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Unlocking the potential of topological order within many-body spin systems has
long been a central pursuit in the realm of quantum materials. Despite extensive
efforts, the quest for a versatile platform enabling site-selective spin manipulation,
essential for tuning and probing diverse topological phases, has persisted. Here,
we utilize on-surface synthesis to construct spin-½ alternating-exchange Heisenberg
(AH) chains[1] with antiferromagnetic couplings J1 and J2 by covalently linking Clar’s
goblets—nanographenes each hosting two antiferromagnetically-coupled unpaired
electrons[2]. Utilizing scanning tunneling microscopy, we exert atomic-scale control
over the spin chain lengths, parities and exchange-coupling terminations, and probe
their magnetic response by means of inelastic tunneling spectroscopy. Our investigation
confirms the gapped nature of bulk excitations in the chains, known as triplons[3].
Besides, the triplon dispersion relation is successfully extracted from the spatial
variation of tunneling spectral amplitudes. Furthermore, depending on the parity and
termination of chains, we observe varying numbers of in-gap S = ½ edge spins, enabling
the determination of the degeneracy of distinct topological ground states in the
thermodynamic limit—either 1, 2, or 4. By monitoring interactions between these edge
spins, we identify the exponential decay of spin correlations. Our experimental findings,
corroborated by theoretical calculations, present a phase-controlled many-body
platform, opening promising avenues toward the development of spin-based quantum
devices.

Strongly correlated quantum many-body systems and topological phases stand as two pivotal focal points
in modern condensed matter physics and have been intensively explored in quantum dots[4], cold atoms[5],
molecules[6], twisted bilayer structures[7], and conventional crystals with exotic phases, such as Kitaev materials[8]

and Wigner crystals[9]. Their interplay gives rise to novel phases like the topological Kondo insulator[10], topological
superconductivity[11, 12], and topological spin liquids[5, 13–15]. A paradigmatic example of a topological spin system is
the spinful many-body analog of the Su–Schrieffer–Heeger (SSH) model[16], referred to as the one-dimensional (1D)
spin-½ alternating-exchange Heisenberg (AH) model[17]:

Ĥ =
∑
i

(J1Ŝ2i−1 · Ŝ2i + J2Ŝ2i · Ŝ2i+1) (1)

where J1 > 0 and J2 > 0 denote the two alternating antiferromagnetic couplings, and Ŝi denotes the vector of spin-½
operators at site i. Throughout the manuscript we use the convention J2 > J1 without loss of generality. Given this
condition, the model belongs to the same topological phase as the spin-1 Haldane chains, featuring gapped excitations
in the bulk and non-local string order parameters[17]. For AH chains with open boundary conditions (OBC) terminated
by the weaker coupling J1, the system has in-gap edge excitations that, in the thermodynamic limit, become gapless,
leading to a fourfold degenerate ground state (Fig. 1a). In contrast, and at odds with open-ended spin-1 Haldane
chains, AH chains terminated by the stronger coupling J2 have a non-degenerate ground state without edge spins, and
AH chains with mixed terminations have a twofold degenerate ground state, with a dangling spin localized at the J1
terminus (Fig. 1a). Therefore, depending on chain parity (i.e., odd or even number of spin sites) and termination, the
degeneracy of the ground state can be 1, 2, or 4, reflecting the underlying symmetry-protected topological order[18]. In
the bulk, all three phases are characterized by a valence bond (VB) crystal ground state[19], with the VB pairs pinned
by the stronger J2 coupling. The elemental bulk excitation is a bosonic spin-1 quasiparticle, called triplon[20, 21].
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FIG. 1. Realization of AH model in goblet chains. a, Schematic illustrations of AH chains with different terminations.
The corresponding ground state degeneracy is displayed below. VB pairs are represented by ellipses. b and c, Schematic
structures and STM images of a goblet (Vbias = −0.05 V, Iset = 500 pA) and a modified goblet dimer (Vbias = −43 mV,
Iset = 500 pA), featuring exchange couplings Jintra and Jinter, respectively. The differential conductance spectra (dI/dV )
taken on different spin sites are shown in the lower panel (Iset = 500 pA), with the background spectra on the Au(111)
substrate shown by gray curves. The averaged d2I/dV 2 spectra are shown by light brown curves. White scale bars denote 0.5
nm. dI/dV spectra are taken with root mean squared modulation voltage Vrms = 2 mV. d, Large-scale topographic image of
goblet chains synthesized on Au(111) (Vbias = −0.10 V, Iset = 50 pA). Chains with different lengths L (number of spin-½ sites)
are marked out. A typical long chain is shown in the right panel (Vbias = −0.30 V, Iset = 500 pA). e, Structural illustration
of tip-controlled spin manipulation, switching chain termination from J1 to J2, where J1 = Jintra and J2 = Jinter.

