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Investigating the quantum properties of individual spins adsorbed on surfaces by electron spin resonance combined with scanning tunneling microscopy (ESR-STM) has shown great potential for the development of quantum information technology at the atomic scale. A magnetic tip exhibiting high spin-polarization is critical for performing an ESR-STM experiment. While the tip has been conventionally treated as providing a static magnetic field in ESR-STM, it was found that the tip can exhibit bi-stability, influencing ESR spectra. Ideally, the ESR splitting caused by magnetic interaction between two spins on a surface should be independent of the tip. However, we found that the measured ESR splitting of a metal atom-molecule hetero-dimer can be tip-dependent. Detailed theoretical analysis reveals that this tip-dependent ESR splitting is caused by a different interaction energy between the tip and each spin of the hetero-dimer. Our work provides a comprehensive reference for characterizing tip features in ESR-STM experiments and highlights the importance of employing a proper physical model when describing the ESR tip, in particular, for hetero-spin systems.

INTRODUCTION

Utilizing individual spins as fundamental storage and computation units is of intense interests in the era of quantum information science. Well-known approaches, such as optical manipulation of nitrogen-vacancy defects in diamond [START_REF] Schirhagl | Nitrogen-vacancy centers in diamond: nanoscale sensors for physics and biology[END_REF][START_REF] Awschalom | Quantum technologies with optically interfaced solid-state spins[END_REF] and trapped ions [START_REF] Debnath | Demonstration of a small programmable quantum computer with atomic qubits[END_REF][START_REF] Monroe | Programmable quantum simulations of spin systems with trapped ions[END_REF] , magnetic control over quantum dots in semi-and superconducting circuits [START_REF] Burkard | Superconductor-semiconductor hybridcircuit quantum electrodynamics[END_REF][START_REF] Tanttu | Controlling spin-orbit interactions in silicon quantum dots using magnetic field direction[END_REF] , and electrical control over single-molecule-magnet in break junctions [START_REF] Gehring | Single-molecule quantum-transport phenomena in break junctions[END_REF][START_REF] Vincent | Electronic read-out of a single nuclear spin using a molecular spin transistor[END_REF] , have been extensively explored to develop innovative quantum information technology. Recently, single spins adsorbed on surfaces have been employed for quantumcoherent control using STM combined with electron spin resonance (ESR-STM) [START_REF] Baumann | Electron paramagnetic resonance of individual atoms on a surface[END_REF][START_REF] Yang | Coherent spin manipulation of individual atoms on a surface[END_REF][START_REF] Willke | Coherent spin control of single molecules on a surface[END_REF][START_REF] Seifert | Single-atom electron paramagnetic resonance in a scanning tunneling microscope driven by a radio-frequency antenna at 4 K[END_REF][START_REF] Steinbrecher | Quantifying the interplay between fine structure and geometry of an individual molecule on a surface[END_REF][START_REF] Veldman | Free coherent evolution of a coupled atomic spin system initialized by electron scattering[END_REF][START_REF] Drost | Combining electron spin resonance spectroscopy with scanning tunneling microscopy at high magnetic fields[END_REF][START_REF] Kovarik | Electron paramagnetic resonance of alkali metal atoms and dimers on ultrathin MgO[END_REF][START_REF] Kawaguchi | Spatially resolving electron spin resonance of π-radical in single-molecule magnet[END_REF] , which provides the unique opportunity to position individual spins and build nanostructures with atomic-scale precision.

