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We show that the pair-density-wave (PDW) superconducting state emergent in extended
Heisenberg-Hubbard models in two-leg ladders is topological in the presence of an Ising spin sym-
metry and supports a Majorana zero mode (MZM) at an open boundary and at a junction with
a uniform d-wave one-dimensional superconductor. Similarly to a conventional finite-momentum
paired state, the order parameter of the PDW state is a charge-2e field with finite momentum.
However, the order parameter here is a quartic electron operator and conventional mean-field the-
ory cannot be applied to study this state. We use bosonization to show that the 1D PDW state
has a MZM at a boundary. This superconducting state is an exotic topological phase supporting
Majorana fermions with finite-momentum pairing fields and charge-4e superconductivity.

In the conventional theory of superconductivity, the
Cooper pairs have zero center-of-mass momentum @, ]
Fulde and Ferrell and independently Larkin and Ov-
chinikov showed that it is possible to have a supercon-
ducting (SC) state where the Cooper pairs have nonzero
center-of-mass momentum in the presence of a uniform
(Zeeman) magnetic field [3, [4]. Evidence for a nonuni-
form SC state has been found in some high-temperature
superconductors. In these systems a nonuniform SC
state appears with intertwined orders breaking trans-
lational symmetry, including spin-density wave (SDW)
and charge-density wave (CDW) orders.[5-9] An inter-
esting example of the phase appears in the cuprate
Lay_,Ba,CuO4 (LBCO) [10, [11]. At z = 1, the critical
temperature 7T, of the uniform d-wave superconductiv-
ity is suppressed to near 4K. However, between 4K and
16K, where CDW and SDW orders are present, there
is a quasi-two-dimensional SC phase, where CuO planes
are superconducting but the material remains insulating
along the c-axis. This dynamical layer decoupling seen
in LBCO (and in LSCO in magnetic fields), i.e. an effec-
tive vanishing of the inter-layer Josephson coupling, can
be explained if the CuO planes have pair-density-wave
(PDW) SC order [12, [13]. This PDW SC state has been
proposed as a natural competing state of the uniform
d-wave SC state in the pseudogap regime ﬂﬂ, E—Iﬁ]

In addition to the empirical evidence in cuprates ﬂﬂ]
there is considerable evidence for the PDW state in mi-
croscopic models. Corboz et.al. HE] used iPEPS (infinite
projected entangled pair-states) simulations and found
strong evidence in the ¢ — J model (over a significant
range of parameters) that the PDW state, the uniform
d-wave SC and and a coexistence SC state appear to
have essentially degenerate in energy. Recently, two of us
showed that in the weak coupling limit a PDW state is
the ground state of a system in an electronic spin-triplet
nematic phase ﬂﬂ] In 1D systems, a PDW state has
been found in the spin-gap state of the Kondo-Heisenberg
chain HE] and in an extended Hubbard-Heisenberg model

on a two-leg ladder [19].

There is great interest in searching for Majorana
zero modes (MZM) in defects of topological SC states
(vortices, junctions and boundaries), ranging from one-
dimensional wires with a proximity-induced supercon-
ductivity @], and chiral p, + ip, SC states ], to vor-
tices in the SC surface of topological insulators M]
Defects harboring MZM obey non-abelian statistics and
are potential platforms for topological quantum compu-
tation, since the information is encoded non-locally and
are immune to decoherence @, ] In these cases, the
SC states are uniform, and the center-of-mass momentum
of the Cooper pair is zero. Furthermore, the topological
nature of the SC states can be understood from a weak
coupling description of the states, e.g., a mean-field the-
ory, in which the superconductivity is encoded into the
theory in terms of fermion bilinears.

In this work we show that MZM also appear on one-
dimensional (1D) systems in which the PDW SC state
has been shown to be the ground state. As we will see
below, the PDW SC states have composite order param-
eters which are quartic in the microscopic electronic de-
grees of freedom. Contrary to the conventional topolog-
ical 1D SC states, these 1D PDW states cannot be de-
scribed by the conventional Bogoliubov-de Gennes (BdG)
mean field picture of superconductivity. For this reason
it is not apparent how do these PDW states fit in the
current classifications of 1D fermionic systems m—l&_ﬂ]
The study of strongly correlated systems require the use
of non-perturbative tools such as bosonization. Using
bosonization M] we show that the PDW SC state
found in the two-leg ladder model and in the Kondo-
Heisenberg model is topological and supports a MZM at
the end of the ladder. In this case, the MZM are associ-
ated with solitons of the spin sector of the PDW ground
state which are a manifestation of the spin-charge sepa-
ration of strongly correlated 1D fermionic systems.

