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Construction of topological quantum 
magnets from atomic spins on surfaces

Hao Wang1,2,4, Peng Fan1,2,4, Jing Chen1,2,4, Lili Jiang2, Hong-Jun Gao    1,2, 
Jose L. Lado    3   & Kai Yang    1,2 

Artificial quantum systems have emerged as platforms to realize 
topological matter in a well-controlled manner. So far, experiments have 
mostly explored non-interacting topological states, and the realization 
of many-body topological phases in solid-state platforms with atomic 
resolution has remained challenging. Here we construct topological 
quantum Heisenberg spin lattices by assembling spin chains and 
two-dimensional spin arrays from spin-1/2 Ti atoms on an insulating MgO 
film in a scanning tunnelling microscope. We engineer both topological 
and trivial phases of the quantum spin model and thereby realize first- and 
second-order topological quantum magnets. We probe the many-body 
excitations of the quantum magnets by single-atom electron spin 
resonance with an energy resolution better than 100 neV. Making use of the 
atomically localized magnetic field of the scanning tunnelling microscope 
tip, we visualize various many-body topological bound modes including 
topological edge states, topological defects and higher-order corner modes. 
Our results provide a bottom-up approach for the simulation of exotic 
quantum many-body phases of interacting spins.

The exploration of topological properties in condensed matter sys-
tems has sparked a paradigm shift in our comprehension of quantum 
phenomena, promoted for their potential for protected quantum infor-
mation processing1–7. In the past few years, quantum simulations of 
non-interacting topological states have witnessed great progress6,8–13. 
Recently, advancements in experimental techniques have enabled 
the realization of interacting topological matter in a well-controlled 
manner3–5. For example, the many-body Su–Schrieffer–Heeger (SSH) 
model has been studied in precision-placed donors in silicon3 as well 
as using Rydberg atoms4.

Scanning tunnelling microscopes (STMs) can be used to fabri-
cate precisely engineered topological matter at the atomic scale in a 
solid-state environment14, such as single-particle SSH dimer chains6 
and electronic higher-order topological insulators8, where the charge 
degrees of freedom are employed and these topological states can 
be understood by non-interacting models. By contrast, interacting 
spin systems constructed on surfaces13,15–19 could potentially host 

many-body topological phases, but it remains a formidable task to fab-
ricate and sense topological quantum magnets with atomic precision. 
Progress on atomic-precise topological spin systems was achieved only 
very recently. For instance, effective spin-1 Haldane chains composed 
of coupled spin-1/2 radicals were built using organic molecules on 
Au(111), where the end states are Kondo-screened by the metal sub-
strate7,20. While previous studies have focused on one-dimensional 
(1D) topological spin chains on metals, topological spin chains or 
two-dimensional (2D) spin arrays have never been fabricated on a 
decoupling layer that protects the spins from screening, despite its vital 
importance in demonstrating their intrinsic topological behaviour— 
mostly owing to the challenge of precisely engineering magnetic 
interactions between atoms on insulators to reproduce the required 
spin Hamiltonian.

Here, we constructed topological quantum spin lattices with 
many-body topological modes including 1D dimerized spin chains 
and a 2D dimerized spin array with spin-1/2 Ti atoms on MgO in a 
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H = J (1 − δ)
L/2
∑
n
S2n−1 ⋅ S2n + J (1 + δ)

L/2−1
∑
n

S2n ⋅ S2n+1

+
L
∑
n
gμBBext ⋅ Sn + gμBBtip ⋅ Sm,

(1)

where Sn = (Sxn, S
y
n, Szn) is the spin operator for site n and the total num-

ber of sites is L. The exchange coupling J  is 15.5 GHz and dimerization 
constant δ is about 0.61 for the spin chains constructed, corresponding 
to 3 × 0 and 2.5 × 0.5 lattice constants of MgO. The g factor is about 1.8, 
and μB is the Bohr magneton23. Since the exchange coupling is expo-
nential in distance, second-nearest-neighbour coupling can be 
neglected. The direction of the external field Bext is defined as z in the 
following. The atomic-scale tip magnetic field Btip is used both to drive 
ESR transitions and to tune the many-body spin states by exerting an 
exchange bias only on the spin Sm under the tip25. The unit cells of the 
dimerized chains are chosen by containing two weakly or strongly 
coupled spins, and the edges of the chains are then engineered to match 
the choice of the unit cell, respectively (Fig. 1b,c).