In an ESR-STM setup, an ac voltage at microwave frequency is applied to the tunneling junction to drive the spin in resonance between its ground and excited states. So far, ESR-STM has been employed to investigate various magnetic phenomena such as spin-spin interactions [START_REF] Choi | Atomic-scale sensing of the magnetic dipolar field from single atoms[END_REF][START_REF] Yang | Probing resonating valence bond states in artificial quantum magnets[END_REF] , hyperfine structures [START_REF] Willke | Hyperfine interaction of individual atoms on a surface[END_REF][START_REF] Yang | Electrically controlled nuclear polarization of individual atoms[END_REF] and coherent quantum control [START_REF] Yang | Coherent spin manipulation of individual atoms on a surface[END_REF][START_REF] Veldman | Free coherent evolution of a coupled atomic spin system initialized by electron scattering[END_REF] . In addition to the microwave, another critical element for performing ESR-STM measurements is the magnetic tip, which is used to read out the spin signal and drive the resonance. [START_REF] Seifert | Longitudinal and transverse electron paramagnetic resonance in a scanning tunneling microscope[END_REF] The tip is required to exhibit sufficient spinpolarization to identify the spin-polarized tunneling current of different spin states via the tunneling magneto-resistance effect. [START_REF] Paul | Generation of constant-amplitude radio-frequency sweeps at a tunnel junction for spin resonance STM[END_REF][START_REF] Loth | Controlling the state of quantum spins with electric currents[END_REF] One of the methods to create an ESR-active tip in-situ is to transfer a few magnetic atoms such as iron (Fe) onto the apex of a non-magnetic metallic tip using atom manipulation in an external magnetic field. The Fe clusters can be magnetized and ideally behave like a static magnet, as illustrated by previous studies [START_REF] Kim | Spin resonance amplitude and frequency of a single atom on a surface in a vector magnetic field[END_REF][START_REF] Yang | Tuning the exchange bias on a single atom from 1 mT to 10 T[END_REF][START_REF] Seifert | Accurate measurement of atomic magnetic moments by minimizing the tip magnetic field in STM-based electron paramagnetic resonance[END_REF] , where the tip is considered as an additional source of an external magnetic field. Although characterizing the detailed tip structure is highly challenging, it is of vital importance to understand the impact of the magnetic characteristics of the tip on ESR spectra. In this work, we provide a detailed analysis of magnetic stability and orientation of different ESR tips by comparing two spin-1/2 systems, iron-phthalocyanine (FePc) molecule and hydrogenated titanium atom (simply referred as Ti in the following texts) adsorbed on an insulating surface. In addition, we found the magnetic interaction between tip and each spin in a FePc-Ti hetero-dimer can be significantly different depending on tip characteristics, resulting in a pronounced tip-dependent ESR splitting in such hetero-dimers. Our work highlights that understanding the behavior of the magnetic tip is critical for the reliable analysis of ESR spectra when using the ESR-STM technique.

RESULTS AND DISCUSSION

Thin MgO film with double layer thickness was prepared atop clean Ag(100). FePc molecules, Ti and iron (Fe) atoms were sublimated onto MgO with a low coverage, as shown in Figure 1a. Ti atoms exclusively adsorb on the bridge sites (between two oxygen atoms) and are marked as Ti. To perform an ESR measurement, an oscillating radio-frequency electric voltage (𝑉 rf ) is added to the dc voltage (𝑉 dc ). A typical ESR set-up is depicted in Figure 1b. [START_REF] Baumann | Electron paramagnetic resonance of individual atoms on a surface[END_REF][START_REF] Paul | Generation of constant-amplitude radio-frequency sweeps at a tunnel junction for spin resonance STM[END_REF] After transferring 3~5 Fe atoms from the surface to the apex of the Pt/Ir tip, the tip becomes magnetic and ESRactive and thus can detect the ESR signal via spin-polarized tunneling. [START_REF] Paul | Generation of constant-amplitude radio-frequency sweeps at a tunnel junction for spin resonance STM[END_REF][START_REF] Loth | Controlling the state of quantum spins with electric currents[END_REF] In most cases, the time-averaged effective spin of the magnetic cluster on the tip 〈 𝑺 tip 〉 has been shown to behave Ising-like (e.g. having two distinct states "up" and "down"), [START_REF] Loth | Controlling the state of quantum spins with electric currents[END_REF][START_REF] Kim | Spin resonance amplitude and frequency of a single atom on a surface in a vector magnetic field[END_REF][START_REF] Yang | Tuning the exchange bias on a single atom from 1 mT to 10 T[END_REF][START_REF] Seifert | Accurate measurement of atomic magnetic moments by minimizing the tip magnetic field in STM-based electron paramagnetic resonance[END_REF] and its exchange interaction with the underneath spin can be approximated as an effective magnetic field 𝑩 tip = 𝐽 tip ⟨𝑺 tip ⟩/𝑔𝜇 𝐵 . [START_REF] Seifert | Longitudinal and transverse electron paramagnetic resonance in a scanning tunneling microscope[END_REF][START_REF] Seifert | Accurate measurement of atomic magnetic moments by minimizing the tip magnetic field in STM-based electron paramagnetic resonance[END_REF] This implies that the interaction between the magnetic tip and the surface spin can be expressed as effective magnetic field 𝑩 tip . [START_REF] Seifert | Longitudinal and transverse electron paramagnetic resonance in a scanning tunneling microscope[END_REF][START_REF] Yang | Tuning the exchange bias on a single atom from 1 mT to 10 T[END_REF][START_REF] Seifert | Accurate measurement of atomic magnetic moments by minimizing the tip magnetic field in STM-based electron paramagnetic resonance[END_REF] The sum of 𝑩 tip and the applied external magnetic field, 𝑩 ex , determines the Zeeman energy of the surface spin. 𝑩 ex is applied in the out-of-plane direction z throughout our experiment and is much larger than 𝑩 tip . Therefore, we consider only the out-of-plane components of all magnetic variables (𝑩 tip = 𝑩 z ).

