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Abstract 
The epitaxially grown multilayers, Mn₃PtN/Cu/Co₂₀Fe₆₀B₂₀, with the thickness of Cu spacer layers from 0 to 5 nm were prepared on the 100-oriented MgO substrates. The multilayer exhibited a pronounced exchange bias field in the absence of a Cu spacer, which became minimal with the introduction of a finite Cu spacer. We measured spin-torque ferromagnetic resonance to estimate the spin Hall angle (θSH) in the multilayers, emphasizing the role of the Cu spacer layer in the spin current transport across the interface. We found that both θSH and effective Gilbert damping parameter decrease significantly upon the insertion of Cu, suggesting that the spin-orbit torque (SOT) primarily originates from interfaces. A correlation between SOT and exchange bias with Cu spacer layer indicates the significance of interfacial contributions. These experimental results demonstrate the critical importance of interfacial engineering in antiferromagnetic-based spintronics, revealing a new mechanism for generating spin torque in magnetic heterostructures that is essential for controlling magnetisation dynamics in energy-efficient spintronics applications.
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1. Introduction
Noncollinear antiferromagnets (NC-AFM) have recently gained considerable attention in spintronics owing to their negligible stray fields, robustness against magnetic perturbations, and ultrafast spin dynamics [1,2]. Beyond their conventional use in exchange biasing, NC-AFM can actively participate in spin-current generation, detection, and manipulation through mechanisms such as the spin Hall effect, spin pumping, and spin–orbit torque (SOT) [3-5]. Among them, Mn based compounds with metallic Mn₃X and antiperovskite nitrides Mn₃XN (X = Sn, Ga, Ni, Pt, etc.) have emerged as promising spin-current sources due to their magnetic structures and strong spin-orbit coupling [6-8]. 
[bookmark: _Hlk215049596]However, despite increasing interest in their spin-transport properties, a detailed understanding of interfacial spin dissipation and magnetic damping at NC-AFM/FM interfaces remains limited. Previous studies on NC-AFM/FeGa bilayers have shown the unusual dependence of effective Gilbert damping constant (αeff) on MnIr thickness, i.e., a MnIr layer with the thickness of ~2 nm exhibits strong intrinsic magnetic anisotropy and enhanced αeff was observed due to spin pumping phenomenon involved [9]. In the noncollinear antiperovskite Mn₃PtN (MPN), the reported spin Hall angle (θSH ≈ 0.033) exceeds that of Mn₃Pt (MP) (θSH ≈ 0.025), indicating efficient spin–orbit coupling [10]. Nevertheless, the microscopic mechanism of SOT in Mn₃XN compounds remains unclear, particularly when metallic spacers modify interlayer exchange coupling. Inserting Cu or Al between NC-AFM/ferromagnet (FM) interfaces (e.g., γ-Mn₃Ir/Py) has been shown to suppress SOT, underscoring the critical role of interfacial coupling in spin transport [11-13]. These studies have attracted much attention in terms of tailoring SOT caused by interfacial material designs. 
In this study, the effects of interlayer magnetic exchange interaction and αeff on the θSH are investigated using NC-AFM/FM bilayers with and without insertion of Cu spacer layers. Magnetic exchange interaction was modulated significantly by changing the Cu spacer thickness (tCu), and a pronounced exchange bias field (Hex) was observed in the absence of Cu spacer layer. The αeff decreased with increasing tCu, suggesting less spin-pumping contribution by spacer layer. The θSH decreased with increasing tCu. These results show that the interfacial exchange interaction and spin injection efficiency can be precisely engineered through spacer-layer control, offering practical guidelines for designing low-damping, NC-AFM based spintronic heterostructures.