This quantum many-body generalization of SSH model based on 
interacting spin-1/2 features topological edge modes24,26,27 (Supple-
mentary Section 1). Despite being predicted theoretically long ago, the 
dimerized spin-1/2 Heisenberg chains have not been experimentally 
realized in artificial quantum systems. Here, we constructed dimerized 
spin-1/2 Heisenberg chains on MgO, and the many-body topological 
edge modes can be probed using a weak external magnetic field as 
shown below. In sufficiently long chains, the dimerized Heisenberg 
model exhibits a ground state with a fourfold degeneracy when δ > 0, 
and this ground state comprises a singlet and a triplet state, originating 
from the dangling edge excitations (Fig. 1d)28.

Topological edge modes of 6- and 8-spin chains
To realize these topological spin edge states, we first built a 6-spin 
chain in the topological configuration (δ > 0) with alternating 
nearest-neighbour coupling of 6 and 25 GHz (Fig. 2a). When Bext  is 
applied, each spin multiplet with a total spin ST fans out into its 2ST + 1 
components, as expected for Heisenberg spin Hamiltonian. When 

low-temperature STM (Fig. 1). By tuning the antiferromagnetic 
exchange interaction, both topological and trivial phases are real-
ized (Fig. 1b,c). Combining electron spin resonance (ESR) with STM, 
we measured their many-body spin transitions atom by atom with an 
ultrahigh energy resolution below 100 neV, and visualized the topo-
logical edge states and topological defects in the spin chains, as well 
as the higher-order corner modes in the 2D spin array. The ESR spectra 
also reveal the effective couplings between the topological modes, 
highlighting their many-body nature. Our quantum many-body cal-
culations show that the interacting many-body topological states are 
resilient to Hamiltonian perturbations such as long-range and aniso-
tropic couplings, providing a step beyond single-particle topology 
realized in non-interacting SSH models. This robustness arises from 
the protection provided by time-reversal symmetry to the many-body 
topological modes.

Note that the dimerized spin-1/2 chains have recently also been 
realized using nanographenes on a metal surface and the topological 
edge states are probed as Kondo resonances21. The use of MgO decou-
pling layer in our work improves the coherence time of the topological 
modes and allows us to demonstrate their intrinsic properties.

The spin lattices were made by positioning Ti spins on the 
two-monolayer (ML) MgO film on Ag(001) (refs. 19,22,23). For  
both adsorption sites of Ti on MgO, the Ti atom has spin S = 1/2 with no 
single-ion magnetocrystalline anisotropy. Two Ti spins couple  
via antiferromagnetic exchange interaction at close distances (<1 nm), 
as revealed by single-atom ESR22,23. The exchange coupling constant  
J  shows exponential dependence on the separation r  between  

Ti atoms, as described by an exponential function, J = J0 exp(−r/d). 
For two bridge-site Ti atoms, J0 ≈ 5.87 × 104 GHz and d ≈ 0.94 Å  
(refs. 19,23). We fabricated spin lattices using bridge-site Ti atoms in 
the following.

1D topological quantum magnet
We first focus on the 1D topological spin model, which is realized via 
an engineered dimerization in a spin-1/2 chain. Their quantum states 
under external applied magnetic field Bext  (almost in-plane) are 
described by the following spin Hamiltonian24:
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Fig. 1 | Realization of dimerized antiferromagnetic spin-1/2 lattices on a 
surface. a, Experimental setup showing an STM with ESR capability, and an STM 
image of Ti atoms on MgO/Ag(001). A spin-polarized tip is used to drive and sense 
ESR. b,c, Dimerized spin-1/2 chains with alternating antiferromagnetic coupling 
strengths J (1− δ) and J (1+ δ), showing the topological (δ > 0, b) and trivial 
configurations (δ < 0, c). The grey rectangles indicate the chosen unit cells.  

d,e, Calculated energy level diagrams of 6-spin chains as a function of Bext for the 
topological (d) and trivial (e) phases. ∆st is the singlet–triplet splitting, and ESR 
transitions I and II are labelled. The topological phase exhibits nearly fourfold 
degenerate singlet and triplet ground states, while the trivial phase exhibits a 
singlet ground state.
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Bext  = 0, the two lowest multiplets are one spin singlet and one spin 
triplet, resulting from the effective exchange coupling between the 
two edge states (Fig. 1d). With increasing Bext, the triplet state aligned 
with the field becomes the ground state.