Over the past decades, extensive experimental efforts have been dedicated to realize this spin-½ AH model, primarily
concentrating on quasi-1D spin arrays embedded in three-dimensional (3D) crystals or polymers[22–33]. However,
spin-phonon coupling and residual exchange interactions between spin arrays are inevitable in these 3D crystals.
Furthermore, the absence of practical methods to control the chain length, parity, and termination type within 3D
crystals hinders systematic investigations for the spin-½ AH model, particularly for their topological edge effects.
Recently, the fabrication of artificial many-body SSH chains with quantum dots has been reported[4], but experiments
were carried out at quarter-filling, whereas the mapping to the AH model requires half-filling. So far, an ideal platform
for realizing the spin-½ AH chain has yet to be established, let alone a controllable quantum phase transition in such
a many-body system.

Recent developments in on-surface synthesis[34–37] and the ensuing realization of magnetic nanographenes have
shown great potential of realizing quantum spin systems[2, 6, 38–41]. In this study, we harness the potential of on-surface
synthesis to covalently connect goblet-shaped magnetic nanographenes[2] into chains on a Au(111) surface (see Methods
and Extended Data Fig. E1 for details of sample preparation), which we show to be a paradigmatic realization of
the spin-½ AH model. Scanning tunneling microscopy (STM) enables spatial- and energy-resolved characterization
of spin excitations by inelastic electron tunneling spectroscopy[2, 42, 43], and also provides precise spin manipulation
enabling the control of chain length, parity, and termination[41, 44]. This allows us to explore three distinct phases,
distinguished by their ground state degeneracies, that become apparent by the presence or lack of edge excitations.
Moreover, the dispersive nature of triplons is successfully extracted, for the first time in an STM experiment, by
leveraging quantum confinement effects in finite-length AH chains.
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I. REALIZING THE AH MODEL

As a first step, we validate the realization of the AH model in our nanographene system. The fundamental
building block is a Clar’s goblet (C38H18, hereafter referred to as goblet), which harbors two ½-spins that are
antiferromagnetically coupled to each other[2, 38], as illustrated in Fig. 1b. Differential conductance (dI/dV ) spectra
taken on both sides of the goblet exhibit two steps that are symmetric with respect to zero bias (Fig. 1b), representing
the excitation from the singlet ground state to the triplet excited state[2, 38]. The corresponding step energy, indicated
by peak positions in the second derivative d2I/dV 2, reveals the magnitude of the exchange coupling Jintra to be
∼23 meV, in line with previous reports[2]. Connecting two goblets into a dimer gives rise to the nearest (Jinter),
next-nearest (Jnn), and third-nearest (Jnnn) neighbor couplings (Extended Data Fig. E2). To isolate and determine
these exchange couplings, hydrogenation and tip-induced dehydrogenation techniques are applied to the dimer[2, 44],
by which spin sites are selectively switched off (see Methods). A modified dimer involving only Jinter reveals its
antiferromagnetic nature with a coupling strength of ∼38 meV (Fig. 1c), where the symmetric excitation steps
around zero bias correspond to singlet-triplet excitations. Further investigation into dimers involving Jnn and Jnnn
discloses their negligible magnitude (Extended Data Fig. E2). We have also verified that Jinter is not sensitive
to the relative configuration of neighboring molecules, which can be either inversion-symmetric (trans, Fig. 1c) or
mirror-symmetric (cis, Extended Data Fig. E2).

Both the magnitude and the sign of the measured exchange interactions are well-reproduced by a fermionic Hubbard
model solved within the configuration interaction framework with a complete active space (CAS) approximation[38, 45]

(Extended Data Fig. E3, see Methods for details). Therefore, we consider only two alternating nearest-neighbor
exchange couplings J1 = Jintra and J2 = Jinter in goblet chains. Given that the low-energy states, isomorphic
to those of the pure spin Hamiltonian, are well separated from higher energy states involving charge fluctuations,
and that the magnetic anisotropy in nanographene-based spin chains is negligible[6, 46], we thus anticipate that the
low-energy physics of the goblet chain can be described by the spin-½ AH model as presented in equation (1).