To demonstrate the role of a well-prepared magnetic tip in ESR-STM, we first performed ESR measurements on individual FePc and Ti spins. [START_REF] Steinbrecher | Quantifying the interplay between fine structure and geometry of an individual molecule on a surface[END_REF][START_REF] Kim | Spin resonance amplitude and frequency of a single atom on a surface in a vector magnetic field[END_REF][START_REF] Zhang | Electron spin resonance of single iron phthalocyanine molecules and role of their nonlocalized spins in magnetic interactions[END_REF] For a spin-1/2 system, the resonance frequency 𝑓 0 is related to the external magnetic field Bex through the relation:

ℎ𝑓 0 = 2𝜇(𝑩 tip + 𝑩 ex ) (1) 
where ℎ is Planck's constant and 𝜇 is the magnetic moment of the spin. According to previous ESR-STM studies, [START_REF] Kim | Spin resonance amplitude and frequency of a single atom on a surface in a vector magnetic field[END_REF][START_REF] Zhang | Electron spin resonance of single iron phthalocyanine molecules and role of their nonlocalized spins in magnetic interactions[END_REF][START_REF] Willke | Tuning single-atom electron spin resonance in a vector magnetic field[END_REF] 𝑓 0 shifts linearly with the tunneling current (𝐼 set ) as well as 𝑩 tip . This implies that the magnetic interaction between the tip and the surface spins is dominantly exchange-coupled since both 𝑩 tip and the current exponentially depend on the tip height.

Therefore, we usually observe a linear shift of 𝑓 0 with tunneling current as shown in Figure 1c and (d). Depending on the relative sign of 𝑩 tip with respect to the 𝑩 ex , 𝑓 0 can shift to lower or higher frequencies for the tip being antiferromagnetically (AFM) or ferromagnetically (FM) coupled to 𝑩 ex , which allows to label them as AFM tip or FM tip, respectively. Notably, for the same tip, the sign of 𝑩 tip can sometimes depend on the measured type of surface spin. For instance, tip#1 exhibits AFM type behavior on FePc (Figure 1c) but FM feature on Ti (Figure 1d). This observation already strongly suggests that treating the tip as a static magnet is an over simplification and not suitable when the interaction with the surface spin can induce a change of the relative orientation of the tip state. This interaction strength will be very sensitive to the distance between the tip and the surface spin. Here, we found that the tip height on FePc and Ti differ by ~0.17 nm, which may cause a change in the magnetic states of the tip due to proximity of the surface spin. [START_REF] Yan | Control of quantum magnets by atomic exchange bias[END_REF] We emphasize that there were neither changes in STM topographic images nor in ESR spectra during the experiment, indicating that the magnetic microstructure of the tip was unchanged.

