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We study the electron addition spectrum of the one-dimensional extended Hubbard-Su-Schrieffer-
Heeger (HSSH) model in the dilute limit using the density matrix renormalization group method.
In addition to the expected renormalization to the band structure, we find that the electron-phonon
(e-ph) interaction produces an anomalous spectral feature when electrons are added in the singlet
channel but which is absent in the triplet channel. By comparing these results with those obtained
from perturbation theory in the antiadiabatic limit, we demonstrate that this anomalous feature
is a remnant of the strong electron-electron interaction mediated by the SSH coupling previously
derived in the two-particle limit. By studying the evolution of this feature as a function of doping,
we track the fate of this attraction to higher carrier concentrations and provide predictions for the
spectral features to help guide future searches for strong e-ph mediated pairing.

Introduction — Understanding the fundamental lim-
itations of phonon-mediated electron pairing is a long-
standing problem in condensed matter physics. This
question has important implications for determining the
maximum superconducting transition temperature T, in
conventional superconductors and is a topic of active re-
search [1-19]. Eliashberg theory [20] predicts that T,
grows without bound as a function of the dimensionless
electron-phonon (e-ph) coupling A with T, o< v/X in the
strong coupling limit [21], provided one can avoid com-
peting charge-density-wave (CDW) or structural insta-
bilities or the formation of heavy (bi)polarons [2, 4, 9]
that will ultimately suppress superconductivity. Indeed,
several recent quantum Monte Carlo (QMC) studies
of the Holstein model have observed the formation of
(bi)polarons, which are prone to local ordering that ulti-
mately suppresses superconductivity [10, 12, 15, 16, 22].

Su-Schrieffer-Heeger (SSH)- or Peierls-like interac-
tions [23, 24] have attracted considerable interest in this
context. These interactions arise in systems where the
atomic motion modulates the electronic hopping integrals
rather than the on-site energies (as in the Holstein [25, 26]
or Frohlich [27] models). Theoretical studies in the dilute
limit have shown that SSH interactions mediate strong
attractive e-e interactions through pair hopping of on-
site and nearest neighbor singlets [28]. Physically, this
attraction appears when one particle hops by emitting
a phonon while the other electron follows by absorbing
it [28, 29]. This process leads to the formation of light
polarons [30] and stable, mobile bipolarons [28] that can
condense into a high-T, superconductor [17]. The pair
hopping processes can also give rise to novel forms of
magnetism in the absence of a Coulomb interaction, in-
cluding antiferromagnetism [31-33] and quantum spin
liquid behavior [34].

Recent determinant quantum Monte Carlo (DQMC)
studies have concluded that the details of the polaron
mass, phonon-mediated magnetism, and superconduct-

ing correlations in SSH models depend on whether the
phonon modes are placed on the lattice’s bonds or sites
(the so-called bond vs. optical/acoustic SSH models, re-
spectively) [35-37]. In particular, the magnetism and
robust electron pairing appear to be reduced for site
phonons at finite carrier concentrations [36, 37]. DQMC
have also recently reported enhanced T.’s in simulations
of the bond-SSH model near half-filling and in the antia-
diabatic limit [38] but attributed it to a different mecha-
nism. In light of these differences, studying the effective
interactions mediated in different SSH models is neces-
sary to test these theories further.

In this letter, we examine the electron addition
spectra of a one-dimensional (1D) extended Hubbard-
SSH chain using density matrix renormalization group
(DMRG). Our results reveal the presence of a strong
resonance feature in the spectra that we attribute to
the strong residual phonon-mediated attraction between
electrons. Tracking this feature as a function of carrier
concentration, we further demonstrate that it persists in
finite carrier concentrations. Our results suggest that
the strong phonon-mediated attraction persists in the
optical SSH model beyond the dilute limit and identify
a specific spectroscopic signature of this interaction that
can guide experiments.