PDW States in Two-leg Ladder: We start with
the extended Hubbard-Heisenberg two-leg ladder model,



a physically relevant model for the study of cuprate su-
perconductors, and demonstrate that the PDW SC state
emergent from the model ﬂﬁ] is topological in that it
supports a MZM at the open boundary. With minor
changes the same considerations apply to the spin gapped
phase of (closely related) Kondo-Heisenberg chain HE]
In both systems, the PDW state has a spin gap and ex-
hibits quasi-long range order only for order parameters
which are quartic in electron fields (including an uniform
charge 4e SC order parameter). In this highly non-mean-
field SC state, all bilinears operators of the microscopic
electrons have exponentially decaying correlations.

In a two-leg ladder, the local electron field ¢, ; has
the leg index a € {1,2}, the site index j € Z, and the
spin index o € {1,{}. In the presence of the inter-leg
hopping, we first diagonalize the kinetic (hopping) term
Hy of the full two-leg ladder Hamiltonian H = Hy + Hint
using the bonding (n = b) and anti-bonding (n = a) basis
states instead of the wire index

Ho= ). Zt’? (C;fz,j,acn7j+1,o + h-C-) ; (1)

where ¢, is the hopping parameter for the 7-electron. In
the low-energy limit, the kinetic term is

Hy = Z / da(—ivy) (R} ,0.Ry o — LY ,0,L,,), (2)
n,0

where v, are the Fermi velocities for the two bands. The
interaction terms can be rewritten in terms of charge and
spin currents for the bonding and antibonding bands. ﬂﬁ]
We are interested in the case when the bonding band is
at a rational filling and due to an umklapp operator has
a charge gap A. > 0 (which for general filling requires a
large enough nearest neighbor Coulomb interaction V).
At low energy (compared to A.) the only charge degree of
freedom is thus solely from the anti-bonding band. It is
decoupled from the rest of the dynamics and its effective
Hamiltonian is

e

Hc = 5 (KC(amec)2 + Kic(am(bcy) : (3)

With the charge gap in the bonding band, the remain-
ing interactions between the bonding band and the anti-
bonding band only involve their spin sectors. Thus the
bonding band acts as the Heisenberg chain and couples
to the anti-bonding electron through the Kondo cou-
pling, and thus the model becomes identical to that of
the Kondo-Heisenberg model.ﬂE, ] The typical form of
the interaction is ~ JS, - Sy, and the bosonized form of
the Hamiltonian for the spin sector is HE, @]

Ho = 555 (K (0:052) + Ko (006:2)?)

+ COS(2\(/7:1_767LT)(§S+) [951 cos(VATs—) + gso COS(M@S‘)} ’
(4)

where ¢4+ = %(qﬁ&b + ¢ ) and similarly for 6, +. (See
the supplementary material A for a review of the two-leg
ladder model of Ref.[19] and bosonization details.)

What is important here is that marginally relevant in-
teraction term of Eq. (@) drives the system into a regime
in which the spin sector generally has a finite spin gap.
In the spin gap phases (PDW and uniform SC), the op-
erator “cos(v/4m¢s )" in Eq. (@) can be replaced by its
expectation value pg s, 4. With this approximation, valid
deep inside the gapped phases, only the (s, —) sector re-
mains at low energies and is subject to the potentials
resulting from the second line of Eq. ()

Vs = lg,s,+ |9s1 cos(VAmps—) + gsz cos(Vamls )|, (5)

In this regime, the resulting model has two gapped
phases: a commensurate PDW state with wave vector
Q = m with a stable fixed point at (gs1, gs2) = (—00,0),
and a uniform SC state (gs1,9s2) — (0,—00), with
K, _ — 1. We are interested in the PDW phase de-
scribed by the fixed point (—oo,0) which has a two-fold
degenerate ground state labelled by ¢s — = 0, /7 (with
the dual field 0, _ undefined). In this phase, the con-
ventional SC and CDW order parameters have exponen-
tially decaying correlations, but the PDW order param-
eter, represented by the composite operator (quartic in
electron fields)

Oppw ~ (Rl[iayU]LZ> - Sy ~ (—l)j exp(im@c), (6)

has power-law correlations due to the fluctuations of the
surviving gapless charge mode 6.. The oscillatory pref-
actor reflects the short range commensurate order of the
spin sector. We will show that this PDW phase is topo-
logical in that it supports a MZM at a junction with the
uniform SC phase and at an open boundary.

