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 11 

It has been predicted that transverse spin current can propagate coherently (without 12 

dephasing) over a long distance in antiferromagnetically ordered metals. Here, we 13 

estimate the dephasing length of transverse spin current in ferrimagnetic CoGd alloys by 14 

spin pumping measurements across the compensation point. A modified drift-diffusion 15 

model, which accounts for spin-current transmission through the ferrimagnet, reveals 16 

that the dephasing length is about 4-5 times longer in nearly compensated CoGd than in 17 

ferromagnetic metals. This finding suggests that antiferromagnetic order can mitigate 18 

spin dephasing – in a manner analogous to spin echo rephasing for nuclear and qubit 19 

spin systems – even in structurally disordered alloys at room temperature. We also find 20 

evidence that transverse spin current interacts more strongly with the Co sublattice than 21 

the Gd sublattice.  Our results provide fundamental insights into the interplay between 22 

spin current and antiferromagnetic order, which are crucial for engineering spin torque 23 

effects in ferrimagnetic and antiferromagnetic metals.  24 

  25 
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I. INTRODUCTION 26 

A spin current is said to be coherent when the spin polarization of its carriers, such as 27 

electrons, is locked in a uniform orientation or precessional phase. How far a spin current 28 

propagates before decohering underpins various phenomena in solids [1,2]. Spin decoherence 29 

can generally arise from spin-flip scattering, where the carrier spin polarization is randomized 30 

via momentum scattering [3,4]. In magnetic materials, electronic spin current polarized 31 

transverse to the magnetization can also decohere by dephasing, where the total carrier spin 32 

polarization vanishes due to the destructive interferences of precessing spins (i.e., upon 33 

averaging over the Fermi surface) [5–9]. In typical ferromagnetic metals (FMs), the dephasing 34 

length 𝜆!" is only ≈1 nm [5–7,10] whereas the spin-flip (diffusion) length 𝜆#$ may be 35 

considerably longer (e.g., ≈10 nm) [3,4], such that dephasing dominates the decoherence of 36 

transverse spin current.   37 

Figure 1(a) qualitatively illustrates the dephasing of a coherent electronic spin current in 38 

a FM spin sink. In this particular illustration, a coherent ac transverse spin current is excited by 39 

ferromagnetic resonance (FMR) spin pumping [11], although in general a coherent transverse 40 

spin current may be generated by other means (e.g., dc electric current spin-polarized 41 

transverse to the magnetization [5,6,12]). This spin current, carried by electrons, then 42 

propagates coherently through the normal metal spacer (e.g., Cu, where 𝜆#$~100 nm is much 43 

greater than the typical spacer thickness) [13]. However, this spin current enters the FM spin 44 

sink with a wide distribution of incident wavevectors1, spanned by the Fermi surface of the FM. 45 

Electronic spins with different wavevectors require different times to reach a certain depth in the 46 

FM, thereby spending different times in the exchange field. Thus, even though these electronic 47 

spins enter the FM with the same phase, they precess about the exchange field in the FM by 48 

different amounts. Within a few atomic monolayers in the FM, the transverse spin polarization 49 

averages to zero; the spin current dephases within a short length scale 𝜆!" ≈ 1 nm.   50 

 
1 An insulating tunnel barrier is known to filter the incident wavevectors to a narrow distribution [94]. This 
filtering effect can reduce dephasing and thus extend 𝜆!".  



3 
 

 51 
FIG. 1. Dephasing of a coherent transverse spin current excited by ferromagnetic resonance (FMR) in the 52 
spin source. The spin current carried by electrons is coherent in the normal metal (NM) spacer layer 53 
(indicated by the aligned black arrows), but enters the spin sink with different incident wavevectors 54 
(dashed gray lines). (a) In the ferromagnetic metal (FM) spin sink, the propagating spins accumulate 55 
different precessional phases in the ferromagnetic exchange field (red vertical arrows) and completely 56 
dephase within a short distance. (b) In the ideal antiferromagnetic metal (AFM) or ferrimagnetic metal 57 
(FIM), the spin current does not dephase completely in the alternating antiferromagnetic exchange field 58 
(blue and green vertical arrows), as any precession at one sublattice is compensated by the opposite 59 
precession at the other sublattice. In the case of a FIM that is an alloy of a transition metal (TM, such as 60 
Co) and rare-earth metal (RE, such as Gd), the TM constitutes one sublattice (e.g., blue arrows) and the 61 
RE constitutes the other sublattice (e.g., green arrows).  62 

 63 

Transverse spin currents in antiferromagnetically ordered metals have been predicted to 64 

exhibit longer 𝜆!" [14–17]. This prediction may apply not only to intrinsic antiferromagnetic 65 

metals (AFMs) but also compensated ferrimagnetic metals (FIMs), which consist of transition-66 

metal (TM) and rare-earth-metal (RE) magnetic sublattices that are antiferromagnetically 67 

coupled to each other [18]. In the ideal case as illustrated in Fig. 1(b), the spin current interacts 68 

with the staggered antiferromagnetic exchange field whose direction alternates at the atomic 69 

length scale. The propagating spins precess in alternating directions as they move from one 70 

magnetic sublattice to the next, such that spin dephasing is suppressed over multiple 71 

monolayers. This cancellation of dephasing in AFMs and FIMs is analogous to spin rephasing 72 
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by π-pulses (Hahn spin echo method) in nuclear magnetic resonance [19], which has recently 73 

inspired several approaches of mitigating decoherence of qubit spin systems [20–22].  74 

The above idealized picture for extended coherence in antiferromagnetically ordered 75 

metals (Fig. 1(b)) assumes a spin current without any scattering and simple layer-by-layer 76 

alternating collinear magnetic order. Finite scattering, spin-orbit coupling, and complex 77 

magnetization states in real materials may disrupt transverse spin coherence [23–25]. The 78 

transverse spin coherence length 𝜆% accounting for both spin-flip scattering and spin dephasing 79 

is given by [10,26], 80 

1
𝜆%
= Re &'

1
𝜆#$

& −
𝑖

𝜆!"
&*.																										(1)					 81 

Thus, in real AFMs and FIMs, a shorter coherence length results from reduced 𝜆#$ due to 82 

increased spin-flip rates, or reduced 𝜆!" due to momentum scattering and non-collinear 83 

magnetic order that prevents perfect cancellation of dephasing [23,24]. Most experiments on 84 

AFMs (e.g., polycrystalline IrMn) indeed show short coherence lengths of ≈1 nm [7,27–30].  85 

Nevertheless, a recent experimental study utilizing a spin-galvanic detection 86 

method [31–35] has reported a long coherence length of >10 nm at room temperature in FIM 87 

CoTb [18]. The report in Ref. [18] is quite surprising considering the strong spin-orbit coupling of 88 

CoTb, primarily from RE Tb with a large orbital angular momentum, which can result in 89 

increased spin-flip scattering [36–38] and noncollinear sperimagnetic order [39–41]. TM and RE 90 

elements also tend to form amorphous alloys [39–42], whose structural disorder may result in 91 

further scattering and deviation from layer-by-layer antiferromagnetic order. It therefore remains 92 

a critical issue to confirm whether the cancellation of dephasing (as depicted in Fig. 1(b)) 93 

actually extends transverse spin coherence in antiferromagnetically ordered metals, particularly 94 

structurally disordered FIMs.  95 

Here, we test for the suppressed dephasing of transverse spin current in ferrimagnetic 96 

alloys. Our experimental test consists of FMR spin pumping measurements [7,28] on a series of 97 

amorphous FIM CoGd spin sinks, which exhibit significantly weaker spin-orbit coupling than 98 

CoTb due to the nominally zero orbital angular momentum of RE Gd. Our experimental results 99 

combined with a modified drift-diffusion model [9,10,43,44] reveal that spin dephasing is indeed 100 

partially cancelled in nearly compensated CoGd, with 𝜆!" extended by a factor of 4-5 compared 101 

to that for FMs. Moreover, we find evidence that transverse spin current interacts more strongly 102 

with the TM Co sublattice than the RE Gd sublattice. Our results suggest that, even in the 103 

presence of substantial structural disorder, the antiferromagnetically coupled sublattices in FIMs 104 
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can mitigate the decoherence of transverse spin current. On the other hand, the maximum 𝜆!" 105 

of ≈5 nm in FIM CoGd found here is quantitatively at odds with the report of 𝜆!" >	10 nm in FIM 106 