Fig. 1d shows an overall topographic image of goblet chains synthesized on the Au(111) surface. Chains so obtained
directly are terminated by J1, associated with complete goblets at the ends. J2-terminated chains can be realized by
passivating the outer-most spin sites using hydrogenative or dehydrogenative passivation[44] (Fig. 1e, see Methods for
details). This permits us to undertake a systematic study of spin chains with different types of terminations.

II. EVEN- AND ODD-HALDANE PHASES

Fig. 2a shows an L = 22 J1-terminated goblet chain (where L denotes the number of spin-½ sites in the chain).
The corresponding dI/dV spectra taken on each spin site are shown in the left panel of Fig. 2c. A striking feature
is the presence of zero-bias peaks (ZBPs) at both chain termini (sites 1 and 22), together with a nearly constant
gap in the bulk of the chain. A faint ZBP is also detected at the third site from the edge (sites 3 and 20), which is
notably evident in the spatially-resolved zero-bias conductance (ZBC) extracted from the dI/dV spectra (Fig. 2f),
indicating an oscillating decay of the ZBP. The dI/dV spectra are modeled using the eigenstates of the spin chain,
obtained by exact diagonalization (ED) of the Hamiltonian (1). We treat tip-surface tunneling up to second order[47],
supplemented by a third-order correction[48] near zero bias (within ±15 mV), to capture both spin excitations and
zero-bias Kondo peaks (see Methods for details). As shown in the right panel of Fig. 2c, the calculated spectra
reproduce the main experimental results, namely the bulk gap, the presence of multiple excitations above the gap, the
ZBPs at the edges and, remarkably, their oscillating decay into the bulk (Fig. 2f). The agreement between experiments
and the simulation validates the use of the AH model to describe our spin chains and unveils the Kondo-screened
nature of the ZBPs stemming from the edge spins. The presence of two edge spins in the L = 22 chain leads to a
nearly fourfold-degenerate ground state (singlet-triplet splitting < 5 µeV, see Extended Data Fig. E4), reflecting the
weak interaction between them. This is in line with the exponential localization of the edge spins, as evidenced by
the ground state magnetization of a long chain calculated using the density-matrix renormalization group (DMRG)
method[49] (Fig. 2g).

Switching off the outer-most spin sites of the chain converts the terminations to J2. As shown in Fig. 2b, the
original terminal spin sites are passivated by tip-induced dehydrogenation, which now show the typical “big eyes”
feature of dehydrogenative passivation[44]. As a consequence, the effective length of the chain reduces to 20 spin sites.
The corresponding dI/dV spectra taken along this modified chain are presented in Fig. 2d, where ZBPs are absent.
Instead, a significant gap with a broad slope is observed at both terminations (1 and 20), which is explained by the
dense multi-step features revealed by the simulated spectra (right panel of Fig. 2d). Individual steps can be resolved
from the third site onwards (between sites 3 and 18). The bulk gap retains a similar value to that observed before
passivation. Notably, without the influence of edge spins, successive spectra along the chain display a consistent
pattern indicative of dimerization, meaning that spin sites connected through J2 share identical properties. This
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FIG. 2. Characterization of J1- and J2-terminated chains. a, Topographic image of a J1-terminated goblet chain with
L = 22. Vbias = −58 mV, Iset = 500 pA. b, Topographic image of a J2-terminated chain with L = 20, obtained by passivating
the two edge spins of the chain shown in a. Vbias = −100 mV, Iset = 500 pA. White scale bars denote 2 nm. c and d, dI/dV
spectra (Iset = 500 pA, Vrms = 2 mV) taken at each spin site of the chains shown in a and b, respectively, with the gray
spectra taken on the Au(111) substrate as a reference. The simulated spectra are shown on the right sides. The green bars
indicate the energy range where third-order scattering processes are taken into account. e, Phase diagram for the AH model
as a function of J1 and J2, assuming J1 terminations. In experiments, goblet chains terminated by J1 (J2) reside in the even-
(odd-) Haldane phase, as indicated by the black (white) star. f Spatially-resolved ZBC extracted from both experimental and
calculated dI/dV spectra in c. g, DMRG calculation of the local magnetic moments for the M = ±1 magnetization sectors of
the fourfold degenerate ground state of a J1-terminated goblet chain with L = 100. The exponentially-localized emergent left
(S⃗L) and right (S⃗R) edge spins are marked out.