Model & Methods — We study the optical variant
of the 1D extended-Hubbard-SSH (HSSH) Hamiltonian
(h=1) [35, 39]
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FIG. 1. Electron addition spectral function A*(k,w) obtained
with DMRG for adding a spin-| electron to an L = 40 sites 1D
chain occupied by one spin-1 electron. As indicated in each
panel, results are shown for different values of g while fixing
U =6t, V =0, and Q = 2t. The white dashed lines in each plot
show the single polaron ground state energy, Fi gs. Arrows
in panels ¢ and d indicate the resonance that is the focus of
this work.

with energy Q at site i, &; = (bj +0b,) = V2MQX; is
proportional to the displacement operator X; for the i*®
atom, n; = Y., Ny o is the local electron density operator, ¢
is the nearest-neighbor hopping, U and V are the on-site
and nearest-neighbor Hubbard repulsions, respectively,
and ¢ is the e-ph coupling strength. Throughout this
work, we set M =t =1 and fix () = 2¢, while varying g,
U, and V. We have also explicitly confirmed that all of
our presented results were obtained within the physical
regime of the SSH model, where the sign of the effective
hopping has not been inverted [40].

We solved Eq. (1) using the DMRG method [41], as
implemented in the DMRG++ code [42]. In particular,
we focus on the electron addition spectrum A" (k,w) [43,
44], which we compute directly on the real-frequency axis
using the correction vector algorithm with Krylov space
decomposition and a two-site DMRG update [45]. The
algorithm first computes the real space electron addition
spectrum
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where [t)gs) and Egs are the ground state wave func-
tion and energy, and ¢ denotes the center site of the
chain. The momentum-resolved electron addition spec-
trum A*(k,w) is then obtained by a Fourier transform.
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FIG. 2. Comparison of electron addition spectral function
A*(k,w) for adding either a) one spin-| electron or b) one
spin-1 electron to an L = 40 site 1D chain with a spin-1 elec-
tron already present. Results are obtained for fixed U = 6t,
V =0, Q =2t, and g = 0.8. The white dashed lines in each
plot show the single polaron ground state energy E; gs.

Throughout, we fixed the broadening coefficient to
1 = 0.1t and kept m = 500 DMRG states while restricting
the local phonon Hilbert space at most N, = 7 phonon
modes per site to maintain a truncation error below 1077.

Results — We first examine the electron addition spec-
tra for a dilute HSSH chain with U = 6t and V = 0. Fig-
ure 1 plots A*(k,w) for adding a spin-down electron to
a chain already populated with one spin-up ground state
polaron for different values of g. In this case, Egs = Eq g5
in Eq. (2) refers to the single polaron ground state en-
ergy. This energy E1 g is indicated by the dashed white
line and is equal to the Fermi energy Ep in this case.
Indeed, according to Eq. (2), spectral weight is expected
at energies w = Ey o — B g where Fj , are the eigenen-
ergies of H in the two-electron Hilbert space. Hence, in
the absence of binding, the lowest-energy feature must
appear at w = E; 4, corresponding to Eo g5 = 2E7 4.

For weak coupling (¢ = 0.2, Fig. la), A*(k,w) in-
deed resembles the noninteracting cosine band, with
the expected characteristic phonon kink appearing at
E1 g5 + Q [46, 47]. Increasing e-ph coupling to g = 0.5
(Fig. 1b) produces a stronger renormalization and breaks
the spectrum into a low-energy quasiparticle (polaron)
discrete state and a higher-energy polaron + one phonon
continuum. Further increasing g generates heavier po-
larons [48, 49], and consequently reduces the bandwidth
of the polaron band, as shown in Figs. 1c and 1d. (For
these coupling strengths, the large U prevents the two
polarons from binding together [28, 50, 51], hence there
are no signatures of a bipolaron state.) For the stronger
couplings, we observe the emergence of an unexpected
anomalous spectral feature located within the polaron
band, marked by the white arrows, with larger e-ph cou-
plings pushing its spectral weight closer to the bottom of
the polaron band. As we will show next, this feature is a
resonance arising from the residual e-e attraction medi-
ated by the SSH coupling [28].