CoTb [18]. Our study sheds light on the interaction of transverse spin current with 107 

antiferromagnetic order, which underpins spin torque control of FIMs and AFMs for fast 108 

spintronic devices [45–47].  109 

 110 

II. FILM GROWTH AND STATIC MAGNETIC PROPERTIES 111 

We deposited spin-valve-like stacks of Ti(3)/Cu(3)/Ni80Fe20(7)/Cu(4)/Co100-xGdx(d)/Ti(3) 112 

(unit: nm) with x = 0, 20, 22, 23, 25, 28, and 30 by dc magnetron sputtering on Si/SiO2 113 

substrates. The base pressure in the deposition chamber was better than 8´10-8 Torr. The Ar 114 

sputtering gas pressure was 3 mTorr. The Ti(3)/Cu(3) seed layer promotes the growth of 115 

Ni80Fe20 with low Gilbert damping and minimal inhomogeneous linewidth broadening, whereas 116 

the Ti(3) capping layer protects the stack from oxidation. FIM Co100-xGdx films with various Gd 117 

concentrations (x in atomic %) were deposited by co-sputtering Co and Gd targets at different 118 

Gd sputtering powers (resulting in an uncertainty in composition of ≈±0.5 at.% Gd), except for 119 

Co80Gd20 and Co70Gd30 films that were deposited by sputtering compositional alloy targets. The 120 

deposition rate of each target was calibrated by x-ray reflectivity and was set at 0.020 nm/s for 121 

Ti, 0.144 nm/s for Cu, 0.054 nm/s for NiFe, 0.011 or 0.020 nm/s for Co, 0.008 – 0.020 nm/s for 122 

Gd, 0.014 nm/s for Co80Gd20, and 0.012 nm/s for Co70Gd30. 123 

We performed vibrating sample magnetometry (with a Microsense EZ9 VSM) to identify 124 

the magnetic compensation composition at room temperature for Co100-xGdx films. We measured 125 

Co100-xGdx as single-layer films and as part of the spin-valve-like stacks (NiFe/Cu/CoGd), both 126 

seeded by Ti(3)/Cu(3) and capped by Ti(3). CoGd in both types of samples exhibited identical 127 

results within experimental uncertainty. In the spin-valve-like stacks, the Cu spacer layer 128 

suppresses static exchange coupling between the NiFe and CoGd layers. This interlayer 129 

exchange decoupling is corroborated by magnetometry results (e.g., Fig. 2(a)) that indicate 130 

separate switching for the NiFe and CoGd layers.  131 

Figure 2(b-g) summarizes the composition dependence of the static magnetic properties 132 

of Co100-xGdx. Our results corroborate the well-known trend in ferrimagnetic alloys: the saturation 133 

magnetization converges toward zero and coercivity diverges near the composition at which the 134 

magnetic moments of the Co and Gd sublattices compensate. Comparing the results for 135 

different CoGd thicknesses, we find that the magnetization compensation composition shifts 136 

toward higher Gd content with decreasing CoGd thickness. A similar thickness dependence of 137 

the compensation composition in TM-RE FIM films has been seen in prior studies [18]. Since 138 
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precise determination of the magnetic compensation composition was difficult for smaller Co100-139 

xGdx thicknesses, we tentatively identify the magnetic compensation composition window to be 140 

x ≈ 22-25, which is what we find for 5-nm-thick CoGd. We also remark that the angular 141 

momentum compensation composition is expected to be ≈1 Gd at. % below the magnetic 142 

compensation composition, considering the g-factors of Co and Gd (gCo ≈ 2.15, gGd = 2.0) [48]. 143 

CoGd layers in our stack structures do not show perpendicular magnetic anisotropy [18,49–58], 144 

i.e., CoGd films here are in-plane magnetized [59–62].  145 

 146 

 147 
FIG. 2.  (a) Hysteresis loop of Ni80Fe20(7)/Cu(4)/Co75Gd25(13) (unit: nm). The Ni80Fe20 and Co75Gd25 148 
magnetizations switch separately at in-plane fields ≈0.2 mT and ≈13 mT, respectively. (b,d,f) Saturation 149 
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magnetization Ms and (c,e,g) coercivity μ0Hc  of Co100-xGdx with thicknesses of 40 nm (b,c), 10 nm (d,e), 150 
and 5 nm (f,g). 151 

 152 

III. CHARACTERIZATION OF SPIN TRANSPORT BY SPIN PUMPING 153 

A. FMR Spin Pumping Experiment 154 

The multilayer stacks (described in Sec. II) in our study consist of a NiFe spin source 155 

and a Co100-xGdx spin sink, separated by a diamagnetic Cu spacer. A coherent spin current 156 

generated by FMR [11,13] in NiFe propagates through the Cu spacer and decoheres in the 157 

Co100-xGdx spin sink, yielding nonlocal Gilbert damping [7,28]. The Cu spacer layer suppresses 158 

exchange coupling – and hence direct magnon coupling – between the NiFe and CoGd 159 

layers [63]. The diamagnetic Cu spacer also accommodates spin transport mediated solely by 160 

conduction electrons, such that direct interlayer magnon coupling [17,64–66] does not play a 161 

role here2.  162 

In our FMR spin pumping experiments performed at room temperature, the half-width-at-163 

half-maximum linewidth ∆𝐻 of the NiFe spin source is measured at microwave frequencies f = 164 

2-20 GHz. The details of the FMR measurement method are in Appendix A. The FMR response 165 

of the NiFe layer is readily separated from that of pure Co (x = 0), and CoGd did not yield FMR 166 

signals above our instrumental background (see Fig. 10 in Appendix A). Thus, as shown in Fig. 167 

3, the Gilbert damping parameter α for the NiFe layer is quantified from the f dependence of ∆𝐻 168 

through the linear fit, 169 

 𝜇'∆𝐻 = 𝜇'∆𝐻' +
(

)*!
𝛼𝑓,  (2)  170 

where 𝑔 ≈ 2.1 is the Landé g-factor of Ni80Fe20, 𝜇' is the permeability of free space, ℎ is 171 

Planck’s constant, 𝜇+ is the Bohr magneton, 𝜇'∆𝐻' (< 0.2 mT) is the zero-frequency linewidth 172 

attributed to magnetic inhomogeneity [67]. For NiFe without a spin sink, we obtain αno-sink ≈ 173 

0.0067, similar to typically reported values for Ni80Fe20 [68,69].   174 

A finite thickness 𝑑 of spin sink results in a damping parameter αw/sink that is greater than 175 

αno-sink. For example, the damping increases significantly with just 𝑑 = 1 nm of Co (Fig. 3(a)), 176 

suggesting substantial spin absorption by the spin sink. By contrast, a stack structure that 177 

includes an insulating layer of Ti-oxide before the spin sink does not show the enhanced 178 

damping (Fig. 3(a)). This observation is consistent with the Ti-oxide layer blocking the spin 179 

current [70,71] between the spin source and spin sink layers. Thus, the enhanced damping Δα = 180 

 
2 We note that some of the electronic spin current might be converted into a magnonic spin current [95] at 
the Cu/CoGd interface. However, for the sake of simplicity, we assume the dominance of electronic spin 
transport in CoGd here.  
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αw/sink – αno-sink is nonlocal in origin, i.e., due to the spin current propagating through the Cu 181 

spacer and decohering in the magnetic spin sink [7,10,11,13,28,43]. The decoherence of 182 

transverse spin current in the spin sink is then directly related to Δα. This spin pumping method 183 

based on nonlocal damping enhancement provides an alternative to the spin-galvanic 184 

method [18] that is known to contain parasitic voltage signals unrelated to spin transport [31–35], 185 

as discussed further in Sec. IV-C.  186 

 187 
FIG. 3. (a) Half-width-at-half-maximum (HWHM) FMR linewidth versus frequency for stacks with a spin 188 
sink (NiFe/Cu/Co(d: nm)), a stack without a spin sink (NiFe/Cu), and a stack with an insulating Ti-oxide 189 
spin blocker before the spin sink (NiFe/Cu/TiOx/Co). (b-d) FMR linewidth versus frequency for stacks with 190 
different thicknesses (d: nm) of Co100-xGdx spin sinks, where x = 23 (b), 25 (c), and 28 (d). The slope 191 