We investigated the eigenstates of this 6-spin chain by measuring 
ESR on different atoms and monitoring how the ESR spectra changed 
with the setpoint current I, which is approximately proportional to Btip 
(Fig. 2b)19,22. The distinct responses of different ESR transitions to 
increasing Btip enable us to clearly identify the initial and final states, 
as supported by our simulations (Supplementary Section 2)19. This 
method also reveals detailed information about the spin wavefunction 
and spin polarization at different sites19. The ESR peaks as indicated by 
red arrows in Fig. 2b reveal the transition from the ground state |1⟩ to 
the excited state |4⟩, which is the transition between the low-energy 
spin triplet (|1⟩ = |ST = 1,mz = −1⟩) and singlet (|4⟩ = |ST = 0,mz = 0⟩), 
and correspond to the spin excitations of the many-body topological 
edge modes. This transition (I) is visible only when the tip is positioned 
at either end of the chain (S1 or S6). Since all spins have almost zero 
polarization in state |4⟩, this shows that the spin distributions of the 
ground state |1⟩ is mainly localized on the two end spins. Its frequency 
shifts linearly with increasing Btip, providing clear evidence of the spin 
polarization of the topological edge states.

The topological phase exhibits a nearly fourfold degenerate 
ground state consisting of one singlet and three triplet states (Fig. 1d). 
We are able to extract the singlet–triplet splitting ∆st by measuring the 
ESR transitions (Fig. 2b,e, transitions I and II). The splitting ∆st is about 
93 MHz, which gives a quantitative estimation of the effective coupling 
between the two observed edge modes22. It far exceeds the coupling 
for two isolated spins at this distance (<1 MHz), thus demonstrating 
the many-body nature of the topological modes.

To visualize the spatial distribution of the topological edge modes, 
we measured the ESR spectra along the spin chain as indicated by the 
dashed line in Fig. 2a, as well as its magnetic resonance imaging 
(Extended Data Fig. 1)29. The ESR mapping in Fig. 2c clearly reveals the 
localization of the spin distribution to the edges of the chain in the 
ground state |1⟩. The strong spatial localization of the topological 
modes is reflected in the exponential decay of the local magnetization 
from the edge to the bulk, as shown in the calculated local average 
magnetization ⟨Szn⟩ on each site using the ground state |1⟩ and the 
excited state |4⟩ (Fig. 2d).

For comparison, we also constructed a dimerized 6-spin chain 
with the trivial configuration (δ < 0) (Fig. 2f). Its ground state is a spin 
singlet, corresponding to a valence-bond solid configuration (Fig. 1e). 
In contrast to the strongly localized ESR transitions for the topological 
configuration, ESR spectra and mapping on the trivial one display 
almost uniform spatial distribution along the chain (Fig. 2g,h), indicat-
ing the absence of topological edge modes. Note that the difference 
between the topological and trivial nature of dimerized spin chains 
depends on the relative coupling strength between spins in the same 
unit cell and different unit cells30.