To further explore the nature of this anomalous spec-
tral weight, Fig. 2 shows A*(k,w) in the singlet and
triplet channels, obtained by adding a spin-down (sin-
glet sector) or spin-up (triplet sector) electron to a sys-
tem populated with a single spin-up polaron. Here, we
set the parameters as in Fig. 1 and fix g = 0.8. No-
tably, the anomalous spectral weight only appears in the
spin-singlet channel, which can be rationalized by re-
membering that SSH coupling leads to phonon-mediated
electron attraction (repulsion) in the spin-singlet (spin-
triplet) channels [28, 51]. Thus, these results suggest
that phonon-mediated pairing plays a significant role in
the mechanisms responsible for this feature.

Further insights can be gained by examining how the
addition spectrum evolves as a function of the Hub-
bard interaction parameters, as shown in Fig. 3 for fixed
g = 0.8. Fig. 3a shows addition spectra for U = V = 0,
which serves as a reference point, while Fig. 3b plots the
evolution of the k = 0 spectra as a function of U while
fixing V = 0 and normalizing to the peak at w » —2.5¢.
As before, the dashed line in Fig. 3a indicates the energy
of the initial one-polaron state.

For U = 0, the SSH coupling is strong enough to bind
the two electrons into a bound bipolaron, which manifests
as the sharp spectral feature observed below the dashed
line marking the E g in Fig. 3a. Increasing U reduces
the bipolaron’s binding energy and shifts its weight to
higher energies [50]. For U = 2¢, we find that the bipo-
laron peak has already merged with the bottom of the
polaron band, as indicated by the asymmetric line shape
in Fig. 3b. Thus, for U > 2¢, the bipolaron becomes un-
stable to dissociate into two free polarons, because its
energy is larger than 2F) 5. However, a higher-energy
finite-lifetime resonance can persist in the spectrum due
to the residual strong attraction between the carriers. We
interpret the sharp spectral feature above the bottom of
the polaron band as such a resonance, which is shifted
to higher energies with increasing U. The change in the
character of the two-electron ground state is also reflected
in the average densities calculated for the two-electron
ground state shown in Fig. 3c, where we observe a change
from a single peak (bound bipolaron) to a bimodal dis-
tribution (two unbound polarons) for U > 2¢ [52].

Figures 3(d)-(f) illustrate the response of the two-
electron state as a function of nearest-neighbor interac-
tion V. Fig. 3d shows A*(k,w) for fixed U = 6t, g = 0.8,
and V = -3t. Similar to Fig. 3a, the ground state is a
bound bipolaron, which is again reflected by the forma-
tion of a sharp spectral feature below the dashed line.
Sweeping V from attractive to repulsive values reduces
the bipolaron binding energy, similar to the effect of in-
creasing U. For V > 0, the bipolaron is unstable to dis-
sociation, but the remnant phonon-mediated attraction
produces a resonance, similar to Fig. 3b. The change
from the bipolaron to the two unbound polaron ground
state is also clear from the behavior of the average two-
electron densities as a function of V', as shown in Fig. 3f.

To confirm our interpretation of the numerical results,
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FIG. 3. The addition spectrum A*(k,w) for adding a spin-|
electron to an L = 40 site chain already occupied by a single
spin-1 electron. We obtained all results for fixed g = 0.8 and
Q = 2t. Panels (a) and (d) show the momentum-resolved
spectra for (U,V) = (0,0) and (6t,—-3t), respectively. Panel
(b) plots the evolution of A*(k =0,w) with U for fixed V = 0.
Similarly, panel (e) plots A*(k = 0,w) as a function of V for
fixed U = 6t. Panels (c) and (f) show average electron density
(n;) for the two-particle ground state obtained for the same
parameters used in panels (b) and (e), respectively.