(proportional to the damping parameter 𝛼, see Eq. (2)) saturates at d ≈ 1 nm for the FM Co spin sink (a), 192 

whereas the slope saturates at a much larger d for the FIM Co100-xGdx spin sinks (b-d).  193 

 194 

In contrast to the large Δα with an ultrathin FM Co spin sink, the damping enhancement 195 

with 𝑑 is more gradual for FIM CoGd sinks. Figure 3 shows exemplary linewidth versus 196 

frequency results for the spin sink compositions of Co77Gd23 (Fig. 3(b)), Co75Gd25 (Fig. 3(c)), and 197 

Co72Gd28 (Fig. 3(d)). A damping enhancement similar in magnitude to that of the 1-nm-thick FM 198 

Co spin sink is reached only when the CoGd thickness is several nm. This suggests that 199 

transverse spin-current decoherence takes place over a greater length scale in FIM spin sinks 200 

than in FM spin sinks.  201 

In Fig. 4, we summarize our experimental results of transverse spin decoherence (i.e., 202 

Δα) as a function of spin sink thickness 𝑑. It can be seen that Δα for each spin sink composition 203 

saturates above a sufficiently large 𝑑. This apparent saturation thickness – related to how far 204 

the transverse spin current remains coherent [7,10] – changes markedly with the spin sink 205 

composition. With FM Co as the spin sink, the saturation of Δα occurs at 𝑑 ≈ 1 nm, in 206 

agreement with 𝜆!" reported before for FMs [7,10]. By contrast, Δα saturates at 𝑑 ≫ 1 nm for 207 
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FIM CoGd sinks. This observation again implies that transverse spin current remains coherent 208 

deeper within FIM sinks than within FM sinks.  209 

 210 

    211 
FIG. 4. Nonlocal damping enhancement Δα versus spin sink thickness d for CoGd spin sinks with 212 
different compositions.  213 
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We now consider possible mechanisms of the longer decoherence lengths in FIM sinks. 215 
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as evidenced by the reduction of the Curie temperature from ≈1400 K for pure Co to ≈700 K for 217 

Co70Gd30 [72]. The diluted exchange field would lead to slower spin dephasing (i.e., longer 𝜆!"), 218 

thereby requiring a thicker spin sink for complete spin-current decoherence. This mechanism 219 

would yield 𝜆!" that is inversely proportional to the Curie temperature [73], such that the spin-220 

sink thickness 𝑑 at which Δα saturates would increase monotonically with Gd content. However, 221 
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plateau or peak at a Gd content of x ≈ 25, which is close to the magnetic compensation 223 

composition window.  224 

We therefore consider an alternative mechanism, where the antiferromagnetically 225 

coupled Co and Gd sublattices in the FIM alloys mitigate dephasing, as qualitatively illustrated 226 

in Fig. 1(b). This mechanism would be expected to maximize 𝜆!" near the compensation 227 

composition. In the following subsection, we describe and apply a modified spin drift-diffusion 228 

model to estimate 𝜆!" and examine the possible role of the antiferromagnetic order in the 229 

mitigation of dephasing in FIM CoGd.  230 

 231 

B. Modified Drift-Diffusion Model  232 

We wish to model our experimental results and quantify 𝜆!" for the series of CoGd sinks. 233 

The conventional drift-diffusion model captures spin-flip scattering in nonmagnetic 234 

metals [11,74,75], but not spin dephasing that is expected to be significant in magnetic metals. 235 

This conventional model also predicts a monotonic increase of Δα with 𝑑 [11,74,75], whereas 236 

we observe in Fig. 4 a non-monotonic behavior where Δα overshoots before approaching 237 

saturation for some compositions of CoGd. For spin pumping studies with magnetic spin sinks, 238 

typical models assume that the transverse spin current decoheres by dephasing as soon as it 239 

enters the FM spin sink, i.e., 𝜆!" = 0 [13,75,76]. Others fit a linear increase of Δα with 𝑑 up to 240 

apparent saturation, deriving 𝜆!" = 1.2 ± 0.1 nm for FMs [7,28,73]. However, it is questionable 241 

that this linear cut-off model applies in a physically meaningful way to our experimental results 242 

(Fig. 4), in which the increase of Δα to saturation is not generally linear.   243 

We therefore apply an alternative model that captures the dephasing (i.e., precession 244 

and decay) of transmitted transverse spin current in the magnetic spin sinks by invoking the 245 

transmitted spin-mixing conductance 𝑔,↑↓ [5,9,10,43,44,77,78]. As illustrated in Fig. 5, 𝑔,↑↓ 246 

accounts for the spin current transmitted through the spin sink, in contrast to the conventional 247 

reflected spin-mixing conductance that accounts for the spin current reflected at the spin sink 248 

interface [7,79]. 𝑔,↑↓ is a function of the magnetic spin sink thickness 𝑑 that must vanishes in the 249 

limit of 𝑑 ≫ 𝜆!", i.e., when the transverse spin current completely dephases in a sufficiently thick 250 

spin sink [5,9,77,78]. In conventional FM spin sinks, it is often assumed that 𝑔,↑↓ = 0, which is 251 

equivalent to assuming 𝜆!" = 0 [79].  252 
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 253 
FIG. 5. (a) Cartoon schematic of transverse spin current transport in the spin-source/spacer/spin-sink 254 
stack. The FMR-driven spin source pumps a coherent transverse spin current (polarized along the x-axis) 255 
through the Cu spacer. The spin current reflected at the Cu (spacer)/CoGd (spin sink) interface is 256 

parameterized by the reflected spin-mixing conductance 𝑔##↑↓, whereas the spin current transmitted through 257 

the CoGd spin sink is parameterized by the transmitted spin-mixing conductance 𝑔&↑↓. (b) Illustration of the 258 
dephasing of the transverse spin current propagating in the CoGd spin sink. The shrinking circles 259 
represent the decay of the transverse spin polarization due to dephasing while it precesses about the 260 

effective net exchange field 𝐻'()'&. (c) Illustration of the oscillatory decay of the transverse spin current. 261 

The complex transmitted spin-mixing conductance 𝑔&↑↓ captures the transmitted transverse spin 262 
polarization components sx and sy.  263 
 264 

Furthermore, 𝑔,↑↓(𝑑) is a complex value where the real and imaginary parts are 265 

comparable in magnitude [78]. Re>𝑔,↑↓(𝑑)? and Im>𝑔,↑↓(𝑑)? are related to the two orthogonal 266 

components of the spin current transmitted through the magnetic spin sink [9]. As illustrated in 267 

Fig. 5(a,b), the incident spin polarization is along the x-axis, whereas the y-axis is normal to 268 

both the incident spin polarization and the magnetic order of the spin sink. Re>𝑔,↑↓(𝑑)? and 269 
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Im>𝑔,↑↓(𝑑)? represent the x- and y-components, respectively, of the transverse spin polarization 270 

(Fig. 5); these components oscillate and decay while the spin current dephases.  271 

We approximate 𝑔,↑↓(𝑑) with an oscillatory decay function [9],  272 

𝑔,↑↓(𝑑) = 𝑔,,'↑↓ B
0"#
1!
sin 1!

0"#
± 𝑖 FG0"#

1!
H
&
sin 1!

0"#
− 0"#

1!
cos 1!

0"#
KL exp B− !