2. Experimental Details
The trilayer structures were deposited on (100)-oriented MgO substrates, following a stacking sequence from bottom to top: MPN(5) / Cu(tCu) / CoFeB(3) / MgO(3) (thickness unit in nm), utilizing both DC and RF sputtering techniques. The base pressure was less than 1×10⁻⁶ Pa, and tCu was varied from 0 to 5.0 nm. Reactive nitride sputtering, using N₂ gas, was employed to deposit the MPN layer, with a gas flow ratio of approximately 10% (N₂ / (Ar + N₂)). The deposition temperature for the MPN layer was 723 K [10]. The CoFeB (CFB), Cu, and MgO layers were deposited at room temperature. A control sample, which replaced the MPN layer with an MP layer, was prepared for comparative analysis. Structural characterization was conducted using X-ray diffractometry (XRD) with a Cu Kα radiation. The growth rate for Cu spacer was 0.70 Å/s, in contrast to 0.103 Å/s for the CFB layer. Note that the deposition rates for Cu and CFB allow for sharp interface with negligible intermixing and/or alloying (see Fig. S1 in the Supplementary Materials). The surface roughness (Ra) and morphology of the thin films were assessed using atomic force microscopy (AFM). The magnetic properties were measured using a vibrating sample magnetometer (VSM) under magnetic fields along in-plane directions. The exchange bias field (m0Hex) was estimated from magnetic hysteresis loops recorded at different temperatures using a SQUID magnetometer. Spin-torque ferromagnetic resonance (ST-FMR) measurements were performed using microfabricated devices to determine the θSH. This dynamic process is captured as a rectified voltage (Vmix) due to anisotropic magnetoresistance. Notably, the RF power was +15 dBm throughout the measurement. A broadband FMR was utilized to estimate the αeff over a frequency range of 2 to 20 GHz, employing a coplanar waveguide transmission line. In-plane magnetic field was applied between ±150 mT at an angle of φ = 45° with respect to the signal line. FMR spectra were examined to derive the resonance field (m0Hr) and the line width (m0DH).

3. Results and Discussion
A. Structural characterization 
Figure 1(a) shows the schematic illustration of stacking structure. Figure 1(b) shows the out-of-plane XRD profiles for the samples with tCu = 0, 1.5, 2.5, and 5.0 nm. The diffraction peaks at 2θ/w ≈ 23° and 47° correspond to the (100) and (200) planes of MPN, respectively, and 2θ/w ≈ 51° does to the (200) plane of FCC-Cu. Notably, no diffraction peak was detected originating from the 3.0 nm-thick CFB layer, indicating its amorphous and/or nanocrystalline nature. Therefore, it is inferred that the strain on the CFB layer induced by the Cu layer can be ruled out, because of no epitaxial growth of the CFB layer. Figure 1(c) shows the Ra values on tCu, suggesting the pronounced grain growth in the Cu spacer layer with increasing tCu, as shown in Fig. 1(d), which might be due to grain growth of Cu.
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Figure 1 (a) Schematic illustration of the representative stacking structure in this study. (b) Out-of-plane XRD profiles as a function of Cu layer thickness (tCu), where (200)* corresponds to the diffraction from FCC-Cu. (c) Dependence of surface roughness (Ra) on tCu. (d) Atomic force microscopy (AFM) images of the MgO top surfaces for all deposited samples with various tCu. 

B. Interlayer magnetic exchange interaction
Figure 2(a) shows the magnetic hysteresis loops at 5 K and 300 K for the MPN/CFB without Cu spacer layer (tCu = 0 nm). While the saturation magnetization (m0Ms) values were identical regardless of the measurement temperature, the loop at 5 K shifted toward negative direction (indicated by a red arrow), suggesting the presence of unidirectional exchange anisotropy originating from interfacial exchange magnetic coupling between the CFB and MPN layers. The m0Hex was estimated to be 28 mT. Figure 2(b) shows the same results as Fig. 1(a), but with Cu spacer (tCu = 1.5 nm). The m0Hex ≈ 0 mT was observed for both measurement temperatures, suggesting that unidirectional exchange magnetic anisotropy vanished due to Cu spacer. Figure 2(c) summarizes the m0Hex values as a function of tCu with 20 K and 300 K for the same MPN/Cu/CFB. While the m0Hex was independent of tCu for 300 K, the m0Hex drastically increased without Cu spacer for 20 K. These results show that interlayer magnetic exchange interaction is present at the direct heterojunction of MPN/CFB, which vanishes by the Cu spacer as thin as 1.5 nm, suggesting the magnetic decoupling between MPN and CFB layers. For comparison, the temperature dependent magnetic property was investigated for the MP/Cu(1.5 nm ~ 5 nm)/CFB. It was found that the magnetic hysteresis loops are consistent with the MPN/Cu(1.5 nm ~ 5 nm)/CFB for the temperature range of 20 K ~ 300 K, suggesting that the CFB layer on the Cu spacer might be magnetically decoupled with the MP and MPN layers (see Fig. S2 in the Supplementary Materials).