we conducted a perturbative analysis of our model in
the antiadiabatic limit (Q > ¢,g), as described in the
supplementary materials (SM) [29]. Specifically, we use
M. Takahashi’s method [53] to project out the high-
energy Hilbert subspaces with one or more phonons
to obtain an effective two-particle Hamiltonian Heg
for the HSSH model. In the singlet sector, H.g has
terms describing the renormalized single quasiparticle
(polaron) dispersion plus terms describing their inter-
actions; the latter includes both the bare on-site re-
pulsion U and the phonon-mediated attraction. The
latter consists of nearest-neighbor pair hopping of on-
site and nearest-neighbor singlets [28, 29]. In momen-
tum space, these phonon-mediated interactions describe
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and next nearest-neighbor ug(k)[cos(2ga)+cos(2¢'a)] ef-
fective interactions which depend not only on the trans-
ferred momentum ¢’ — ¢ but also on the total momentum
k of the pair, see the SM for details [29]. Here u, (k) is
the effective interaction between particles when they are
n sites apart.

We then mimic the spectral weight of Eq. (2) (up to
the shift by E4 ) by calculating the two-particle propa-
gator G(k, z, g, g = (k, §|[Z—Heﬁ]’l|k, %) corresponding
to a singlet between a particle with momentum k and one
with zero momentum. As shown in the SM [29], this spec-
tral weight behaves qualitatively similarly to A*(k,w) of
the DMRG simulations. In particular, it exhibits a sim-
ilar resonance at appropriate g,U values. The analyti-
cal approximation reveals that in the antiadiabatic limit,
the bipolaron is stable, like in Fig. 3(a), when the total

on-site effective energy U + ug(k) = U - % cos(ka) <0,
i.e. when the Hubbard repulsion is weaker than the on-
site phonon-mediated attraction (the latter depends on
the momentum k of the pair because it arises from a
pair-hopping term). However, for U > 2t and ¢ = 0.8,
uo(k) becomes repulsive and there are no stable bipo-
larons [see Fig. 3b]. Nevertheless, the nearest- and next-
nearest neighbor w1 (k) and ug (k) are still attractive near
k = 0. While they are not sufficiently strong to bind a
stable bipolaron, they do mediate the appearance of the
finite lifetime resonance, seen in Fig. 3b and also shown
in the SM [29].

The anomalous spectral feature discussed above
provides a clear spectral signature of the existence of
the non-local attractive interaction mediated by the
SSH interaction, first predicted in Ref. [28], even when
this is not strong enough to bind a bipolaron. Given
this, it is natural to ask whether this feature persists
beyond the extremely dilute limit and could be observed
for carrier concentrations relevant to most quantum
materials. Fig. 4 answers this question by plotting
electron addition spectra for U = 6t, V =0, and g = 0.8
for carrier concentrations ranging from (n) € [0.1,0.35].
The resonance is visible in all cases, with a spectral
weight increasing monotonically with (n). This increase
is expected because the added electron can form a
resonance with any of the electrons with opposite spin
already present in the system. For (n) > 0.2, this feature
develops additional structure and a W-like shape that
places the minima away from the I'-point. For the largest
carrier concentrations [see Fig. 4f], the feature becomes
very reminiscent of the spectral function of the lightly
doped 1D Hubbard model, where spin-charge separation
occurs with distinct holon and spinon quasiparticle
excitations.

Summary & Discussion — We have calculated the
electron addition spectrum for an extended-HSSH model
for carrier concentrations (n) < 0.35 and identified an
anomalous spectral feature that lays within the two po-
laron continuum. Through careful analysis, we have
demonstrated that this feature is a resonance state where
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FIG. 4. Electron addition spectral function A*(k,w) calcu-
lated with DMRG for an L = 40 site chain and fixed U = 6t,
V =0, g =0.8, and © = 2t. The average electron density (n)
is varied between 0.1 and 0.35, as indicated in each panel.
Here, we find that the resonance feature persists well beyond
the dilute limit.