0$%
L, (3) 273 

where 𝑔,,'↑↓  represents the interfacial contribution to 𝑔,↑↓. Equation (3) is identical to the function 274 

proposed by Kim [9], except that we incorporate an exponential decay factor (with 𝜆#$ = 10 nm 275 

as explained in Appendix B) that approximates incoherent spin scattering as an additional 276 

source of spin-current decoherence. The sign between the real and imaginary terms in Eq. (3) 277 

represents the net precession direction of the transverse spin polarization: the positive sign 278 

indicates precession about an exchange field along the net magnetization, whereas the 279 

negative sign indicates precession about an exchange field opposing the net magnetization.  280 

Although the effective exchange field is along the net magnetization in most cases, we discuss 281 

in Sec. IV-B a case where the exchange field opposes the net magnetization.  282 

The oscillatory decay of 𝑔,↑↓(𝑑) modeled by Eq. (3) is illustrated in Fig. 5(c). Although Fig. 283 

5(c) shows a case with 𝑔,,'↑↓  as a positive real quantity, 𝑔,,'↑↓  is generally complex. In particular, 284 

Re>𝑔,,'↑↓ ? and Im>𝑔,,'↑↓ ? represent the filtering and rotation [5,6], respectively, of spin current at the 285 

interface of the Cu spacer and the Co100-xGdx sink.  286 

We incorporate Eq. (3) into the drift-diffusion model by Taniguchi et al. [10] that uses the 287 

boundary conditions applicable to our multilayer systems. Accordingly, the nonlocal Gilbert 288 

damping enhancement ∆𝛼 due to spin decoherence in the spin sink is given by  289 

∆𝛼 =
𝑔𝜇+

4𝜋𝑀#𝑡2
T
1
𝑔U3↑↓

+
1
𝑔U&↑↓

V
43

,					(4) 290 

where 𝜇+ is the Bohr magneton; 𝑔 = 2.1 is the gyromagnetic ratio, 𝑀# = 800 kA/m is the 291 

saturation magnetization, and 𝑡2 = 7 nm is the thickness of the NiFe spin source. 𝑔U3↑↓ = 16 nm-2 292 

is the renormalized reflected spin-mixing conductance at the NiFe/Cu interface (see Appendix 293 

B). 𝑔U&↑↓ is the renormalized reflected spin-mixing conductance at the Cu/Co100-xGdx interface, 294 

which depends on the Co100-xGdx spin sink thickness 𝑑 as 295 

𝑔U&↑↓ =
Z1 + Re>𝑔,↑↓?Re[𝜂] + Im>𝑔,↑↓?Im[𝜂]^

Z1 + Re>𝑔,↑↓?Re[𝜂] + Im>𝑔,↑↓?Im[𝜂]^
&
+ ZIm>𝑔,↑↓?Re[𝜂] − Re>𝑔,↑↓?Im[𝜂]^

& 𝑔U5
↑↓,					(5) 296 
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where 𝜂 = (2𝑒&𝜌𝑙6/ℎ)coth	(𝑑/𝑙6) with 𝑙6 = f1/𝜆#$
& − 𝑖/𝜆!"

&, 𝜌 is the resistivity of the spin sink, 297 

and 𝑔U5↑↓ is the renormalized reflected mixing conductance at the Cu/ Co100-xGdx interface with 298 

𝑑 ≫ 𝜆!".  299 

Given the rather large number of parameters in the model, some assumptions to 300 

constrain the fitting are required, as outlined in Appendix B. These assumptions leave us with 301 

three free fit parameters: 𝜆!", Re>𝑔,,'↑↓ ?, and Im>𝑔,,'↑↓ ?. It is also possible to further reduce the 302 

number of free parameters by fixing Re>𝑔,,'↑↓ ?, particularly near the compensation composition as 303 

explained in Appendix C. Qualitatively similar results are obtained with Re>𝑔,,'↑↓ ? free or fixed.  304 

 305 
FIG. 6. Left column: spin sink thickness dependence of nonlocal damping enhancement Δα. The solid 306 
curve indicates the fit using the modified drift-diffusion model. Right column: the real and imaginary parts 307 

of the transmitted spin-mixing conductance 𝑔&↑↓ derived from the fit. The vertical dashed line indicates the 308 
spin dephasing length 𝜆!".  309 
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 310 

The fit results using the modified drift-diffusion model are shown as solid curves in the 311 

left column of Fig. 6. These curves adequately reproduce the 𝑑 dependence of Δα for all spin 312 

sink compositions. We also show in the right column of Fig. 6 the 𝑑 dependence of 𝑔,↑↓, 313 

illustrating the net precession and decay of the transverse spin current.  314 

With the modeled results in Fig. 6, the overshoot in Δα versus 𝑑 can now be attributed to 315 

the precession of the transverse spin current [9,44,77]. For a certain magnetic spin sink 316 

thickness, the polarization of the spin current leaving the sink is opposite to that of the spin 317 

current entering the spin sink. Since the difference between the leaving and entering spin 318 

currents is related to the spin angular momentum transferred to the magnetic order, the spin 319 

transfer – manifesting as Δα here – can be enhanced [9,44,77] compared to when the spin 320 

current is completely dephased for 𝑑 ≫ 𝜆!".  321 

We acknowledge that our assumptions in the modified drift-diffusion model do not 322 

necessarily capture all phenomena that could impact spin transport in a quantitative manner. 323 

For example, there remain unresolved questions regarding the relationship between resistivity 𝜌 324 

and spin-flip length 𝜆#$, as well as the role of the thickness dependent compensation 325 

composition on dephasing, which warrant further studies in the future. Nevertheless, as 326 

discussed in Sec. IV, our approach reveals salient features of spin dephasing in compensated 327 

FIMs, as well as the upper bound of the transverse spin coherence length in FIM CoGd. 328 

 329 

IV. DISCUSSION 330 

A. Compositional Dependence of Spin Transport 331 

Figure 7 summarizes the main finding of our work, namely the relationship between the 332 

magnetic compensation (Fig. 7(a)) and the spin transport parameters (Fig. 7(b-d)) of FIM Co100-333 

xGdx. We also refer the readers to Fig. 16 in Appendix C, which shows that qualitatively similar 334 

results are obtained when Re>𝑔,,'↑↓ ? is treated as a fixed parameter.  335 

We first discuss the composition dependence of 𝜆!", summarized in Fig. 7(b), which is 336 

derived from the modified drift-diffusion model (vertical dashed lines in Fig. 6).  The results in 337 

Fig. 7(b) show a peak value of 𝜆!" ≈ 5 nm at x ≈ 25-28, which is close to the magnetic 338 

compensation composition window (x ≈ 22-25, the shaded region in Fig. 7). It is worth noting 339 

that 𝜆!" is maximized on the somewhat Gd-rich side of the compensation composition window. 340 

We attribute this observation to the stronger contribution to spin dephasing from the Co 341 

sublattice, as discussed more in detail in Sec. IV-B.  342 
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 343 
FIG. 7. (a) Static magnetic properties (saturation magnetization Ms and coercive field Hc) reproduced from 344 

Fig. 2, (b) spin dephasing length 𝜆!", and the (c) real and (d) imaginary parts of the interfacial contribution 345 

of the transmitted spin-mixing conductance 𝑔&,+↑↓  versus Gd content in the spin sink. The shaded region 346 

indicates the window of composition corresponding to magnetic compensation. The error bars in (b-d) 347 
show the 95% confidence interval.  348 

 349 

 Our results (Fig. 7(b)) indicate up to a factor of ≈5 enhancement in 𝜆!" for nearly 350 

compensated FIMs compared to FM Co. This observation is qualitatively consistent with the 351 

theoretical prediction that antiferromagnetic order mitigates the decoherence of transverse spin 352 

current [14–18]. In a nearly compensated FIM CoGd spin sink, the alternating Co and Gd 353 
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moments of approximately equal magnitude partially cancel the dephasing of the propagating 354 

spins. This scenario, illustrated in Fig. 1(b), is corroborated by our tight-binding calculations 355 

assuming coherent ballistic transport (see Appendix D). Transverse spin current in 356 

compensated CoGd is therefore able to remain coherent over a longer distance than in FMs. 357 

We note, however, that the spin current decoheres within a finite length scale in any real 358 

materials, due to the imperfect suppression of dephasing and the presence of incoherent 359 

scattering.  360 

We now comment on the compositional dependence of Re>𝑔,,'↑↓ ? and Im>𝑔,,'↑↓ ?, particularly 361 

in the vicinity of magnetic compensation. Our calculations in Appendix C predict Re>𝑔,,'↑↓ ? to be 362 

only weakly dependent on the net exchange splitting 𝑘7 of the magnetic spin sink. Our 363 

experimental results (Fig. 7(c)) are in qualitative agreement with this prediction, as Re>𝑔,,'↑↓ ? 364 

takes a roughly constant value near magnetic compensation.  365 

By contrast, the same calculations in Appendix C predict a quadratic dependence of 366 

Im>𝑔,,'↑↓ ? on 𝑘7. Specifically, Im>𝑔,,'↑↓ ? converges to zero as the net exchange 𝑘7 approaches zero 367 