In addition, about 30% of ESR tips can generate two peaks in the ESR spectrum although we measure well-isolated individual spin-1/2s, as shown in Figure 1e and f. In contrast to tip#1, we found that tip#2 displays two peaks for both FePc and Ti. We attribute this to the magnetic bistability of the tip, which has been reported previously. [START_REF] Seifert | Accurate measurement of atomic magnetic moments by minimizing the tip magnetic field in STM-based electron paramagnetic resonance[END_REF][START_REF] Singha | Engineering atomic-scale magnetic fields by dysprosium single atom magnets[END_REF] In the case of the bistable tip, we usually observe two peaks of an individual spin that shift as a function of the tip field (Figure 1e, f and Figure S2). This can be well understood to occur under two conditions: First, the tip flips the sign of its magnetic state (pointing to opposite direction) or changes its magnitude (whilst maintaining the general direction). Second, the sign-change or magnitude-change event occurs at a time scale slower than the relaxation time of the tip state (~tens of nanoseconds) and faster than the ESR frequency sweep time (seconds), respectively. [START_REF] Seifert | Accurate measurement of atomic magnetic moments by minimizing the tip magnetic field in STM-based electron paramagnetic resonance[END_REF][START_REF] Singha | Engineering atomic-scale magnetic fields by dysprosium single atom magnets[END_REF] We note that the resonance shift of FePc measured by tip#2 deviates from a linear relationship with the current. This may be caused by a non-negligible magnetic dipolar interaction between the tip and FePc. The doubling of the ESR peaks may also lead to the misinterpretation of the magnetic interaction energy of two coupled surface spins under certain circumstances, which we discuss in the following. To illustrate this behavior, we conducted ESR measurements of FePc-Ti dimers with closer inter-spin distance. In general, the ESR splitting (Δ𝑓) in a two-spin system, which has the same spin (FePc and Ti are both spin 1/2), is given by the total magnetic coupling energy between the two spins and becomes independent of the magnetic field (including 𝐵 ex and 𝐵 tip ). [START_REF] Choi | Atomic-scale sensing of the magnetic dipolar field from single atoms[END_REF][START_REF] Yang | Engineering the eigenstates of coupled spin-1/2 atoms on a surface[END_REF] Surprisingly, we found that the Δ𝑓 of the FePc-Ti dimer appears to differ significantly depending on whether the tip is located on Ti or FePc. This result is reproducible by measuring dozens of FePc-Ti dimers with various tips (see supplementary material). We found that roughly which do not shift with current, originate from the low signal transmission in the cables. [START_REF] Paul | Generation of constant-amplitude radio-frequency sweeps at a tunnel junction for spin resonance STM[END_REF] Surprisingly, this tip-dependent behavior of Δ𝑓 only appears in the hetero-dimers (i.e. FePc-Ti dimers) while Δ𝑓 obtained on homo-dimers (e.g. Ti-Ti and FePc-FePc) showed no tipdependence. In order to avoid ambiguity of using different tips in the hetero-and homo-dimers, we used the same tip #5 for the ESR measurement on a Ti-Ti dimer (Figure 4a) and a FePc-Ti (Figure 4d) dimer. We observed that Δf obtained on each spin in the Ti-Ti dimer are identical (Figure 4b andc) while Δ𝑓 becomes half when the tip is atop the Ti compared to the FePc in the FePc-Ti dimer (Figure 4e and f), which is consistent with the observation above (Figure 3).

Similar to Ti-Ti, Δ𝑓 of the FePc-FePc dimers is always the same, regardless on which spin the tip is positioned on and is also the same when measured with different tips. [START_REF] Zhang | Electron spin resonance of single iron phthalocyanine molecules and role of their nonlocalized spins in magnetic interactions[END_REF] More comparisons of the hetero-and homo-dimers are presented in Figure S4. To understand the tip-dependence of ESR splitting in the hetero-dimer, we simulated ESR spectra by solving a generalized Anderson impurity model. Our approach calculates the transport through a quantum impurity representing the coupled surface spins under time-dependent modulation. [START_REF] Willke | Magnetic resonance imaging of single atoms on a surface[END_REF] The ESR spectrum is then simulated from the steady-state current calculated from the reduced density matrix of the system. Our model consists of two surface spins 𝑺 Ti and 𝑺 FePc as well as a time-averaged effective spin of the tip ⟨𝑺 tip ⟩. Without loss of generality, we assume that the tip is located on top of Ti in our simulation, which allows us to write the impurity Hamiltonian as shown below.