the injected electron forms a metastable singlet bound
state for some time, before decaying. (This interpretation
entirely agrees with an analytical treatment of the prob-
lem in the antiadiabatic limit [29].) This feature’s pre-
cise shape and location depend on the on-site and next-
nearest neighbor Hubbard interactions and the strength
of the e-ph coupling and encodes information about the
residual phonon-mediated attraction in the HSSH model.
Calculations for doped-HSSH chains with (n) = 0.75 and
Q) = 2t did not observe any resonance feature; instead, the
reported A(k,w) exhibited the canonical features of spin-
charge separation [40]. Combined with our results, this
observation suggests that the effective attraction between
the polarons is ultimately suppressed at higher carrier
concentrations.

As highlighted earlier, previous theoretical work has
demonstrated that an SSH coupling mediates a strong
attractive interaction between carriers in the dilute limit,
forming light but stable bipolarons [28]. Our DMRG
results indicate that this interaction persists beyond the



dilute limit and provides a direct spectroscopic signa-
ture of this interaction accessible to probes accessing
the unoccupied electronic states. Scanning tunneling
microscopy and inverse photoemission experiments are
directly suited for this purpose; however, it would
also be interesting to determine if resonant inelastic
x-ray scattering (RIXS) can access these states. In this
context, we note that doped 1D cuprate spin changes
have recently been synthesized and characterized [54]
with estimated doping levels as low as p =1 - (n) = 0.59
holes/Cu. Higher doping levels need to be achieved to
test our predictions. Analogous calculations in higher

dimensions would also help identify suitable materials.
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S1. THE EFFECTIVE HAMILTONIAN IN THE ANTI-ADIABATIC LIMIT

This section presents a detailed perturbation analysis of our model in the anti-adiabatic limit where 2 and U are
much larger than all other energy scales.

We partition our Hamiltonian as H = Ho + T + V', where
Ho = QY blb, + U Y migmyy (1)
i i
are the terms that are diagonal in the real space representation,
T=-ty[cl,c, +Hel (2)
i,o
is the hopping, and
V=g ZZ[C@TUCHLU + H~C-](b1‘+1 +bq — b;‘r -b;) (3)

is the Peierls/SSH electron-phonon coupling.

In the antiadiabatic limit we generalize Takahashi’s method [1] to get an effective Hamiltonian for the low-lying
eigenstates using perturbation theory. Specifically, for configurations with two electrons in the system, we define
projection operators P; and P, that project onto different manifolds of zero-phonon configurations. Let P; project
onto the manifold of zero-phonon configurations CITC} L|0> with i # 7, which are eigenstates of Hg with energy F; = 0;
and let P, project onto the manifold of zero-phonon configurations CITCMO), which are eigenstates of Hy with energy

E5 =U. To second-order perturbation theory in ¢ and g, the effective Hamiltonian in the zero-phonon manifold is

Si +S;
Het =Ho+ Po(T+V)Po+ Y, P(T+V) 5 L(T+V)P;, (4)
i,j=1,2
where Py = P + P, is the total projector onto the zero-phonon manifold, and S; = ;_’_1;_‘20 are related to projectors onto

the many-phonon manifolds.
Calculating these contributions is a straightforward task. To simplify the notation, we note that because H is
invariant to translations, it is convenient to work with states with a fixed total momentum k. Specifically, in the

singlet sector, we define

ek Ri b
|k70):2i: \/N%CMO) (5)
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and for all n > 1:

|k7n> = Ry (CITCT sz,rcj‘i) |O>’ (6)

1

AN Z ¢ it T
so that Py = ¥p o1 [k, n)(k,n|, P> = ¥ |k,0)(k,0|. The sums over k are over the N allowed £ values inside the first
Brillouin zone ka € (-7, 7], where n — oo is the number of sites.