In addition to these strong ESR peaks localized at the end 
spins, several weaker ESR peaks are also visible on all spins in the 
chains (Fig. 2b,g). These peaks correspond to transitions between 
other many-body states (as indicated in Fig. 2b,g), providing rich 
information about the excited states of the dimerized spin chains.  
The evolution of these additional ESR transitions agrees well 
with our theoretical simulations (Supplementary Section 2). This  
suggests that our theory describes well of the dimerized spin 
chains, further supporting the topological nature of the observed  
edge modes.
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Fig. 2 | Topological versus trivial configurations of 6-spin chains. a, STM 
image (1.8 nm × 6 nm) and binding sites for the topological configuration (grey 
circles are oxygen sites of MgO). Scale bar, 5 Å. b, ESR spectra measured on each 
of the six spins as a function of setpoint current I, which is approximately 
proportional to Btip (VDC = 50 mV, I = 10–200 pA, VRF = 5–28 mV, Bext = 0.68 T). The 
red arrows indicate the edge modes. The initial and final states of ESR transitions 
are labelled. In the colour bar, LO and HI mean the lowest and highest ESR signals. 
c, ESR spectra measured along the dashed line in a (VDC = 50 mV, I = 50 pA, 
VRF = 16 mV). The white arrows indicate the edge modes. d, Calculated average 
magnetization ⟨Szn⟩ of the topological configuration for its ground state |1⟩ and 
excited state |4⟩. e, ESR spectrum showing transitions I and II, the frequency 

difference of which gives the singlet–triplet splitting (VDC = 50 mV, I = 8 pA, 
VRF = 28 mV). The red curve is a fit to a sum of asymmetric Lorentzian peaks.  
f, STM image (1.7 nm × 5.5 nm) and binding sites for a trivial configuration. Scale 
bar, 5 Å. g, ESR spectra measured on each of the six spins (VDC = 50 mV,  
I = 20–200 pA, VRF = 16–36 mV, Bext = 0.61 T). The initial and final states of ESR 
transitions are labelled. h, ESR spectra measured along the dashed line in f 
(VDC = 50 mV, I = 100 pA, VRF = 28 mV). i, Calculated ⟨Szn⟩ of the trivial configuration 
for its ground state |1⟩ and excited states |2⟩, |3⟩. Note that the opposite frequency 
shifts of the ESR peaks in b and g are due to opposite spin polarization of the 
particular STM tips used for measurement in each case.
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Taking advantage of the atomic localization of the STM tunnelling 
current, we have also demonstrated the robustness of the topological 
end modes against local electron scattering (Extended Data Fig. 2). 
The quantum coherence time T2 of the topological end modes of the 
dimerized chain is longer than isolated Ti spins31, since the topological 
end mode is more delocalized and, therefore, local decoherence due 
to the tunnelling electrons is less effective.

We further compare the topological and trivial configurations of the 
dimerized spin model by increasing the number of atomic spins to eight 
(Fig. 3 and Extended Data Fig. 3). With increasing number of atoms, the 
low-energy singlet and triplet states are expected to get closer in energy, 
which becomes too small to resolve in the 8-spin chain, suggesting a 
fourfold topological degeneracy of the many-body ground state for suf-
ficiently large chains. The local average magnetization ⟨Szn⟩ should decay 
exponentially with n for an infinite spin chain. For the topological con-
figuration of the 8-spin chain, both the atomic-scale ESR spectra and ESR 
mapping exhibit localized ESR transitions at the two end spins (Fig. 3b,c), 
which agree well with the calculated ⟨Szn⟩ (Fig. 3d). We also calculated 
many-body spin spectral function as a function of the dimerization con-
stant δ, which indicates the emergence of edge modes for δ > 0 (Fig. 3e,f). 
The spectral function provides a model of the observed excitations.

Topological origin of edge spin modes
The topological invariant of the original interacting dimerized spin 

Hamiltonian [H = J (1 − δ)∑L/2
n S2n−1 ⋅ S2n + J (1 + δ)∑

L/2−1
n S2n ⋅ S2n+1 ] 

can be calculated through a many-body generalization of the  

Zak phase32 (Supplementary Section 1.3). We define the local  
topological order at a specific link ⟨ij⟩ by modifying the exchange  
couplings with a local SU(2) spin rotation with angle θ   
as JnmSn ⋅ Sm → Jnm [

1
2
(e−iθS+n S−m + eiθS−n S+m) + SznSzm] , which results  

in a parameter-dependent Hamiltonian H(θ)  and its associated  
ground state |GS (θ) 〉 . The Zak phase is then defined as 

γ = i∮2π
0 ⟨GS (θ) | ∂

∂θ
|GS (θ)⟩dθ.  The dimerized Hamiltonian hosts a 

non-trivial Zak phase γ = π for δ > 0, giving rise to the observed topo-
logical edge modes; whereas the trivial phase corresponds to γ = 0 
(δ < 0). The dimerized Hamiltonian can also be adiabatically trans-
formed to an XY spin model with nearest-neighbour exchange, which 
can be mapped via a Jordan–Wigner transformation to a dimerized 
fractional pseudo-fermion model with non-trivial Zak phase (Supple-
mentary Section 1.2).