The effective field theory of the spin sector (s,—) at
K, =1 that we presented is solved exactly in terms of
a set of new fermionic fields

R~ WVH@e-=0o0) - p o oVT(de—t0s0) 0 (7)
which are the fermionic excitations emergent at the low
energies of the strongly coupled bosons described by
Eq.([@). These (spinless) fermions are unrelated to the mi-
croscopic electron appearing in Eq.() and Eq. (@), and
should be regarded as soliton states (or domain walls)
that interpolate between the two inequivalent ground
states of the ¢, _ field! @—@] In terms of the fermionic
solitons, the potential of Eq. (B]) becomes

Vs = MuscRT L + AppwR LT + hec., (8)

with Musc ~ pe,s,+9s1 and Appw ~ fig 5,4+ gs2. Hence,
we mapped the problem of the interacting (s, —) spin
sector into a problem of spinless fermions (solitons) with



masses Mysc and Appw. In Eq.(), fermion number is
not conserved but fermion parity, defined by

(—1)Nr = (_1)j'dac (RTR+LTL)

PRAVELN P (9)
is conserved. The physical meaning of the fermion parity
is the Zs spin parity which measures the parity of the
relative change in the spin S, between the bonding and
anti-bonding bands (see the supplementary material B).

The potential of Eq.(®)) superficially resembles the pair-
ing and CDW terms of a 1D spinless wire treated in the
BdG mean field theory. However in the present case
no mean field approximation was made (which strictly
speaking does not hold in a 1D system). Instead, as we
noted above, these spinless fermions are unrelated to the
microscopic fermions of the ladder but are instead soli-
ton excitations of this spin gap state. Nevertheless, at
this level, it is straightforward to identify the low-energy
theory of Eq.([) with the topological SC of class D, in
which M,sc and Appw are interpreted as the conven-
tional CDW and SC order parameters of spinless fermions
(supplementary material A). Keeping this in mind, we
now reveal the topological nature of the PDW state by
showing that it has a MZM at a junction with the uni-
form SC state and at an open boundary.

PDW-uSC junction: We will now consider the case
of a junction between a PDW state for z > 0 and an
uniform (d-wave) SC for < 0. Roughly speaking, the
junction between these two phases can be viewed as a
“phase transition in real space”, instead of in parameter
space. On the other hand, the quantum phase transition
between the PDW and SC phases belongs to the Ising
universality class.ﬂE, @] Across this phase transition the
gap of a non-chiral Majorana fermion closes and opens up
again. From this fact, we readily find that there should
be a single Majorana fermion localized at the junction.

To explicitly demonstrate this, we consider the junc-
tion configuration of Mygc(z) and Appw(x), i.e., they
are the functions of the space z, such that Mysc(xz) =0
for z < 0 and non-zero for x > 0 and Appw is non-zero
for x < 0 but 0 for x > 0. We further rewrite the com-
plex fermions R and £ by the four Majorana fermions
R =nr+ir, L =mnr+ i whose Hamiltonian is

Hs = _iv(nRawnR - 77L8;E77L + gRang - §L6LE§L)

+ 2(Mysc — Appw)ingér + 2(Musc + Appw)inLér.
(10)

We find then that the Hamiltonian of Eq. (I0) is pre-
cisely the two copies of the Majorana fermions with the
masses (Mysc — Appw) and (Mysc + Appw). The fields
(n1,&r) will be always gapped with the size of the mass
|Mysc + Appw| > 0 near the junction at = 0. On
the other hand, (ng,£s) have the mass M,sc — Appw
which changes sign accross the junction and vanishes at
2 — 0. We thus focus only on the fields (ng, &) for the

low-energy physics of the junction

He =~ —iv(NrOzNR — £0.0:€L) + 2(Musc — Appw)inréL.
(11)

This problem is equivalent to the Jackiw-Rebbi model
@] and thus has a single MZM exponentially localized
at the junction.