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Figure 2 (a,b) Magnetic hysteresis loops recorded at 300 K and 5 K for the MPN/CFB (a) and MPN/Cu(1.5 nm)/CFB (b). (c) Cu thickness (tCu) dependence of exchange bias filed (m0Hex).

C. Effective Gilbert damping constant (aeff)
Figures 3(a-d) show the representative FMR spectra for the MPN/Cu/CFB with various tCu with a frequency of 10 GHz. The spectrum shape suggests the superposition of both symmetric (Vs) and asymmetric (Va) Lorentzian functions regardless of tCu. To extract the m0Hr and m0DH, the spectra are fitted using a line shape equation as described in the previous reports [14], 
[bookmark: _Hlk185173248]    .                                                                         (1)
Figure 3(e) shows the m0Hr dependences of f for the MPN/Cu/CFB with various tCu. To analyse the interfacial magnetic anisotropy in the CFB layers, the plots were fitted using the Kittel’s formula [15],
         ,                                                                                               (2)
where g, f and Meff represent the gyromagnetic ratio, the applied frequency and the effective demagnetization field defined by μ0Meff = μ0Ms – (2Ki/Ms)(1/tCFB), respectively. Ki, Ms, and tCFB represent the interfacial magnetic anisotropy energy density originating from the MPN/CFB and MP/CFB interfaces, the saturation magnetization of the CFB layer, and the thickness of CFB layer, respectively. Figure 3(f) shows the f dependences of m0DH for the symmetric component of FMR spectra in the MPN/Cu/CFB. To estimate αeff, the plots were fitted using the Kittel’s formula [15],
          ,                                                                                            (3)
where μ0DH0 represents the f independent and extrinsic line broadening caused by the magnetic inhomogeneity such as magnetic anisotropy distribution [16]. Figure 3(g) summarizes the μ0Meff as a function of tCu for the MPN/Cu/CFB together with the MP/Cu/CFB (see Fig. S3 in the Supplementary Materials). The μ0Meff was found to decrease with increasing tCu for both samples. This is caused dominantly by the Ki reduction by Cu insertion (see Fig. S4 in the Supplementary Materials), which led us to consider that the Cu layer breaks the interlayer exchange interaction between MPN and CFB layers. Figure 3(h) summarizes the aeff as a function of tCu for both samples. Distinct behaviours of aeff were observed. The obtained values at tCu = 0 were 0.018 for the MP/Cu/CFB and 0.015 for the MPN/Cu/CFB, which decreased with increasing tCu, reaching a saturation value. The experimental findings indicate that aeff is significantly higher in trilayers with magnetically coupled layers compared to those where the layers are separated by Cu. This suggests that the increased aeff in coupled trilayers cannot be solely attributed to spin-pumping effects. Instead, the study proposes that the m0DH broadening in these trilayers may be influenced by interlayer exchange coupling as discussed below. 

[image: ] Figure 3 (a-d) FMR spectra for the MPN(5 nm)/Cu(tCu)/CFB(3 nm)/MgO(3 nm) at a frequency of 10 GHz. (e) Resonance field (m0Hr) dependence of applied frequency (f). (f) f dependence of linewidth (m0DH). (g,h) Cu thickness (tCu) dependences of effective demagnetization field (m0Meff) (g) and effective Gilbert damping constant (aeff) (h).