The dimerized Heisenberg model belongs to the same topological 
phase as the Haldane phase24,26,27. Similar to the Haldane phase33, the 
topological edge modes in the dimerized spin chains are protected by 
the time-reversal symmetry in the original Hamiltonian (Supplemen-
tary Section 1.4). The time-reversal symmetry protects the quantization 
of the Zak phase. Under time-reversal symmetry, bilinear terms are 
invariant in the Hamiltonian and, thus, the topological modes are 
robust against second-nearest-neighbour interaction and disorder of 
the exchange couplings (Supplementary Sections 1.6 and 1.7). This 
makes the many-body topological Heisenberg model much more 
robust to lattice imperfections and fundamentally different from 
single-particle SSH model, which in realistic scenarios are not protected 

S1 S2
S3 S4 S5 S6

S8S7

a

15

15.5

16

16.5

17

Fr
eq

ue
nc

y 
(G

H
z)

c

1 2 3 4 5 6 7 8

Spin index

1 2 3 4 5 6 7 8

Spin index

–0.4

–0.2

0

d

100

200

I (
pA

)

100

200

I (
pA

)

100

200

I (
pA

)
100

200

I (
pA

)

b

15.0 15.5 16.0 16.5 17.0

Frequency (GHz)

S1

S2

S3

S4

S8

S7

S6

S5

50

100

150

I (
pA

)

100

200

I (
pA

)

100

200

I (
pA

)

100

200

I (
pA

)

15.0 15.5 16.0 16.5 17.0

Frequency (GHz)

–0.8 –0.4 0 0.4 0.8

δ

0

1

2

3

En
er

gy
 (J

)

A(ω, n = 1)
0 Max

Edge L = 8

–0.8 –0.4 0 0.4 0.8

δ

0

1

2

3

En
er

gy
 (J

)

A(ω, n = 4)
0 Max

Bulk L = 8

e f

2.4Å 0 LOESR signal HI

LOESR signal HI

|1�

|1�

|5�

|5�
|2�

|12�

<S
 >z n

Fig. 3 | Topological edge states of an 8-spin chain. a, STM image (1.5 nm × 7 nm) 
and binding sites of a dimerized 8-spin chain on MgO with topological 
configuration. Scale bar, 5 Å. b, ESR spectra measured on each of the eight spins 
as a function of setpoint current I, which is approximately proportional to Btip 
(VDC = 50 mV, I = 20–200 pA, VRF = 9–29 mV, Bext = 0.67 T). The red arrows indicate 
the edge modes. The initial and final states of ESR transitions are labelled. In the 
colour bar, LO and HI mean the lowest and highest ESR signals. c, ESR spectra 

measured along the dashed line in a (VDC = 50 mV, I = 120 pA, VRF = 22 mV, 
Bext = 0.61 T). The white arrows indicate the edge modes. d, Calculated average 
magnetization ⟨Szn⟩ for its ground state |1⟩ and excited state |5⟩. e,f, Evolution of 
the spin spectral function A (ω,n) as a function of δ. For δ > 0, a zero-energy 
edge mode appears (e) and bulk spectral gap opens (f). The dashed lines indicate 
δ = ±0.61 for the spin chains constructed.
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(Supplementary Section 1.11). We have further demonstrated the 
robustness of the fourfold degeneracy of many-body topological 
modes against long-range couplings by resolving a smaller splitting of 
the singlet and triplet ground states in a dimerized 6-spin chain with 
second-nearest-neighbour coupling (Extended Data Fig. 4). Under 
external magnetic field, the topological degeneracy is lifted, and the 
zero-energy topological edge states acquire a finite Zeeman energy 
(Supplementary Section 1.5). Note that the many-body spin wavefunc-
tions are not altered by external magnetic field since the Zeeman term 
due to Bext commutes with the dimerized Heisenberg interaction terms.