Open Boundary: We now show that the open boundary
of the PDW state to the vacuum should also localize a
single MZM. The PDW state is described by the potential
of Eq.(8) with M,sc = 0 and non-zero Appw. Then the
low-energy Hamiltonian describing the (s, —) sector is

Hy = (—iv) (R10,R — L10,L) + Appw(R'LT + h.c.),
(12)

which is the low-energy theory of the spinless fermion
exposed to the pairing, i.e., a topological SC in class D.
A remarkable feature of this “superconducting” spinless
fermion state is that it has the dangling MZM at the open
boundary.@, @] In the free fermion class D, the MZM is
solely protected by the fermion parity of the underlying
microscopic electron, which leads to the Zy classification.
In Eq.(d2)), the fermions (R, £) are the fermionic solitons
of the (s,—) spin sector. Thus, the topological classifi-
cation of the spin sector of the PDW state is formally
equivalent to the class D with the fermion parity of the
fermionic solitons Eq.(@)). Hence, in the presence of the
Zo symmetry generated by the parity, the refermioniza-
tion of the (s, —) sector is a theory formally identical to
that of the topological SC in class D. Thus it has the Zo
classification and supports a MZM at the open bound-
ary as the free-fermion SC in class D, even though the
microscopic degrees of freedom of the ladder are far from
being free.

The above results are derived from the refermioniza-
tion of the (s, —) sector at K, _ = 1. However, the MZM
has a topological origin and is stable so far as the bulk of
the PDW state is gapped and the associated Ising sym-
metry is respected. Thus, as far as the (s, —) sector in
the bulk is gapped and the Ising symmetry is respected,
the MZM should be localized at the open boundary even
with K, # 1.[23) Thus this results hold in the entire
PDW SC state and not only asymptotically.

Finally, in the PDW state, the spin sectors are gapped
but the charge sector 6. is gapless and decoupled. When
the spin and the charge are completely decoupled and
strictly separated, then the MZM, originated from the
spin sector, is obviously stable. On the other hand, there
are always irrelevant operators that mix charge and spin
sectors. However the MZM couples only through the spin
sector and the spin sector is gapped. Thus any term in-
volving the spin sector, including the terms mixing spin
and charge sectors, has exponentially decaying correla-
tion length and so the MZM is exponentially localized
at the junction or boundaries. Thus the MZM is stable
despite of the gapless charge sector.



Two PDW Ladders: Because of the Zs nature of
the MZM in the PDW state, one may naively expect
that the system of the two coupled PDW ladders should
be trivial. We will show that it is not the case because
of the charge sector, and that there can be a MZM from
the charge sector though the MZM from the spin sectors
are actually gapped out.

Indeed, the charge sector of each ladder remains gap-
less in the PDW phase of Eq.(d), and there are two local
order parameters exhibiting power-law correlations ﬂﬁ]
The first is the PDW order parameter Oppw of Eq. (6,
and the other is the CDW order parameter at momen-
tum 2kp, + 7 (where kp, is the Fermi wave vector of
the antibonding band of the ladder)

Ocpw () ~ (RlaLa) - Sy, ~ exp(iV2m ). (13)

Let us consider now a system of two coupled two-leg lad-
ders. Due to the spin gap in the PDW states, the single
particle tunneling and any spin-spin coupling between
the ladders is irrelevant. The only remaining local per-
turbations at the decoupled fixed point involve Oppw
and Ocpw (see Ref.[19])

0H = _jOI,PDWOQ-,PDW — gOI,CDWOZCDW + h.c.,

= —J cos(V4nh. ) — gcos(V4mp. ), (14)

where 1,2 label the two ladders and ¢._ = L\/;”

(similarly for 6. _). Despite of the simple appearance of
Eq. (), these terms are actually octets in electron fields
(1) and are usually ignored in lattice model Hamiltonians.
However, all the local quartic terms, e.g. JS1(z) - Sa(z),
in the Hamiltonian are irrelevant at the PDW phase, and
thus the terms in Eq.([Id) are the most relevant pertur-
bations at this fixed point.