(i.e., magnetic sublattices approaching compensation). Our experimental results indeed show a 368 

minimum in Im>𝑔,,'↑↓ ? when 𝜆!" is maximized. We remark that Im>𝑔,,'↑↓ ? is related to how much the 369 

polarization of the spin current rotates upon entering the magnetic spin sink [5,6]. When the 370 

magnetic sublattices are nearly compensated, the spin current sees a nearly canceled net 371 

exchange field such that the spin rotation (precession) is suppressed. Therefore, both the 372 

reduction of Im>𝑔,,'↑↓ ? and the enhancement of 𝜆!" arise naturally from the cancellation of the net 373 

exchange field. Our results in Figs. 6 and 7 consistently point to the suppression of spin-current 374 

dephasing enabled by antiferromagnetic order.  375 

It is important to note that FIM TM-RE alloys in general are amorphous with no long-376 

range structural order. Instead of the simple layer-by-layer alternating order illustrated in Fig. 377 

1(b), the TM and RE atoms are expected to be arranged in a rather disordered fashion. 378 

Considering that disorder and electronic scattering tend to quench transverse spin 379 

coherence [18,23,24], it is remarkable that such amorphous FIMs permit extended 𝜆!" at all. We 380 

speculate the observed enhancement of transverse spin coherence is enabled by short-range 381 

ordering of Co and Gd atoms, e.g., finite TM-TM and RE-RE pair correlations in the film plane 382 

(and TM-RE pair correlation out of the film plane) as suggested by prior reports [18,80].  383 

 384 

  385 
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B. Distinct Influence of the Sublattices on Spin Dephasing 386 

Our results (Fig. 7) indicate that magnetic compensation is achieved in the Co100-xGdx 387 

composition range of x ≈ 22-25, while 𝜆!" is maximized (and Im>𝑔,,'↑↓ ? is minimized) at x ≈ 25-28. 388 

This observation deviates from the simple expectation (Fig. 1(b)) that spin dephasing is 389 

suppressed when the two sublattices are compensated. Here, we discuss why 𝜆!" should be 390 

maximized at a more Gd-rich spin sink composition than the magnetic compensation 391 

composition.  392 

First, it should be recalled that the magnetic compensation composition is dependent on 393 

the FIM thickness. Our magnetometry data (Fig. 2(b-g)) indicate that the magnetic 394 

compensation composition becomes more Gd-rich with decreasing CoGd thickness 𝑑. However, 395 

the CoGd thickness 𝑑 = 5 nm shown in Fig. 2(f,g), from which the compensation composition is 396 

deduced, is close to the estimated maximum 𝜆!" of ≈ 5 nm. Therefore, the thickness 397 

dependence of the compensation composition alone does not explain the maximum 𝜆!" on the 398 

Gd-rich side of magnetic compensation. We consider an alternative explanation below.  399 

Generally, it might be expected that transverse spin current interacts more strongly with 400 

the TM Co magnetization (from the spin-split itinerant 3d bands near the Fermi level) [50,81] 401 

than the RE Gd magnetization (primarily from the localized 4f levels ≈7-8 eV below the Fermi 402 

level [82,83]). This is analogous to magnetotransport effects dominated by itinerant 3d band 403 

magnetism in TM-RE FIMs [60,84]. If the interaction of transverse spin current with the Co 404 

sublattice is stronger [81], more Gd would be needed to compensate spin dephasing. Thus, the 405 

greater contribution of the Co sublattice to dephasing could explain why 𝜆!" is maximized at a 406 

more Gd-rich composition than the magnetic compensation composition.  407 

 We observe additional evidence for the stronger interaction with the TM Co sublattice by 408 

inspecting the dependence of 𝑔,↑↓ on spin sink thickness 𝑑. The relevant results can be seen in 409 

the right column of Fig. 6, but for the sake of clarity, we highlight 𝑔,↑↓ vs 𝑑 for a selected few 410 

CoGd compositions near magnetic compensation in Fig. 8. For most spin sink compositions 411 

(e.g., Fig. 8(a),(c)), the results are consistent with the straightforward scenario: the net 412 

exchange field, felt by the transverse spin current, points along the net magnetization. However, 413 

the Co75Gd25 spin sink (Fig. 8(b)), which is on the Gd-rich side of the magnetic compensation 414 

composition, exhibits a qualitatively different phase shift in Im>𝑔,↑↓?. This noteworthy result is 415 

consistent with the transverse spin precessing about a net exchange field that opposes the net 416 
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magnetization3. In other words, the net magnetization in Co75Gd25 is dominated by the Gd 417 

magnetization (from 4f orbitals far below the Fermi level), but the net exchange field points 418 

along the Co magnetization (from 3d bands near the Fermi level). The retrograde spin 419 

precession in Co75Gd25 suggests that transverse electronic spin current interacts preferentially 420 

with the itinerant 3d TM magnetism.  421 

 422 
FIG. 8. Transmitted spin-mixing conductance 𝑔&↑↓ versus spin sink thickness 𝑑 near the magnetic 423 
compensation composition, derived from the modified drift-diffusion model fit (Fig. 6). Note the phase shift 424 

in Im(𝑔&↑↓) for Co75Gd25 (b). The cartoons on the right illustrate the net precession direction of the 425 

transverse spin polarization in each CoGd spin sink. Co75Gd25 exhibits retrograde precession, opposite to 426 
the precession direction in the other spin sink compositions.   427 

 
3 The modeled curves for Re(𝑔&↑↓) and Im(𝑔&↑↓) in Figs. 6 and 8 for Co75Gd25 showing retrograde 
precession are obtained by taking the negative sign between the real and imaginary terms in Eq. (3). 
Adequate fits could also be obtained by fixing the sign between the real and imaginary terms to be 
positive, but this would require the signs of Re(𝑔&,+↑↓ ) and Im(𝑔&,+↑↓ ) for Co75Gd25 to be opposite to those of 
the other CoGd compositions. Since a sign flip in Re(𝑔&,+↑↓ ) or Im(𝑔&,+↑↓ ) with respect to CoGd composition is 
not expected (according to our calculations in Appendix C), we conclude that retrograde precession is the 
physically reasonable scenario for the Co75Gd25 sink.  
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We also comment on the possible role of angular momentum compensation in FIM 428 

CoGd. As noted in Sec. II, angular momentum compensation composition is slightly more Co-429 

rich than the magnetic compensation composition. While angular momentum compensation is 430 

key to fast antiferromagnetic-like dynamics in FIMs [53,55], it is evidently unrelated to the 431 

maximum 𝜆!" on the slightly Gd-rich side of the magnetic compensation composition. Rather, 432 

we conclude that 𝜆!" in FIMs is governed by the effective net exchange field, where the TM 433 

sublattice can play a greater role than the RE sublattice.  434 

 435 

C. Comparison with a Prior Report of Long Transverse Spin Coherence in Ferrimagnetic 436 

Metals 437 

Our results (e.g., Figs. 6-8) point to mitigation of spin decoherence in nearly 438 

compensated FIM CoGd. However, we do not observe evidence for a transverse spin 439 

coherence length in excess of 10 nm, which was recently reported for CoTb [18]. Owing to the 440 

weaker spin-orbit coupling in CoGd than in CoTb, one might expect longer length scales for spin 441 

dephasing (more collinear antiferromagnetic order) and spin diffusion (less spin-flip scattering) 442 

in CoGd than in CoTb. We discuss possible reasons as to why the maximum coherence length 443 

in CoGd in our present study is significantly shorter than that reported in CoTb by Ref. [18].  444 

A plausible factor is the difference in experimental method for deducing the coherence 445 

length. Yu et al. in Ref. [18] utilize spin-galvanic measurements on Co/Cu/CoTb/Pt stacks: FMR 446 

in the Co layer pumps a spin current presumably through the CoTb spacer and generates a 447 

lateral dc voltage from the inverse spin-Hall effect in the Pt detector [85]. A finite dc voltage is 448 

detected for a range of CoTb alloy spacer thicknesses up to 12 nm, interpreted as evidence that 449 

the spin current propagates from Co to Pt even with >10 nm of CoTb in between. However, 450 

there could be coexisting voltage contributions besides the spin-to-charge conversion in the Pt 451 

detector. For example, spin scattering in the CoTb layer could yield an additional inverse spin-452 

Hall effect [86], i.e., the reciprocal of the strong spin-orbit torque reported in CoTb [87]. 453 