Topological defect in a dimerized 9-spin chain
In addition to dimerized spin chains with topological edge states as 
shown above, we also fabricated a dimerized 9-spin chain with a topo-
logical defect in the middle between two different dimer configurations 
(Fig. 4a and Extended Data Fig. 5). Since we have shown that dimerized 
spin chains with an even number of atoms have two topologically dis-
tinct phases, this odd-number dimerized spin chain should host a 
topological bound mode in the middle of chain because the left and 
right parts have different Zak phases. The topological nature of the 
mode stems from the robustness of the bound state excitation to the 
coupling to the left and right chains. Indeed, we observed an additional 
strong ESR transition only on the middle spin (as indicated by the red 
arrow in Fig. 4b). With increasing Btip, the frequency of this ESR peak 
shifts with a similar rate as the ESR peak measured on an isolated Ti 
spin (Fig. 4c). This suggests that the local spin polarization of the 
topological mode is similar to the isolated spin, which agrees well with 
our theoretical calculation of the local average magnetization ⟨Szn⟩ 
(Fig. 4e). The spin-1/2 topological defect can also be clearly recognized 
in the ESR mapping in Fig. 4d.

Higher-order topological quantum magnet
We now move to the 2D spin lattice featuring higher-order topological 
modes, which has not been implemented in other artificial systems. 
Similar to the higher-order topological insulator with topological states 

emerging in two dimensions lower than the bulk34,35, the 2D dimerized 
spin lattice we built exhibits many-body zero-dimensional spin excita-
tions. Figure 5a shows a 2D dimerized 4 × 4 spin lattice, which can be 
viewed as a many-body generalization of a second-order topological 
insulator. The ESR spectra measured on the four corner spins show 
clear topological modes that appear as the strongest ESR excitation 
(Fig. 5b, red arrows). In contrast, the localized spin mode is absent at 
the edge or inner spins of the lattice (Extended Data Fig. 6). Importantly, 
we are able to obtain the effective coupling (~1 GHz) between the four 
topological corner modes by measuring the ESR transitions within 
the low-energy spin multiplets states (transitions I and II in Fig. 5c and 
Extended Data Fig. 6), highlighting their many-body nature. In addi-
tion, the ESR spectra along the outer spins of the square lattice again 
reveals the localization nature of the corner modes (Fig. 5d). Note that 
the weaker or relatively broadened ESR peaks on S4 may result from a 
reduced quantum coherence time due to a fluctuating spin nearby.

The topological origin of the many-body corner modes can be 
understood by employing an auxiliary parton pseudo-fermionic rep-
resentation of the original dimerized spin Hamiltonian (Supplemen-
tary Section 1.10). The emergence of topological modes can be 
observed by computing the parton spectral function D (ω,n). As shown 
in Fig. 5e, in-gap excitations appear for δ > 0 at the corner of the lat-
tice, which corresponds to the topological regime of the model. These 
corner modes coexist with a gap in bulk of the lattice (Fig. 5f), and in 
the thermodynamic limit lead to a 16-fold topological degeneracy of 
the ground state.

In contrast to the single-particle corner states of second-order 
topological insulators, which are protected by crystalline symmetries, 
the many-body topological corner modes of the spin lattice are pro-
tected by time-reversal symmetry, and thus they are robust to lattice 
imperfections such as third-nearest-neighbour exchange or breaking 
of crystalline symmetries (Supplementary Section 1.11).

Finally, we consider the difference between the topological edge 
or corner modes and an isolated spin-1/2. We fabricated dimerized 
6-spin chains with varied coupling between the end and the bulk spins 
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(Extended Data Fig. 7). The ESR spectra measured at the end spins all 
give spin-1/2 modes, but the effective edge-mode coupling as well as the 
relative ESR amplitudes of other many-body spin transitions present 
in the intact dimerized spin chain decrease with reduced end–bulk 
coupling. This indicates that the topological edge mode transforms 
into a conventional decoupled spin-1/2 when the end–bulk coupling 
becomes vanishingly small. We further show how the topological edge 
or corner modes transform into decoupled excitations by calculating 
the spin spectral functions of the edge or corner and its neighbouring 
sites (Supplementary Sections 1.8 and 1.12).