The Hamiltonian of Eq.([Id) can, again, be mapped
to Eq.(8) by refermionization of the (¢,—) charge sec-
tor. Thus, when the Josephson coupling J is relevant
(and flows to infinity), there will be a MZM from the
(¢, —) sector. On the other hand, the Majorana fermions
from the spin sector will be generically gapped out by the
local spin-spin interactions between the ladders. From
this example, we see that the naive expectation, that the
coupling of the two topological SC wires should result
a trivial state, may not be true and the coupling may
result in a surprising topological state if each wire con-
tains gapless modes (here the gapless sector is the charge
sector). Based on the observation on the two coupled
PDW ladders, we can treat quasi-one-dimensional sys-
tems in which many PDW wires are stacked and cou-
pled each other as done in the supplementary material
C. In the quasi-one-dimensional states,M] there are
various weak topological phases of the charge and spin
sectors and MZM at lattice defects.

In spite being topologically trivial, the CDW phase
g — oo in Eq.(Id) is not a usual insulating state.

The charge sector (¢, —) of the two-ladder system is in
the CDW phase, which implies that O, ppw,a = 1,2
has an exponentially decaying correlations. However,
in this phase a uniform 4e SC order parameter Ay, ~
O1,ppwO2 ppw has the power-law correlation since the
(¢, +) sector is gapless.

Conventional PDW state: In the above, we
have considered a particular PDW state emergent in a
strongly-coupled Heisenberg-Hubbard two-leg ladder, in
which the PDW order parameter of Eq.(@) has the com-
mensurate momentum. Here we consider a more conven-
tional finite-momentum SC state emerging from an one-
dimensional system with the spin-rotation, time-reversal,
and translation symmetries. Thus we consider the model
with the four fermi points at k = £kp; and k = £kpo,
and each fermi point is doubly degenerate due to the
electronic spin ¢ =T, |,

U, o(x) ~ eikF~a””Ra7U(x) + e_ikF*“wLaJ(x), (15)

with a € {1,2}. We consider a phenomenological effective
local attractive interaction

Vi TI: ;
SH = “2WE o (107005 ][00 (i0") W),

_ _% (COS(\/EQSS,-F) + COS(\/EQSS’_)) ’
(16)

which is identical to Eq.(#]) except the irrelevant term
~ cos(VArl, ) cos(v/Amg, _).[18] The model (@) is
simply a model of the two inequivalentlD spin-1/2
wires coupled by an attractive interaction. Now
when the pairing potential becomes relevant, i.e., deep
in the SC phase, we can first ignore the irrelevant
term ~ cos(vV470, ) cos(v4rgs ) in (I8) and replace
(cos(v/4mgs 1)) by its expectation value jig s 4. Then
following the discussion in the PDW state of the two-leg
ladder, we refermionize the (s,—) sector and find that
there will be a MZM at the open boundary if the asso-
ciated Ising symmetry is present as in the two-leg lad-
der PDW state case. Here the PDW order parameters
Oppw (z) ~ [UlicYo U] - Sy, a # b will develop a power-
law correlations. From this example, we see that the
commensurability of the PDW order parameter of Eq. ()
is not important, and that the emergence of the MZM
may be more general than the particular PDW model
discussed in Eq.(#]).

Conclusions: In this Letter, we discussed the emer-
gence of the MZM in the PDW state of two-leg ladders.
In this state, the PDW order parameter is quartic in
electron operators, and the topological nature cannot be
studied within mean-field theory. Using bosonization, we
showed that the state is topological, and supports a MZM
at the open boundary. The main results are summarized
in the table[ll The MZM discussed in this Letter emerges
from the fermionic solitons of the spin or charge sectors,



Model Phase|Sectors
Two-leg Hubbard ladder |[PDW| (s, -)
Two-coupled PDW Ladders| PDW| (c, -)
Two-coupled PDW Ladders| CDW
Conventional PDW state |PDW| (s, -)

TABLE I. Topological Phases with MZM.

and are not simply related to the microscopic electronic
degrees of freedom. This MZM is a feature of the soliton
spectrum of the spin sector of the two-leg ladder (and of
the charge sector of two coupled two-leg ladders) which
should dominate the low energy response in an (ideal-
ized) electron tunneling experiment. The robust two-fold
degeneracy coming from the Majorana fermions should
appear in the entanglement spectrum as the two-fold de-
generacy of the lowest eigenvalue of the entanglement

Hamiltonian [44, [45].
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