D. Spin-Hall angles (qSH)
[bookmark: _Hlk199234979]Figures 4(a-c) show the representative ST-FMR spectra for the MPN/Cu/CFB. The measured Vmix can be analysed by fitting with Eq. (1), and the total component of Vs (orange line) and Va (blue line) reproduced the Vmix as shown by the red line). Figure 4(d) shows the f as a function of m0Hr to determine the m0Meff. Following the same method as Fig. 3(e), the plots were fitted using Eq. (2). The resultant m0Meff ≈ 1.12 T was obtained for the MPN/CFB, which decreased with increasing tCu. Figure 4(e) shows the m0DH as a function of f determined by the spectra fitting shown in Figs. 4(a-c). The solid lines reproduce the plots using Eq. (3) with aeff  0.0138 for the MPN/CFB, which reduced as tCu increases. While both  and aeff via the ST-FMR were typically smaller than those via the broadband FMR by ~30 % (Figs. 3(g) and 3(h)), tCu dependences of which were found to be identical. Figure 4(f) summarizes the θSH as a function of tCu that relies on the ratio of the Vs and Va components recorded through the ST-FMR spectra as [17-20],
 ,                                                                               (4)
where e, d, and  represent the elementary charge, the layer thickness, and the Dirac’s constant, respectively. Note that the thickness of Cu layer is included in the dMP/MPN. The θSH of MPN (MP) was estimated to be 0.0320.004 (0.0240.003) for tCu = 0, while θSH suppressed with increasing tCu (see Fig. S5 in the Supplementary Materials). These results suggest that θSH is associated with aeff as well as the exchange interaction at MPN/CFB interfaces as discussed below.
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Figure 4 (a-c) Measured ST-FMR signals of MPN(5 nm)/Cu(tCu)/CFB (3 nm) at room temperature with f = 9 GHz, where orange, blue, and red lines represent the fitting results by symmetric (Vs), asymmetric (Va), and total (Vmix) component of Eq. (1). (d) Resonance field (m0Hr) dependence of frequency (f), where the solid lines represent the fitting result using Eq. (2). (e) f dependence of linewidth (m0DH), where the solid lines represent the fitting results using Eq. (3). (f) Spin-Hall angles (qSH) as a function Cu thickness (tCu).

The aeff was enhanced for tCu = 0, while drastically suppressed by tCu even with the thickness of 1.5 nm, in which interlayer exchange interaction vanishes as shown in Fig. 1(c). We discuss the possible mechanisms by taking two parts into account: (i) the bulk part of CFB layer; (ii) the MPN/Cu/CFB stacking. (i) As for the bulk part, the aeff may be contaminated by the contribution from a two-magnon scattering in the present CFB layer, which is generally regarded as an extrinsic mechanism that arises from inhomogeneities, defects, or surface roughness of a magnetic film. To achieve lower aeff, it is necessary to reduce the two-magnon scattering. This can be accomplished through minimizing defects and improving film quality [21]. Our results on AFM shown in Fig. 1, Ra increased with tCu, so that aeff is expected to enhance in terms of the two-magnon scattering in principle. However, aeff decreased with tCu, as shown in Fig. 3(h), which is opposite to the expectation. Therefore, the contribution from two-magnon scattering in the present bulk CFB layer is minor, if any, comparing to the interfacial contribution. (ii) As for the entire MPN/Cu/CFB stacking, the interlayer exchange interaction could be one of the possible mechanisms for aeff that is decreased by Cu spacer. For example, an impact of the interlayer exchange interaction has been investigated using IrMn/FeCo bilayer system [22]. An in-plane angular dependence of aeff is explained by the presence of in-plane exchange bias with a simple cosine function, that is, large (small) aeff is obtained in the anti-parallel (parallel) configuration between the exchange bias and applied field. The previous report led us to consider that aeff reduction with tCu can be explained by the reduction of interlayer exchange interaction. Another possible mechanism for the interfacial contribution is the spin-pumping effect depending on tCu [23], which has been also observed in the AFM/FM bilayers [24]. The spin-angular momentum transfers from the CFB layer to the MPN layer under the magnetization precession state in principle. In the case of tCu = 0, the spin-pumping effect can be dominantly detected as an additional line broadening phenomena of FMR spectra. As a result, the aeff of CFB layer can be enhanced as shown in Fig. 3(h). In the case of tCu > 1.5 nm, on the other hand, it is speculated that the spin angular momentum returns to the CFB layer as a back-flow phenomena and/or electron scattering due to the interfacial electronic structures [12,25], resulting in the reduction of aeff. To sum up, the dependence of aeff on tCu is explained by the interlayer exchange interaction as well as the spin-pumping effect.