spectroscopic manifestation of dimerization is also evident in the bulk of the J1-terminated chain. The presence of
dimerization and the bulk gap unveil the VB crystal nature in the bulk of the system, where the VB pairs are spatially
confined by the J2 coupling (see Fig. 1a and Supplementary Note 1).

For infinitely long chains, i.e., in the thermodynamic limit, the J1-terminated chain has a fourfold degenerate
ground state and can be adiabatically deformed into the spin-1 Haldane chain in the limit J1 → −∞ [17]. In contrast,
the J2-terminated chain maps into a spin-1 Haldane chain passivated with two ½ side spins that gap out the edge
states. As a result, distinct order parameters are needed to characterize the J1- and J2-terminated chains. Here we
adopted the even- and odd-Haldane string order parameters[50], and confirmed that the J1- and J2-terminated goblet
chains reside at the even- and odd-Haldane phase, respectively (Fig. 2e, details in Supplementary Note 2). The phase
boundary between them is at J1 = J2, where the system becomes a gapless uniform Heisenberg chain.

III. QUANTUM CONFINEMENT OF DISPERSIVE TRIPLONS

Although distinct in terms of the emergence of edge spins, AH chains in both even- and odd-Haldane phases share a
VB crystal ground state in the bulk, with elemental excitations that are triplon-quasiparticles carrying a local spin-1
and hopping between VB pairs (Fig. 3a). Here we focus on the low-lying one-triplon modes (one triplon within the
chain), which play a dominant role in single-site spin-flip excitation experiments, such as in STM-based measurements
(see Extended Data Fig. E5). In the thermodynamic limit, the one-triplon band shows a cosine-like dispersion[3]:

E(k)

J2
= 1 − α

2
cos(k) − α2

8
cos(k)[2 + cos(k)] (2)
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wave of a particle in a box and a triplon excitation in a finite VB chain with OBC. b, Sketch of the dispersion relation of the
one-triplon band in the AH chain, together with the calculated spatially-resolved spin spectral weights for the 10 one-triplon
modes of an L = 20 odd-Haldane chain, with energy increasing from bottom to top. c, Calculated d2I/dV 2 spectra of an
L = 20 odd-Haldane chain, obtained by differentiation of the spectra shown in the right panel of Fig. 2d. d, Spatial- and
energy-symmetrized d2I/dV 2 spectra for the L = 20 odd-Haldane chain shown in Fig. 2b. Spectra are averaged within each
VB pair, in light of the exclusive existence of a triplon within the VB (see Supplementary Note 1). e and f, Discrete FT of c
and d, respectively. The one-triplon dispersion relation, obtained with the triplet-wave expansion method and adapted to the
case of OBC, is represented by the filled green circles, with the folded part denoted by the empty circles.

where α denotes the J1/J2 ratio. In a finite chain with OBC, analogously to the particle-in-a-box model (Fig.
3a), confinement leads to the development of standing triplon waves with quantized momentum given by k = 2πn

D
(n = 1, 2, ..., D), where D denotes the number of VB pairs. Moreover, the OBC induces a k-space folding, given
by EOBC(k) = E(k/2), as confirmed by the results of linear spin-wave theory[51]. The resulting spatial and energy
modulations of the triplon modes are reflected in spatially-resolved spin spectral weights[47]. For reference, the
calculated spin spectral weights for an L = 20 AH chain in the odd-Haldane phase are shown in Fig. 3b, revealing
the sinusoidal character of the 10 one-triplon modes. Representing the amplitude of these spin spectral weights in
a energy-site plot gives the dynamic spin structure factor (Fig. 3c), which is proportional to the spatially-resolved
d2I/dV 2 spectra in the experiment[21], as shown in Fig. 3d. Both positive and negative energy branches are obtained,
reflecting the symmetric spin excitations in STM measurements. Despite significant experimental broadening, the
d2I/dV 2 spectra obtained in the experiment match well with the calculation. A notable feature is the approximate
symmetry of the positive and negative branches with respect to J2 and −J2, respectively, corresponding to the energy
of the localized triplon in the fully dimerized case (J1 = 0). Introducing a non-zero J1 imparts a dispersive character
to these triplons, leading to the renormalization and splitting of their energies[21] (see Extended Data Fig. E5). The
asymmetry in intensity between the lower (|E| < J2 = 38 meV) and higher (|E| > J2 = 38 meV) energy windows in
experiments is attributed to the increasing contribution of elastic tunneling conductance with increasing bias[52].