Conclusions
Our work shows that many-body topological quantum states can be 
realized with spin-1/2 centres with carefully designed topology24. The 
insulating MgO layer allows us to demonstrate the intrinsic properties 
of the topological modes such as the robustness of the topological 
modes against local perturbations as well as long-range coupling. In 
addition, we are able to directly access the nearly degenerate singlet and 
triplet states with ESR–STM, which indicates the fourfold degeneracy of 
topological phase of the dimerized spin chains in the thermaldynamic 
limit. In combination with pump–probe electronic pulses36,37, the atomi-
cally engineered quantum magnets provide the exciting opportunity 
to coherently manipulate the topological modes in the future. Our 
results establish a proof-of-concept demonstration of the potential of 
engineered spin lattices for realizing quantum spin liquid phases and 
topological order38. Ultimately, extending the size of the spin structures 
and introducing other degrees of freedom, such as superconductivity, 

would allow the exploration of exotic phases combining quantum 
magnetism and Yu–Shiba–Rusinov lattices18.
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Methods
Sample preparation
Measurements were performed in a low-temperature STM (Unisoku 
USM1300) with home-built radio frequency (RF) components for ESR 
measurement. MgO is two MLs thick and was grown on Ag(001) single 
crystal by thermally evaporating Mg in an ~10–6 Torr O2 environment39. 
Ti and Fe atoms were deposited from pure metal rods by e-beam evapo-
ration onto the sample held at ~10 K. An external magnetic field (0.59 T 
to 0.77 T as indicated in the figure captions) was applied at ~8° off the 
surface. STM images were acquired in constant-current mode, and all 
voltages refer to the sample voltage with respect to the tip.

Spin-polarized tip
The Pt–Ir STM tip was coated with silver by indentations into the Ag 
sample until the tip gave a good lateral resolution in the STM image. To 
prepare a spin-polarized tip, approximately one to five Fe atoms were 
each transferred from the MgO onto the tip by applying a bias voltage 
(~0.55 V) while withdrawing the tip from near point contact with the Fe 
atom. The degree of spin polarization was verified by the asymmetry 
in dI/dV spectra of Ti with respect to voltage polarity.

RF measurement
The continuous wave ESR spectra were acquired by sweeping the fre-
quency of an RF voltage VRF generated by the RF generator (Agilent 
E8257D) across the tunnelling junction and monitoring changes in the 
tunnelling current. The current signal was modulated at 95 Hz by chop-
ping VRF, which allowed readout of the current by a lock-in technique39. 
The RF and direct current (DC) voltages were combined at room tem-
perature using an RF diplexer, and guided to the STM tip through 
semi-rigid coaxial cables with a loss of ~30 dB at 20 GHz.

Data availability
The data that support the plots within this paper are available via the 
Figshare repository at https://doi.org/10.6084/m9.figshare.26379964. 
Additional data are available from the authors upon request.
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Extended Data Fig. 1 | Magnetic resonance imaging (MRI) of the dimerized 
6-spin chain. (a) STM image (1.3 nm × 5.6 nm) and binding sites for the dimerized 
6-spin chain with topological configuration. Scale bar: 5 Å. (b) MRI of the chain 

showing spatially resolved spin resonance signal for a fixed frequency at f = 15.86, 
17.18, 16.32 and 16.45 GHz, respectively (VDC = 50 mV, I = 50 pA, VRF = 16 mV, 
Bext = 0.68 T).
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Extended Data Fig. 2 | Quantum coherence T2 of the end modes of a dimerized 6-spin chain and isolated Ti spins. T2 was obtained by measuring the linewidth of 
the ESR peak at different VRF (VDC = 50 mV, I = 5–40 pA, VRF = 6–55 mV, Bext = 0.68 T). Error bars are from the fitting uncertainties of T2 with a 95% confidence.
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Extended Data Fig. 3 | An 8-spin chain with topologically trivial 
configuration. (a) STM image (1.5 nm × 7 nm) and binding sites of a dimerized 
8-spin chain on MgO. Scale bar: 5 Å. (b) ESR spectra measured on each of the 8 
spins as a function of setpoint current I, which is approximately proportional to 
Btip (VDC = 50 mV, I = 20–220 pA, VRF = 4–25 mV, Bext = 0.59 T). (c) ESR spectra 