Furthermore, the FMR-driven spin-galvanic measurement could pick up spin rectification [31–454 

33] and thermoelectric voltages [34,35] from the dynamics of the FM Co layer, which might be 455 

challenging to disentangle from the inverse spin-Hall effect in Pt. While a number of control 456 

experiments are performed in Ref. [18] to rule out artifacts, it is possible that some spurious 457 

effects are not completely suppressed. Figures 4(d) and 5(c) in Ref. [18] show that the spin-458 

galvanic signal drops abruptly with the inclusion of a finite thickness of CoTb spacer and 459 

remains constant up to CoTb thickness >10 nm. This trend, at odds with the expected gradual 460 
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attenuation of spin current with CoTb thickness, may arise from other mechanisms unrelated to 461 

spin transmission through CoTb.  462 

In our present study, the spin pumping method measures the nonlocal damping Da that 463 

is attributed to spin-current decoherence in the spin sink (see Sec. III-A). This method does not 464 

involve any complications from spin-galvanic signals. It still might be argued, however, that our 465 

method does not necessarily allow for precise, straightforward quantification of spin transport 466 

due to the large number of parameters involved in modeling (see Appendix B). Nevertheless, 467 

even if there are quantitative errors in our modeling, it is incontrovertible that Da saturates (i.e., 468 

the transverse spin current pumped into CoGd decoheres) within a length scale well below 10 469 

nm. Thus, our results indicate that the spin coherence length in CoGd does not exceed 10 nm. 470 

There may be other factors leading to the discrepancy between our study and Ref. [18]. 471 

The CoTb films in Ref. [18] may have a higher degree of layer-by-layer ordering than our CoGd 472 

films. This appears unlikely, since CoTb “multilayers” (grown by alternately depositing Co and 473 

Tb) and CoTb “alloys” (grown by simultaneously depositing Co and Tb) exhibit essentially the 474 

same CoTb thickness dependence of spin-galvanic signal [18]. Another possibility is that 475 

magnons, rather than spin-polarized conduction electrons, are responsible for the remarkably 476 

long spin coherence through CoTb. If this were the case, it is yet unclear how CoTb might 477 

exhibit a longer magnon coherence length than CoGd, or how the spin-galvanic method in 478 

Ref. [18] might be more sensitive to magnon spin transport than the nonlocal damping method 479 

in our present study. A future study that directly compares CoTb and CoGd spin sinks (e.g., with 480 

the nonlocal damping method) may verify whether transverse spin currents survive over >10 nm 481 

in ferrimagnetic alloys with strong spin-orbit coupling.  482 

 483 

D. Possible Implications for Spintronic Device Applications 484 

The dephasing length 𝜆!"  of transverse electronic spin current fundamentally impacts 485 

spin torque effects in a magnetic metal [5,6]. Specifically, the transverse spin angular 486 

momentum lost by the spin current is transferred to the magnetization, thereby giving rise to a 487 

spin torque within a depth of order 𝜆!" from the surface of the magnetic metal. Due to the short 488 

𝜆!" ≈ 1 nm, the spin torque is more efficient in a thinner FM layer, which comes at the expense 489 

of reduced thermal stability of the stored magnetic information. The longer 𝜆!" in compensated 490 

FIMs (or AFMs) may enable efficient spin torques in thicker, more thermally stable magnetic 491 

layers for high-density nonvolatile memory devices [18,52]. Another practical benefit of 492 

extended 𝜆!" is that it facilitates tuning the magnetic layer thickness to enhance spin 493 
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torques [9,44,77].  We further emphasize that the increase of 𝜆!" is evident even in amorphous 494 

FIMs. This suggests that optimally engineered FIMs or AFMs (e.g., with high crystallinity) could 495 

exhibit much longer 𝜆!", potentially yielding spin torque effects that are qualitatively distinct from 496 

those in FMs [14].  497 

 In addition to estimating the dephasing length scale in FIMs, our study highlights the 498 

roles of the chemically distinct sublattices on spin dephasing. From conventional spin torque 499 

measurements, it is generally difficult to deduce whether a spin current in a TM-RE FIM 500 

interacts more strongly with a particular sublattice [54]. Our results (as discussed in Sec. IV-B) 501 

imply that the TM sublattice contributes more strongly to the dephasing of transverse spin 502 

current – and hence to spin torques. The greater role of the TM sublattice over the RE sublattice 503 

could be crucial for engineering spin torque effects in compensated TM-RE FIMs – e.g., for 504 

enabling ultrafast (sub-THz-range) spin torque oscillators [88].  505 

 506 

V. CONCLUSION 507 

In summary, we have utilized broadband FMR spin pumping to estimate the dephasing 508 

length 𝜆!" of transverse spin current in ferrimagnetic CoGd alloys across the compensation 509 

point. We obtain a maximum of 𝜆!" ≈ 5 nm in nearly compensated CoGd, consistent with the 510 

antiferromagnetic order mitigating the decoherence (dephasing) of transverse spin current. The 511 

observed maximum 𝜆!" constitutes a factor of ≈4-5 enhancement compared to that for 512 

ferromagnetic metals. On the other hand, we do not find evidence for 𝜆!" in excess of 10 nm in 513 

ferrimagnetic alloys reported in a recent study [18]. Despite this quantitative difference, our 514 

results suggest that partial spin rephasing by antiferromagnetic order – i.e., analogous to the 515 

spin-echo scheme to counter spin decoherence – is indeed operative even in disordered 516 

ferrimagnetic alloys at room temperature. Moreover, our results suggest that transverse spin 517 

current interacts more strongly with the itinerant Co sublattice than the localized Gd sublattice in 518 

nearly compensated CoGd. The spin rephasing effect and the sublattice dependent interaction 519 

could impact spin torques in ferrimagnetic alloys, with possible applications in fast spintronic 520 

devices.  Our finding also points to the possibility of further extending transverse spin coherence 521 

in structurally pristine antiferromagnetic metals, thus opening a new avenue for fundamental 522 

studies of spin transport in magnetic media. 523 

 524 

  525 
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APPENDIX A: FMR MEASUREMENT METHOD 531 

 532 
FIG. 9. FMR spectrum of Ni80Fe20(7)/Cu(4) at 6 GHz. The red curve in the bottom panel represents the fit 533 
using Eq. (A1). 534 

 535 

FMR spectra are acquired using a broadband spectrometer, with each sample placed on 536 

a coplanar waveguide (film side down) and magnetized in-plane (with a quasi-static magnetic 537 

field, maximum value ~1 T, from an electromagnet). The quasi-static field is swept while fixing 538 

the frequency of the microwave field (transverse to the quasi-static field) to acquire the 539 

resonance spectrum. A radio-frequency diode and lock-in amplifier (with 700 Hz modulation field 540 

as the reference) is used to detect the signal, which is recorded as the derivative of the 541 

microwave power absorption with respect to the applied field, as shown in Fig. 9. To obtain the 542 

half-width-at-half-maximum FMR linewidth ΔH, the measured signal is fit with the derivative of 543 

the sum of symmetric and antisymmetric Lorentzian functions [89],  544 

 545 

 546 

where Hres is the resonance field and the coefficients A and S are the proportionality factors for 547 

the antisymmetric and symmetric terms, respectively. 548 
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  549 
FIG. 10. FMR spectra for Ni80Fe20 (7 nm)/Cu (4 nm)/Co100-xGdx (d nm) with no spin sink (magenta) and 550 
with spin sink layer of pure Co (black), Gd 25% (red and green) and Gd 28% (blue and light blue). NiFe 551 
and Co exhibit well-separated FMR. The different thicknesses for Gd 25 and 28% was selected to show 552 

two different transport regimes, i.e., below/above the 𝜆!" found from Fig. 6 in the main text. No FMR 553 

signal attributable to Co100-xGdx in our samples (20 ≤ x ≤ 30) is detected. 554 

 555 

APPENDIX B: ASSUMPTIONS IN THE MODIFIED DRIFT-DIFFUSION MODEL 556 

Given the rather large number of parameters in the model (𝑔U3↑↓, 𝑔U5↑↓,	𝜌, 𝜆#$, 𝜆!", Re>𝑔,,'↑↓ ?, 557 

and Im>𝑔,,'↑↓ ?), some assumptions are required to constrain the modified drift-diffusion model 558 