To filter out the non-modulated noise and extract dispersive information of triplons, a discrete Fourier transform
(FT) was applied to the d2I/dV 2 spectra. As illustrated in Figs. 3e and f, both the calculated and the experimental
results exhibit a cosine-like pattern, qualitatively aligning with the dispersion relation EOBC(q) (q denotes the wave
vector in the folded k-space), superimposed as solid green circles. It is noteworthy that, aside from the k-space folding,
a q-space folding emerges due to the discrete FT, introducing a replica wave (empty green circles) characterized by a
π-shift of EOBC(q).

IV. SPIN CORRELATION AND MANIPULATION

For AH chains whose length is shorter or comparable to the spin correlation length (ξ), finite size effects and
short-range interactions cannot be disregarded. A direct consequence in the even-Haldane phase is the effective

exchange interaction Jeff(L)S⃗L · S⃗R between the emergent edge spins (Fig. 4a). As a result, the fourfold degenerate
ground state in the thermodynamic limit (L ≫ ξ) splits into singlet and triplets states[53], with the splitting detectable
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Schematic drawing of the sequential activation process for a pre-hydrogenated goblet chain, where the activated spin sites are
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as the lowest-energy edge excitation (LEE). The dI/dV edge and bulk spectra of chains with different lengths are
shown in Fig. 4c. For chains with L = 4, 6, 8, the LEE can be clearly resolved as a gap in the edge spectra. For
the L = 10 chain, the low-energy feature becomes strongly renormalized and, for the L ≥ 12 chains, the gap is
replaced by a ZBP, reflecting that Kondo exchange between the emergent edge spins and the substrate dominates in
the competition with the inter-edge exchange. As shown in Fig. 4d, the extracted LEE shows an exponential decay
with L. This can be understood from the exponential decay of the inter-edge coupling, Jeff(L) = J1e−(L−2)/ξ, where
ξ = 2.61 is the correlation length obtained from the fitting to the ED calculation. The limited correlation length
establishes that, for a chain with mixed terminations, the edge with the J2 termination shows even-Haldane phase
character, namely the presence of an edge spin and its oscillating decay toward the bulk, whereas the edge with the
J1 termination has odd-Haldane phase character, provided that L ≫ ξ (see Extended Data Fig. E7).

Moreover, the lowest-energy bulk excitation (LBE) also exhibits a decreasing trend with L, reaching a saturation
value that we identify as the bulk gap in the thermodynamic limit (Fig. 4d). This length-dependent evolution of the
LBE is perfectly in line with the calculated spin spectral weight (purple color map), and can be related to the dispersive
nature of triplons. Shorter chains impose a larger value of the minimum wave vector, kmin = 2π

D (with D = L/2 for
even L), pushing the excitation energy up, as illustrated in Fig. 4b. Our measurements for the asymptotic value of
the bulk gap, in the limit of long chains (L > 20), are in perfect agreement with both the triplon-wave expansion
theory, equation (2), and the multiprecision theory methods by Barnes, Riera, and Tennant[54]:

∆(α) ≈ J2(1 − α)3/4(1 + α)1/4 (3)

both yielding a bulk gap of ∼21.3 meV. This quantitative agreement between experiment and theory prediction is
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particularly noteworthy considering that our spin chain is physisorbed on a metallic substrate (which theory neglects),
underscoring the predominance of the exchange interaction over substrate influences.