Straightforward calculations give the expressions of Hcg|k,n) for any n > 0. For example, Heg|k,0) = Ug(k)|k, 0) -

V21 (k)|k, 1) + to(k)|k, 2), where

Uo(k)=U - 85%2[1 +cos(ka)],

g . 2
S (. .
Ui (k) (Q + Q+U)[ cos(ka)], (7)
8 2
UnZ?(k) = _%7
and t;(k) = 2tcos &2, ty(k) = %cos(kza), and ty(k) = \/5(% + %) [1+cos(ka)]. Here, U, (k) characterizes the

effective interaction between particles when they are n-sites apart. The parts that are k-independent (like U and —%,
which is twice the polaron deformation energy within this approximation) signal density-density-type of interactions.
The k-dependent parts come from pair-hopping type of interactions, which are mediated by phonon exchange between
the two moving carriers, and which have already been highlighted in Ref. [2].

Hopping links a state |k,n) to |k,n + 1), resulting in the ¢;(k) matrix element proportional to ¢. Effective 2nd
nearest neighbor hopping, described by t5(k) matrix elements, is dynamically generated through phonon emission
and absorption by the same carrier, typical for SSH coupling [3]. Finally, #2(k) — t2(k) describes an effective phonon-
mediated interaction whereby phonon exchange moves two initially on-site carriers two sites apart, and vice-versa [2].

Next, we define the singlet momentum states with total momentum k and relative momentum 2q > 0 as

1
SR N T At T
|k, q) = 2(1+,0) (C§+q,TC§—q,¢ Cg—qncgﬂm) 0) )
In this basis, we find that:
Hesr = Z I:Z e(ka)|kaq><k7Q|
k Lg>0
2

+NZ

q,9'>0

(uoék) +2u1 (k) cos(ga) cos(q'a) + uz(k)[cos(2qga) + cos(2q'a)]) |k, q)(k, q'|] (9)

Here, e(k,q) = Ep(g +q) + Ep(g - q) is the total energy of two non-interacting (far apart) polarons, where the

2 2
polaron energy is (within this approximation) Ep(k) = —% - 2tcos(ka) + % cos(2ka). Interactions, whether due to
the on-site repulsion U or to the phonon-mediated terms discussed above, are described by the terms on the second
line, and result in momentum exchange between the two polarons. For convenience, we introduced ug(k) = Uy (k) + %,

ur (k) = Uy (k) = ta(k) + 55 and uy(k) = V2 (k) — 2ta(k).

S2. TWO-PARTICLE PROPAGATOR

Next, we calculate the propagator

G(k, 2 Q,q) = (k,Q|Ger (2) |k, q) (10)
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where z = w + 41 is the energy including a small broadening 1 > 0, and Geﬁ(z) = [z - Her] ™"

We use Dyson’s identity éeH(Z) = éo(z) + éeﬂ‘(Z)Ueﬁéo(Z) if Hegg = Ho + Ueg, where we identify
Ho =32 Y e(k, )k, q)(k. dl (11)
k q=0
as the non-interacting part of Heg. Using (k,Q|G'O(z)|k’q) = 3,.0Go(k, 2;q), where Go(k,z;q) = [2 - e(k,q)]L, we
find

G(k7 Z3 Qv q) = GO(kv Z3 Q){aq,Q + 2[UO(k) + UQ(k) COS(an)]AO(k7 Z3 Q)
+4uq (k) cos(qa) Ay (k, z;Q) + 2ua (k) Az (k, z; Q)} (12)

where A, (k,2;Q) = % Y20 08(nqa)G(k, z;Q, q) for n=0,1,2. Scaling A, (k,2;Q) = wan(k, z;q) and combin-

ing with Eq. (12), we obtain the linear system of three equations:

ag = 1+ [2uo(k)go(k, 2) + 2us (k) ga(k, 2)] ag + 4ui (k) g1 (k, 2)ar + 2ua (k) go(k, 2)as,
ay = cos(Qa) + [2uo(k)g1(k, 2) + ua (k) (91(k, 2) + g3 (k, 2)) [ ao + 2ur (k) [go (K, 2) + g2(k, 2)])ar + 2uz(k)g1 (K, 2)az,
az = cos(2Qa) + [2Uo(k)ga(k, 2) + uz(k) (g0 (k, 2) + ga(k, 2))] ao + 2ur (k) [g1(k, 2) + g3(k, z)]ar + 2uz(k) g1 (k, 2)az,
(13)
where we use a,, = a,,(k, z; Q) for brevity and we defined g,,(k, z) = % Y420 c08(nqa)Go(k, z;q). These latter real-space
propagators can be calculated numerically.

