
even though the very small order parameter hardly affects the
band dispersion.

Before concluding, we note that the response presented in
Fig. 3 only contains the superconducting contribution to the
Meissner effect. The total Meissner response K, requires also
including the first term in Eq. (3), as well as the contribution
from the diamagnetic current operator for corrections to the
low-energy spectrum beyond linear order in k. However,
adding any of these neglected terms will only overlay ad-
ditional two- or sixfold symmetric quantities on top of the
very pronounced twofold rotation symmetry in Fig. 3. Thus,
we still expect a clear signature of nematic superconductivity
in the Meissner effect, experimentally detectable, e.g., in the
London penetration depth.

Conclusions. In conclusion, we identify large and dom-
inating odd-frequency intraorbital s-wave pair correlations
in the nematic superconducting state in doped Bi,Ses, even
though the order parameter itself constitutes only even-
frequency interorbital s-wave pairing. With odd-frequency
pair correlations known to influence measurable quanti-
ties such as Josephson currents, this result is important
for understanding the physical behavior of doped Bi,Ses.
We further discover that the odd-frequency intra- and in-
terband contributions to the Meissner response have oppo-
site signs, canceling in an intricate way to give rise to
a small, but unexpectedly diamagnetic Meissner response,
which stabilizes the superconducting state. This changes
the current understanding, where odd-frequency pairing
has been assumed to give a paramagnetic Meissner sig-
nal, and reveals the possibility to engineer odd-frequency
superconductors where enhanced interband contributions give
a stable diamagnetic Meissner response.
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