(Sec. III-B). Our assumptions are as follow: 559 

(1)  The renormalized reflected spin-mixing conductance (accounting for the Sharvin 560 

conductance of Cu [79]) is set equal for the Ni80Fe20/Cu and Cu/Co interfaces, i.e., 561 

𝑔U3↑↓ = 𝑔U5↑↓. Here, 𝑔U5↑↓ is the renormalized reflected spin-mixing conductance for the 562 

Cu/Co interface, 𝑔U&↑↓, in the limit of 𝑑 ≫ 𝜆!". We compute 𝑔U3↑↓ from a modified form of Eq. 563 

(4),  564 
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∆𝛼#<,=> =
𝑔𝜇+

4𝜋𝑀#𝑡2
T
2
𝑔U3↑↓

V
43

,					(B1) 565 

where ∆𝛼#<,=> = 0.0022 is the average of ∆𝛼 for Co spin sink thicknesses 𝑑 ≥ 3 nm (large 566 

enough that the transverse spin current is essentially completely dephased). The 567 

renormalized spin-mixing conductance 𝑔U3↑↓ at the Ni80Fe20/Cu interface is found to be 16 568 

nm-2.  569 

(2)  For each ferrimagnetic Co100-xGdx spin sink composition, we compute 𝑔U5↑↓, shown in Eq. 570 

(5)) via 571 

∆𝛼#<,=>?! =
𝑔𝜇+

4𝜋𝑀#𝑡2
T
1
𝑔U3↑↓

+
1
𝑔U5↑↓

V
43

,					(B2) 572 

where ∆𝛼#<,=>?! is the average of ∆𝛼 for the samples with the three largest spin sink 573 

thicknesses, where ∆𝛼 is essentially saturated. The values of 𝑔U5↑↓ are summarized in Fig. 574 

11.  575 

  576 
FIG. 11. Composition dependence of the renormalized reflected mixing conductance 𝑔#,↑↓ at the Cu/ Co100-577 

xGdx interface with the Co100-xGdx spin sink thickness 𝑑 ≫ 𝜆!".  578 

 579 

(3) We set 𝜆#$ = 10 nm, which is of the same order as the reported spin diffusion length in 580 

Co [4]. We further note that if the claim of 𝜆% > 10 nm for ferrimagnets in Ref. [18] were 581 

correct, 𝜆#$ would necessarily need to be > 10 nm. This relatively long 𝜆#$ is equivalent 582 

to assuming quasi-ballistic spin transport in the spin sink, such that spin dephasing 583 

(rather than scattering) governs the transverse spin coherence length, 𝜆!" < 𝜆#$. Our 584 

quantitative results of 𝜆!" are essentially unaffected if 𝜆#$ ≳ 4 nm (e.g., Fig. 12), while 585 

some variation can be seen in Im[𝑔,,'↑↓ ] with 𝜆#$.  586 

0 20 25 30
0

5

10

15

g­¯ r  
 

Gd at. %

~
(n

m
-2

)



26 
 

 587 
FIG. 12. Dependence of the spin dephasing length 𝜆!" and interfacial transmitted spin-mixing 588 

conductance 𝑔&,+↑↓  of Co72Gd28 on the spin-flip length 𝜆-. in the modified drift-diffusion model.  589 

 590 

(4) For the sake of simplicity, we assume constant values of 𝜆#$ and 𝜌 for a given spin-sink 591 

composition (although in general, 𝜆#$ may depend on the resistivity 𝜌 of the spin sink, 592 

which in turn can depend on the spin-sink thickness). In particular, we set 𝜌 at the 593 

values obtained from four-point resistivity measurements of 10-nm-thick Co100-xGdx films 594 

(Fig. 13); the results are summarized in the figure below. (The exception was pure Co 595 

where 𝜌 was set at 1.0x10-6 Wm, since using the measured resistivity 𝜌 = 0.3x10-6 Wm 596 

yielded an unphysically large r𝑔,,'↑↓ r of ≫10 nm-2. The higher effective resistivity for Co is 597 

possibly justified considering that ∆𝛼 saturates at 𝑑 ≈ 1 nm, where the resistivity is likely 598 

much higher than 0.3x10-6 Wm due to surface scattering.) We remark that the 599 

uncertainty in the spin-sink thickness dependence of 𝜌 and 𝜆#$ may result in a 600 

systematic error in quantifying 𝜆!"; further detailed studies are warranted to elucidate 601 

the relationship between electronic and spin transport in ferrimagnets. Nevertheless, 602 

our approach is sufficient for semi-quantitative examination of 𝜆!" as a function of CoGd 603 

composition. It is incontrovertible that FIM CoGd has a significantly longer transverse 604 

coherence length than FM Co and that this coherence length (albeit well below 10 nm) 605 

shows a maximum near the magnetic compensation.  606 
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 607 
FIG. 13. Resistivity 𝜌 with varying Gd at.% for SiOx(thermally oxidized)/Co100-xGdx(10)/TiOx(3) (unit: nm). 608 
The resistivities of intermediate compositions between x = 20 and 30 are derived via linear interpolation.  609 
 610 

(5) We assume 𝜆!" to be a constant parameter for each spin-sink composition, i.e., 611 

independent of the spin sink thickness. We note that there could be a deviation from 612 

this assumption, considering that the magnetic compensation composition (hence net 613 

exchange splitting) evidently depends on the thickness of the ferrimagnetic spin sink, as 614 

seen in our magnetometry results (Fig. S3).  615 

 616 

We also add a few remarks regarding the details of our fitting protocol. In fitting the 617 

experimental data ∆𝛼 versus 𝑑 using the modified drift-diffusion model (Fig. 6, left column), we 618 

assign a weight to each data point that is inversely proportional to the square of the error bar for 619 

∆𝛼 (from the linear fit of linewidth versus frequency). We fix Im>𝑔,,'↑↓ ? = 0.2𝑔U5↑↓ for pure Co, similar 620 

to what is suggested by Zwierzycki et al. [78]; for Co80Gd20, we impose the constraint 0.2𝑔U5↑↓ <621 

r𝑔,,'↑↓ r < 0.3𝑔U5↑↓, since having the magnitudes of Re>𝑔,,'↑↓ ? and Im>𝑔,,'↑↓ ? as free parameters resulted 622 

in unphysically large r𝑔,,'↑↓ r with large error bars.   623 

 624 

APPENDIX C.CONSTANT 𝐑𝐞>𝒈𝒕,𝟎↑↓ ? NEAR MAGNETIC COMPENSATION 625 

While the assumptions outlined in Appendix B results in three free fit parameters in the 626 

drift-diffusion model (𝜆!", Re>𝑔,,'↑↓ ?, and Im>𝑔,,'↑↓ ?), it is possible to reduce the number of free 627 

parameters further by fixing Re>𝑔,,'↑↓ ?. Here, we provide a physical justification for setting Re>𝑔,,'↑↓ ? 628 

constant, particularly near the magnetic compensation composition.  629 

We consider the simplest non-magnet and ferromagnet interface. In the nonmagnetic 630 

metal, 𝑘B = v𝑘2& − 𝜅&, and in the ferromagnet, 𝑘BC = v𝑘2& + 𝜎𝑘D& − 𝜅&. Here 𝜅 is the momentum 631 
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lying in the plane of the interface and 𝑘D =
√&FD
ℏ

 quantifies the s-d exchange. The transmission 632 

coefficient 𝑡C for spin 𝜎 reads 633 

𝑡C =
&H&

H&'6H&
 ,  (C1) 634 

and consequently, the transmitted mixing conductance at the interface is 635 

𝑔,,'↑↓ = ∫ !(𝜿
J1(

𝑡↑(𝑡↓)∗	. (C2) 636 

Figure 14 displays the dependence of 𝑡↑(𝑡↓)∗ as a function of the in-plane momentum 𝜅&. 637 

The real part is given in blue and the imaginary part is given in red. The first interesting feature 638 

is that all incident states contribute to Re>𝑔,,'↑↓ ? whereas only states with incidence larger than 639 

𝜅& ≥ 𝑘2& − 𝑘D& (rather close to grazing incidence) contribute to Im>𝑔,,'↑↓ ?.  640 