𝐻 = 𝑔 Ti 𝑩 ex ⋅ 𝑺 Ti + 𝑔 FePc 𝑩 ex ⋅ 𝑺 FePc + 𝐽 FePc-Ti 𝑺 FePc ⋅ 𝑺 Ti + 𝐽 tip ⟨𝑺 tip ⟩ ⋅ 𝑺 Ti (2) 
The first two terms describe the Zeeman energies of each individual surface spin, followed by the exchange-coupling term among the surface spins. The last term includes the exchange interaction between the surface spin (exemplified with Ti) and the tip. Without the tip, the Hamiltonian above describes two coupled spins of S = 1/2 which result in four allowed ESR transitions with a ESR splitting between the first (third) and second (fourth) peak that is equal to 𝐽 FePc-Ti . [START_REF] Zhang | Electron spin resonance of single iron phthalocyanine molecules and role of their nonlocalized spins in magnetic interactions[END_REF][START_REF] Yang | Engineering the eigenstates of coupled spin-1/2 atoms on a surface[END_REF] Since the Zeeman energy is dominant in our case, the spins will mostly align with the z-axis while ⟨𝑺 tip ⟩ is required to have components in the direction perpendicular to the quantization axis to drive ESR. [START_REF] Willke | Magnetic resonance imaging of single atoms on a surface[END_REF] In the following discussion, it is sufficient to consider only two states of the tip, which will lead to a doubling of the ESR transitions with four for each tip state. Due to degeneracies, less than eight peaks will be generally visible in the ESR spectrum. In addition, separating transitions stemming from a change in the tip state can be difficult if 𝑩 tip 𝑔𝜇 𝐵 = 𝐽 tip ⟨𝑺 tip ⟩ ≈ 𝐽 FePc-Ti 𝑺 FePc . To show this, we calculated a series of spectra as a function of the ratio between 𝐽 tip and 𝐽 FePc-Ti (Figure 5). When |𝐽 tip /𝐽 FePc-Ti | is less than 1, some transitions of the spectra for the tip being up or down overlap, leading to a misinterpretation of transitions belonging to different sub-spaces of the tip states. When |𝐽 tip /𝐽 FePc-Ti | > 1, this misinterpretation can be avoided as adjacent peaks belong to the same tip state (Figure 5b) and only under this condition can the interaction strength of the surface spins be extracted reliably from the ESR spectrum.

The above simulations illustrate how a change in the exchange interaction strength between tip and surface spin can lead to a misinterpretation of the ESR splitting, resulting in an extracted exchange energy that is different from the intrinsic coupling energy of a spin dimer. Considering the distance between the tip and surface spin and the distance between two surface spins are comparable in the experiment, 𝐽 tip can be comparable or larger than 𝐽 FePc-Ti . Given the difference (~0.17 nm, Figure S5) in the apparent height of FePc and Ti adsorbed on surface, the exchange interaction energy between each surface spin and the tip can be drastically different [START_REF] Willke | Tuning single-atom electron spin resonance in a vector magnetic field[END_REF] , causing the site-dependent ESR splitting in measurement. Notably, our model is applicable to both hetero-and homo-dimer case. The measured ESR splitting of a homo-dimer may vary if different tips are used, which has not been found in our experiments. 
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 1 Figure 1. ESR measurements of individual FePc and Ti spins using different tips. (a) STM
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 2 Figure 2. Doubling of ESR peaks of a FePc-Ti dimer measured with a bistable tip. (a) STM

  50% of the ESR-active tips show identical ESR splitting within the error bars of our measurements on either spin. For the other ESR-active tips, the Δ𝑓 reduces by almost half when the tip is positioned on the Ti atom of a FePc-Ti dimer compared to the FePc of the dimer, as shown in Figure3a. Here, tip#3 detected identical Δ𝑓 on both FePc and Ti in the dimer (Figure3b and c) while Δ𝑓 measured on Ti by tip#4 was almost half of that on FePc (Figure3d and e).More examples are provided in Supplementary Information.
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 3 Figure 3. Magnetic coupling energy (𝚫𝒇) of a FePc-Ti dimer measured with different tips.
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 4 Figure 4. Measuring the magnetic coupling strength of an iso-dimer (Ti-Ti) and a hetero-

Figure 5 .

 5 Figure 5. Simulated ESR spectra concerning the relative amplitude of 𝑱 𝐭𝐢𝐩 vs. 𝑱 𝐅𝐞𝐏𝐜-𝐓𝐢 . (a)
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