measured along the dashed line in a (VDC = 50 mV, I = 60 pA, VRF = 20 mV).  
(d) Calculated average magnetization ⟨Szn⟩ for its ground state |1⟩ and two excited 
states |2⟩ and |3⟩. (e) ESR spectra measured on a single Ti spin (VDC = 50 mV, 
I = 10–240 pA, VRF = 4–25 mV).
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Extended Data Fig. 4 | Dimerized 6-spin chains without and with the 
second-nearest-neighbor coupling. STM images and ESR spectra of dimerized 
6-spin chains without (a–c) and with (d–f) second-nearest-neighbor coupling 
(~1 GHz). Scale bars in (a, d): 5 Å. For the spin chain in (d), the second-nearest-
neighbor coupling is between S1 and S3 as well as between S4 and S6. (b, e) ESR 

spectra measured on spins S1, S2 and S3 as a function of setpoint current I, which is 
approximately proportional to Btip (VDC = 50 mV, I = 10–142 pA, VRF = 2.5–10 mV, 
Bext = 0.68 T). (c, f) Zoom-in ESR spectra showing the singlet-triplet splitting 
(VDC = 50 mV, I = 10 pA, VRF = 10-20 mV).
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Extended Data Fig. 5 | ESR spectra of S1 to S4 and S6 to S9 of the 9-spin chain.  
(a) STM image (1.75 nm × 8.3 nm) and binding sites of the dimerized 9-spin chain 
on MgO with a topological defect in the middle. Scale bar: 5 Å. (b) ESR spectra 

measured on each of the 8 spins as a function of setpoint current I, which is 
approximately proportional to Btip (VDC = 50 mV, I = 20–155 pA, VRF = 6–30 mV, 
Bext = 0.68 T).
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Extended Data Fig. 6 | ESR spectra of all the spins of the dimerized 4×4 spin 
lattice. (a) STM image (4 nm × 4 nm) of the 4×4 spin lattice. Scale bar: 5 Å. (b) ESR 
spectra measured on each of the 16 spins as a function of setpoint current I, which 
is approximately proportional to Btip (VDC = 50 mV, I = 10–90 pA, VRF = 12–32 mV, 
Bext = 0.77 T). Red arrows indicate the corner modes. (c) ESR spectra measured 
on a single Ti spin (VDC = 50 mV, I = 40–125 pA, VRF = 10–16 mV). (d) Energy level 

diagram showing the lowest 64 eigenenergies (as a function of Bext and Btip) of 
the dimerized 4×4 spin lattice. (e) Energy level diagram of a 2×2 spin lattice, 
which is approximate to the low-energy spectrum of the dimerized 4×4 spin 
lattice. (f) Calculated average magnetization ⟨Szn⟩ of different sites for the ground 
state |1〉.
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Extended Data Fig. 7 | Dimerized 6-spin chains with varied coupling between 
the end spins and the bulk spins. (a) STM image and binding sites for spin chains 
with Jend-bulk = 10, 6, 3.6, 0.9 GHz, respectively. The bulk coupling is J(1+δ)/J(1-δ) = 
25/6 GHz. Scale bars: 5 Å. (b) ESR spectra measured on the end spins as a function 

of setpoint current I (VDC = 50 mV, I = 10−200 pA, VRF = 5−28 mV, Bext = 0.68 T).  
(c) Zoom-in of the ESR spectra measured at low setpoint currents (VDC = 50 mV, 
I = 5−10 pA, VRF = 21−28 mV), showing transitions I and II, the frequency difference 
of which gives the singlet-triplet splittings.
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