Solving this system numerically, we find the corresponding a,(k, z;Q), n = 0,1,2 which can then be used in Eq.

(12) to calculate any G(k, z;Q, q).

S3. COMPARISON WITH DMRG RESULTS

The DMRG spectral weight is for adding a particle with momentum % and spin-| to the ground-state for 1 particle
with spin-1, i.e. to a spin-up polaron ground-state. In our approximation, this maps onto (0|CO7TCk¢éeH(Z)CLLCST|0> =
G(k,z g, g), because after the projection on the zero-phonon states, ch|O) describes a polaron with GS momentum
k =0 and energy Ep(k = 0). According to the calculation described above, the propagator in the singlet sector
corresponds to ¢ = @ = k/2 and is, thus:

Gk 2 5. %) = Go(h, 2 %)

12072
+ %[Go(k, z; % ]2 (2 [uo(k) + us(k) cos(ka)] ag(k, 2; %) + 4uq (k) cos %al(k, 2 g) +2us(k)as(k, z; %)) (14)
The first line is the expected result if there are no interactions between the two polarons. As already discussed, it

has poles at the energy w = Ep(0)+Ep(k), which is the expected low energy feature in the absence of interactions. The

second line shows the effect of the interactions. In particular, the existence of poles in the long-expression multiplying

[Go(k, z; g)]2 indicates the appearance of bound two-particle (bipolaron) eigenstates. To make this more apparent,

consider first the case without electron-phonon coupling, g = 0, in which case the calculation above is exact and leads

to the two-particle propagator for a pure Hubbard model:

2

1 1 1 U

Gl b By — = 4 — 15
( 2:3) z+4tc052% N|:z+4tc052ka:| 1- v (15)

2 ka \/ ka
\/2—415 cos 5~ z+4t cos 5
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(b) U=2t
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FIG. S1. Comparison of the electron addition spectral function A*(k,w) computed using second-order perturbation theory
(panels a-e) and DMRG (panels f-j) for the Hubbard-SSH model. The model parameters used here are Q = 10¢, V =0, and U
as indicated in each panel. For panels (a-e) electron-phonon coupling is fixed at g = 1.58 (A = 0.125) and for panels (f-j) it is
g=1.8(A=0.163). DMRG results are computed for an L = 40 site chain.

This has a structure similar to Eq. (14). In the absence of interactions (first term), the poles appear at w = —4t cos? k—; =

€(0)+e(k), where e(k) = =2t cos(ka) is the energy of a free carrier with momentum k. The second term appears because

of the on-site interaction U, and allows for a new pole when U = \/ z — 4t cos @\/ z + 4t cos k—; A discrete solution is

2
only possible outside the continuum -4t cos % < w < 4tcos % which describes the convolution of two single carrier

spectra with total momentum k, ie the continuum of states accessible due to carrier-carrier scattering. If U > 0, there

is a new pole above this continuum at Eg(k) = \/U2 + 16t2 cos? %“ describing an ’anti-bound’ state due to strong

on-site repulsion between the two carriers, when they are at the same site. For U < 0, the new pole appears below the

continuum, at Eg(k) = —\/U2 +16t2 cos? 2% and describes a pair bound by the on-site attraction [4]. Note that the
weight of this second term scales like 1/N. This is expected because this term is proportional to the probability of the
two carriers being at the same site and thus to interact, and it means that in the thermodynamic limit, this bound
state becomes invisible in this representation (one can see it if the propagator is projected on the |k,0) state of Eq.
(3)). In a system with a finite but low concentration of carriers, one would expect that this term scales like the carrier
concentration z. In the results shown below, we set (rather arbitrarily) this prefactor 1/N to a finite value such that
the two terms have similar spectral weight, so that they are both visible in the same color plot. Note, however, that
when we calculate the various propagators we use the thermodynamic limit.