Finally, we show reversible spin chain control by combining hydrogenative passivation and dehydrogenative
activation, which provides a promising avenue for manipulating spin-based quantum devices. Firstly, atomic hydrogen
is dosed into the chamber to passivate all spin sites along the chain by the formation of -CH2 group[2, 44]. Thereafter,
tip-induced dehydrogenation is used to remove one of the two hydrogens from the -CH2 group, which re-activates
the spin sites in a controlled way (see Methods for details). Fig. 4e illustrates the one-by-one activation for a
hydrogenated chain, progressing from J1-terminations (L = 14) to mixed terminations (L = 15), J2-terminations
(L = 16), mixed terminations (L = 17), and finally J1-terminations (L = 18). The corresponding bond-resolved
current images confirm the emergent edge spins at J1-terminations, indicated by the drastically increased current
owing to the Kondo resonance tunneling (right panel of Fig. 4e). A detailed dI/dV measurement is conducted for
the activated segments for each step, with the ZBC extracted in Fig. 4f (raw data in Extended Data Fig. E7). The
behavior of the edge spin and its oscillating decay in the activated segments mirrors that of the isolated chain, as
studied in Fig. 2f. The gapped feature of the J2 terminations is also evident from the ZBC, with its intensity similar
to the bulk.

Our results highlight the potential for realizing spinful many-body systems in graphene nanomaterials, with
energy scales given by chemically tunable exchange interactions. The precise and flexible control over spin sites
and interactions may open ways toward the operation of carbon-based quantum spin devices.
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V. METHODS

Sample preparation Precursor molecules of Clar’s goblet (see Extended Data Fig. E1 for detailed structure) were
deposited on the clean Au(111) surface via molecular beam epitaxy. Au(111) single-crystal surfaces were prepared
by Ar-ion sputtering followed by annealing at 430 ◦C for 20 min. During precursor deposition, the molecule source
was kept at a temperature of ∼ 250 ◦C, and the Au substrate was kept at room temperature. After deposition, we
annealed the sample first at ∼ 180 ◦C for 10 min for the surface-assisted polymerization and then at ∼ 350 ◦C for 5
min for cyclization (see Extended Data Fig. E1). Detailed synthetic procedures for the precursor molecule in solution
are shown in Supplementary Note 4.

STM and dI/dV measurements STM and scanning tunneling spectroscopy (STS) dI/dV measurements were
performed in a commercial low-temperature STM from Scienta Omicron operating at a temperature of 4.5 K and a
base pressure below 2× 10−11 mbar. All the dI/dV spectra were taken with a modulation voltage of 681 Hz by using
a CO-functionalized W tip except for the data shown in Fig. 1, where a pure W tip was used. d2I/dV 2 spectra were
obtained by numerical differentiation of the corresponding dI/dV spectra. The bond-resolved current images were
taken with a CO-functionalized tip in constant-height mode. In-situ cold deposition of CO molecules was performed
to provide surface-adsorbed CO for tip functionalization.

Spin manipulation methods Both hydrogenation[2] and tip-induced dehydrogenation[44] were used for
manipulating the spin sites. Hydrogenation is achieved by dosing atomic H with a pressure of ∼5× 10−8 mbar
into the chamber for 15 min. The atomic H is produced by a thermal gas cracker using high-purity (99.999%) H2 gas,
with working parameters: high-voltage 2000 V, filament current ∼4.0 A, electron-beam power ∼70 W. The atomic H
bonds with specific carbon sites (usually the middle site of the zigzag edges of the goblet which holds the largest spin
density) to remove the unpaired electrons by forming sp3 hybridization. This kind of passivation process is referred
to as hydrogenative passivation. The additional H atom (having formed the sp3 configuration) can be removed by
applying a high bias voltage of ∼2.0 V using an STM tip. This switches the spin site on again, which is referred
to as dehydrogenative activation. Without previous hydrogenation, tip-induced dehydrogenation can also be used to
passivate the spin site by removing the last H on the carbon site, after which the carbon bonds with an Au atom from
the substrate and concomitant hybridization and charge transfer effectively remove the unpaired π-electron. This is
referred to as dehydrogenative passivation. A schematic illustration for these single-site spin engineering methods is
shown in Extended Data Fig. E8. We compared the isolated J2 values acquired by the hydrogenative passivation and
dehydrogenative passivation. In both cases, J2 ∼ 38 meV, which confirms the equivalence of these two passivation
methods in the framework of the spin model (see Extended Data Fig. E8).