Next, we discuss the relationship between θSH and tCu shown in Fig. 4(f). The possible mechanisms are split into two origins: (iii) the bulk part of MPN layer; (iv) the interface of MPN/Cu/CFB stacking.  (iii) As for the bulk contribution to the θSH, which typically saturates at thicker thickness of the nonmagnetic layer up to the spin diffusion length [26]. Thus, while bulk spin-Hall effect provides a baseline efficiency, it alone cannot explain the large θSH values observed in ultrathin heterostructures. (iv) As for the interfacial contribution, which arises at the boundary between the ferromagnetic and nonmagnetic layers, where broken inversion symmetry and strong spin–orbit coupling induce Rashba-type spin–momentum locking. This generates an interfacial spin polarization transverse to the applied current, producing an additional spin current via the Rashba–Edelstein effect. The interfacial θSH is largely thickness-independent in the ultrathin regime and primarily contributes to the field-like torque component in SOT measurements. Intermixing, nitrogen incorporation, or crystal orientation can further enhance this effect, yielding interfacial θSH values up to an order of magnitude larger than the bulk [26]. Furthermore, based on the spin circuit theory in spin accumulation of FM/NM interface [27], the total electron density current in NM region (j) is qualitatively governed by the magnetization direction (sinq) of FM layer. Therefore, enhanced j is expected when the magnetization direction of FM layer tilts with respect to the in-plane direction, which corresponds to the efficient spin current injection at the FM/NM interface. Considering that the magnetization direction of CFB layer significantly tilts due to the interlayer exchange interaction, spin injection efficiency might be enhanced, resulting in the high qSH at tCu = 0 nm. In the case of tCu > 1.5 nm, on the other hand, the tilt angle might be suppressed due to tiny or no interlayer exchange interaction, spin injection efficiency might be also suppressed, resulting in the reduction of qSH.
In magnetic heterostructures central to spintronics, in general, exchange bias, θSH, and Dzyaloshinskii-Moriya interaction (DMI) exhibit interconnected behaviours driven by interfacial spin-orbit coupling (SOC). The exchange bias provides an effective in-plane field to break symmetry, allowing field-free magnetization switching in the SOT-devices with high θSH, and 
DMI enhances this effect by inducing chiral exchange bias. The DMI and θSH correlate via interface effects: stronger SOC boosts both, as seen in IrMn/CoFeB, where DMI strength scales with spin mixing conductance (Geff↑↓), which modulates effective SOT efficiency (proportional to θSH). In AFM/FM systems, DMI can drive exchange bias by causing spin canting at compensated interfaces, enhancing coercivity via spin-flop mechanisms. This interplay is tuneable; e.g., varying AFM thickness increases DMI and Geff↑↓, correlating with higher effective θSH for SOT [28-30].
 
[bookmark: _Hlk176254016]4. Conclusion
In conclusion, our systematic investigation of MP/Cu/CFB and MPN/Cu/CFB trilayers using ST-FMR and FMR techniques reveals that the magnetization and in-plane uniaxial anisotropy are largely affected by the presence and thickness of the Cu spacer layers. The absence of a Cu spacer leads to a significant enhancement of the θSH and the αeff, which we attribute to the combined effects of spin pumping and interfacial exchange interaction. These findings highlight the crucial role of the Cu spacer, that is, θSH and the αeff decrease and saturate by the Cu thickness of only 5 nm. The results indicate a promising pathway for engineering spintronic devices through careful control of interfacial coupling and spacer layer thickness.
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