We expect similar behavior in the presence of electron-phonon coupling, at finite g. In this case, the effective on-site
interaction described by ug(k) = U - % cos(ka) can become attractive near k = 0 for a strong enough electron-phonon
coupling, promoting the formation of bipolarons. However, the Peierls coupling also mediates effective interactions
between nearest-neighbor (nn) and second nearest-neighbor (nnn) carriers, described by wuy(k),us(k), which do not
depend on U. It is thus possible that for a large enough U, ug(k) > 0 and there are no stable bipolarons, however,
the nn and nnn interactions uq (k),us(k) are still attractive at small enough |k| and can mediate the appearance of
a 'resonance’. One way to think about this is as a quasibound-state (primarily on nn sites) with a finite lifetime

(meaning, a broadening much larger than 1) because it lies at higher energies and it is energetically more convenient
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to unbind eventually into two polarons.

We validated this interpretation by comparing results obtained in using this approximation with DMRG results
for Q = 10¢, as shown in Fig. S1. Note that here we use A = 0.125 in the anti-adiabatic approximation and A = 0.163
for the DMRG results. This choice is to partially correct for the 2nd order perturbation theory’s underestimation of
the critical A., where the single polaron ground state undergoes a sharp transition to a non-zero k-value [3]. This
transition occurs at A. = 0.125 in the Q — oo limit but at a higher A, for any finite Q [3]. (Note that there is a factor
of four difference between the definition of A\ used here vs. in Ref. [3].) The DMRG results with A = 0.163 appear
to be very close to this critical value, based on the flatness of the independent two-polaron continuum located at
E,(k)+ Ep(0). To mimic a similar situation, we take a lower value of A in the perturbation theory calculations to

place the system in a similar proximity to the transition.

S4. ADDITIONAL RESULTS FOR ELECTRON ADDITION SPECTRAL FUNCTION FOR EXTENDED
HUBBARD-SSH MODEL

Figure S2 shows the momentum-resolved electron addition spectra for several of the cases shown in Fig. 3b and 3e

of the main text.

4
-1 -05 0 0.5
Momentum k (m/a)

1-1 1-1 0 0.5 1-1 -0.5 0 0.5 1

-0.5 0 0.5 -0.5
Momentum k (r/a) Momentum k (r/a) Momentum k (r/a)
FIG. S2. Electron addition spectral function A*(k,w) calculated with DMRG for L = 40 site chain for the extended-Hubbard-
SSH model. All the results are calculated with fixed g = 0.8, Q = 2¢t and n = 0.025. Panels (a)-(d) show results for fixed V =0,
and different U, whereas, panels (e)-(h) show results for fixed U = 6¢, and different V, as indicated in each panel.
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S5. ADDITIONAL RESULTS FOR ELECTRON ADDITION SPECTRAL FUNCTIONS FOR
HUBBARD-HOLSTEIN MODEL

Figure S3 shows the momentum-resolved electron addition spectral function A*(k,w) for the Hubbard-Holstein
model calculated with DMRG for an L = 48 site chain with Q = 2¢, n = 0.083. Fig. S3(a-e) show results for fixed
g = 1.0 and varying U as indicated in each panel, while Fig. S3(f-j) show similar results for g = 1.414. In all values
of e-ph couplings and U, we do not observe the resonance in the Hubbard-Holstein model, as is observed in the

extended-Hubbard-SSH model [Fig. S2].

FIG. S3. Electron addition spectral function A" (k,w) calculated with DMRG for L = 48 site chain for the Hubbard-Holstein
model. Panels (a-e) show results for fixed g = 1.0, = 2¢, n = 0.083, with varying U as indicated, and panels (f-j) show similar
results for g = 1.414.
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