CAS calculations The starting point for the CAS calculations is a single-orbital tight-binding model where we
only consider the pz orbitals of the C atoms that compose the nanographenes. In our approximation, we consider first
and third nearest neighbor hoppings, denoted by t1 and t3, respectively. The corresponding tight-binding Hamiltonian
reads as

H0 = −t1
∑
σ

∑
⟨i,j⟩

c†i,σcj,σ − t3
∑
σ

∑
⟨⟨⟨i,j⟩⟩⟩

c†i,σcj,σ, (4)

where c
(†)
i,σ denotes the annihilation (creation) operator of an electron with spin projection σ =↑, ↓ at site i. This

single-particle model is diagonalized, leading to a set of molecular orbitals. At charge neutrality, a chain with N
goblets (i.e., L = 2N spin-½ sites) features 2N half-filled zero-energy states, slightly hybridized due to t3. For the
CAS calculations, we consider a subset of molecular orbitals that includes these 2N zero-energy states, plus the two
closest states in energy, necessary to account for the Coulomb-driven exchange mechanism[55]. Thus, the active space
includes NMO = 2N + 2 molecular orbitals. For clarity, we note that in modified goblet chains we follow a similar
approach, where we take into account all the quasi-zero-energy states, plus the two closest states in energy. Then, we
include interactions, within the Hubbard model approximation, where we consider an on-site Hubbard repulsion U ,
given by

HU = U
∑
i

ni,↑ni,↓, (5)

with ni,σ = c†i,σci,σ. The many-body Hubbard Hamiltonian H0 + HU is represented in the restricted basis set,
considering all the multi-electronic configurations that can be obtained with Ne electrons in the NMO molecular
orbitals. Assuming half-filling, we always have Ne = NMO. The remaining electrons are thus assumed to fully occupy
the molecular orbitals below the active space, implying that these are frozen doubly-occupied orbitals; the occupation
of the molecular orbitals above the active space is also assumed to be frozen, featuring zero electrons. Finally, the
resulting (truncated) Hubbard Hamiltonian is diagonalized numerically.
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Modelling dI/dV spectroscopy To model the dI/dV spectroscopy we consider a spin chain that is coupled to two
electron reservoirs: the STM tip and the substrate. In our description, we consider two types of electron scattering
that can produce a spin flip in a given site of the chain[56]: electrons that tunnel from tip to sample, exciting the spin
chain in the process; and scattering between the substrate electrons. To compute the current, I, we apply scattering
theory including corrections up to third order[48]; then we differentiate the current with respect to the bias V (defined
as the difference between the chemical potential of the two reservoirs), thus obtaining the theoretical prediction for
dI/dV . Up to second order, the dI/dV spectrum is composed of thermally broadened excitation steps, whose height
is determined by the spin spectral weight[47]. Excitations are only possible if the total spin, S, of the involved states
respects the relation ∆S = 0,±1. The third-order correction accounts for processes mediated by intermediate states;
the spin conservation rule is enforced between the initial and final states, as well as between the initial/final state
and the intermediate states; energy conservation, however, is only required between the initial and final states. The
third order correction is responsible for the introduction of logarithmic resonances which lead to two main changes
in the spectrum: i) the thermally broadened steps acquire an overshooting feature at the onset of excitation; ii) a
Kondo peak appears at zero bias if the system has a degenerate ground state. In our calculations, we have considered
a temperature of 4.5 K.
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VI. EXTENDED DATA

On Au(11
1)
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at 180°C Dehydrogenative cyclization
 at 350°C
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n

FIG. E1. Schematic drawing for the on-surface synthesis of goblet chains from the precursor to the ribbon.
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FIG. E8. Comparison between dehydrogenative and hydrogenative passivation of spin sites. a, Schematic
illustration of different engineering methods for spin manipulation. b and c, Schematic illustration and topographic image of
a dehydrogenative passivated goblet dimer containing only J2. Vbias = 0.10 V, Iset = 500 pA. d and e, Schematic illustration
and topographic image of a hydrogenative passivated goblet dimer containing only J2. Vbias = −45 mV, Iset = 500 pA. f, The
corresponding dI/dV spectra taken in c and e. Iset = 800 pA. The averaged d2I/dV 2 spectra of 1 (5) and 2 (6) are shown in
the bottom panel. All dI/dV spectra are taken with Vrms = 2 mV. Scale bars denote 0.5 nm.
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