 641 
FIG. 14. Momentum-resolved 𝑔&,+↑↓  versus the in-plane momentum 𝜅#. Re(𝑔&,+↑↓ ) in blue and Im(𝑔&,+↑↓ ) in red. 642 

 643 

Upon integration over the Fermi surface, the real and imaginary parts of the interfacial 644 

transmitted mixing conductance reduce to Re>𝑔,,'↑↓ ? ≈
H)
(

&1
 and Im>𝑔,,'↑↓ ? =

H*
(

J1
. In other words, the 645 

real part is mostly independent of the exchange splitting, whereas the imaginary part is directly 646 

proportional to it (in fact, it is quadratic). This behavior is reported in Fig. 15. When varying the 647 

content of Gd in the vicinity of the magnetic compensation composition, it is therefore 648 

reasonable to assume that	Re>𝑔,,'↑↓ ? is constant whereas Im>𝑔,,'↑↓ ? varies. 649 
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 650 
FIG. 15. Interfacial transmitted mixing conductance versus the exchange splitting 𝑘/. Re(𝑔&,+↑↓ ) in blue and 651 

Im(𝑔&,+↑↓ ) in red. 652 

 653 

Figure 16 compares the fitting results of our experimental data with free Re>𝑔,,'↑↓ ? (i.e., 654 

same as Fig. 7) and with fixed Re>𝑔,,'↑↓ ?.  In Fig. 16(b), Re>𝑔,,'↑↓ ? is fixed at a constant magnitude of 655 

1 nm-2 for all samples, except for Co and Co80Gd20 where larger Re>𝑔,,'↑↓ ? (e.g., 8 and 4 nm-2, 656 

respectively) is needed to obtain adequate fit curves. We observe that the qualitative conclusion 657 

is unaffected by whether or not Re>𝑔,,'↑↓ ? is treated as a free parameter: 𝜆!" is maximized (and 658 

Im>𝑔,,'↑↓ ? is minimized) close to – or, more specifically, on the slightly Gd-rich side of – the 659 

magnetic compensation composition.   660 

 661 
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 662 
FIG. 16. Comparison of modeling results with (a) free Re(𝑔&,+↑↓ ) and (b) fixed Re(𝑔&,+↑↓ ). The shaded region 663 

indicates the window of composition corresponding to magnetic compensation. 664 
 665 
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APPENDIX D. MODELING SPIN DEPHASING IN A FERRIMAGNETIC HETEROSTRUCTURE 668 

To understand the influence of the (collinear) magnetic order on the reflected and 669 

transmitted mixing conductances, we consider a magnetic trilayer composed of two equivalent 670 

nonmagnetic leads and a ferrimagnetic spacer, as illustrated in Fig. 17. We compute the mixing 671 

conductances of this system assuming coherent ballistic transport. 672 

 673 

 674 
FIG. 17. Schematic of a ferrimagnetic trilayer as modeled below. The two magnetic sublattices are 675 
denoted by red and blue arrows pointing in opposite directions. 676 

 677 

System definition and boundary conditions:  Each layer is made of a three-dimensional 678 

square lattice with equal lattice parameter a for simplicity. The ferrimagnet is composed of a 679 

two-atomic unit cell with sublattices A and B. In the {A,B} basis, the Hamiltonian for spin 𝜎 reads 680 

ℋ = B
𝜀L + 𝜎𝛥L − 4𝑡L𝜒H −2𝑡L+𝛾H

−2𝑡L+𝛾H 𝜀+ + 𝜎𝛥+ − 4𝑡+𝜒H
L 681 

with 682 

𝜒H = cos 𝑘B𝑎 cos 𝑘M𝑎 + cos 𝑘B𝑎 cos 𝑘N𝑎 + cos 𝑘N𝑎 cos 𝑘M𝑎 683 

𝛾H = cos 𝑘B𝑎 + cos 𝑘M𝑎 + cos 𝑘N𝑎 684 

In this expression,	𝜀O, 𝑡O, 𝛥O are the onsite energy, hopping integral and magnetic exchange on 685 

sublattice i, and 𝑡L+ is the inter-sublattice hopping integral. The energy dispersion for spin 𝜎 and 686 

band 𝜂 is 687 

𝜀P,C = 𝜀̅ + 𝜎𝛥̅ − 4𝑡𝜒̅H + 𝜂f(𝛿𝜀 + 𝜎𝛿𝛥 − 4𝛿𝑡𝜒H)& + 4𝑡L+& 𝛾H& 688 

and the associated eigenstate function reads 689 

𝜙�P,C =
1
√2

v1 + 𝜂𝛽H,C|𝐴〉 ⊗ |𝜎〉 −
𝜂
√2

v1 − 𝜂𝛽H,C|𝐵〉 ⊗ |𝜎〉 690 

𝛽H,C =
𝛿𝜀 + 𝜎𝛿𝛥 − 4𝛿𝑡𝜒H

f(𝛿𝜀 + 𝜎𝛿𝛥 − 4𝛿𝑡𝜒H)& + 4𝑡L+& 𝛾H&
 691 
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In the above expressions, 𝛿𝜀 = Q+4Q!
&

, 𝜀 ̅ = Q+6Q!
&

, 𝛿𝛥 = D+4D!
&

, 𝛥̅ = D+6D!
&

, 𝛿𝑡 = ,+4,!
&

, 𝑡̅ = ,+6,!
&

.  692 

Let us now build the scattering wave function across the trilayer. The electron wave functions in 693 

the left, central and right layers read 694 

𝜓CR(𝒌) = T𝑒OSH&,(𝒌-)B6𝒌-⋅𝝆Y +�
𝑑&𝜿
4𝜋&

𝑟C(𝜿)𝑒4OSH&
,(𝜿)B6𝜿⋅𝝆YV |𝐶〉 695 

𝜓C2(𝒌) = �
𝑑&𝜿
4𝜋&

�𝑒O𝜿⋅𝝆[𝐴P,C cos 𝑘B
P,C(𝜿)𝑥 + 𝐵P,C cos 𝑘B

P,C(𝜿)𝑥]𝜙�P,C
P

 696 

𝜓CZ(𝒌) = �
𝑑&𝜿
4𝜋&

𝑡C(𝜿)𝑒OSH&
.(𝜿)(B4!)6𝜿⋅𝝆Y|𝐶〉 697 

Here, 𝑘B
R,Z(𝒌[) is a solution of the dispersion relation in the leads,𝜀(𝒌) = 𝜀\ − 2𝑡\𝛾H = 𝜀2, 𝜀2 698 

being the Fermi energy, and 𝒌[is the in-plane component of the incoming wave vector. Similarly, 699 

𝑘B
P,C(𝜿) is determined by the condition 𝜀P,C(𝒌) = 𝜀2. Now, let us determine the matching 700 

conditions at 𝑥 = 0 and	𝑥 = 𝑑. Because the leads and the ferrimagnetic layer possess a different 701 

first Brillouin zone, there will be Umklapp scattering [90] that must be taken into account in the 702 

matching procedure. In fact, the first Brillouin zone of the ferrimagnet is twice smaller than the 703 

first Brillouin zone of the leads, introducing an Umklapp momentum 𝑸 = 1
<
(𝒚 + 𝒛) [90–92]. We 704 

then project the wave function of the ferrimagnetic layer on the normal metal orbital |𝐶〉 and use 705 

the fact that 〈𝐶|𝐵〉 = 〈𝐶|𝐴〉𝑒O(]/4H-,/)<. In summary, the boundary conditions for normal 706 

scattering are 707 

1 + 𝑟C =�F
𝜂
√2

v1 − 𝜂𝜎𝛽 +
1
√2

v1 + 𝜂𝜎𝛽K 𝐴P,C
P

 708 

𝑖𝑘BR(1 − 𝑟C) =�F
𝜂
√2

v1 − 𝜂𝜎𝛽 +
1
√2

v1 + 𝜂𝜎𝛽K 𝑘B
P𝐵P,C

P

 709 

�F
𝜂
√2

v1 − 𝜂𝜎𝛽 +
1
√2

v1 + 𝜂𝜎𝛽K Z𝐴P,C cos 𝑘B
P𝑑 + 𝐵P,C sin 𝑘B

P𝑑^
P

	= 𝑡C 710 

�F
𝜂
√2

v1 − 𝜂𝜎𝛽 +
1
√2

v1 + 𝜂𝜎𝛽K 𝑘B
PZ−𝐴P,C sin 𝑘B

P𝑑 + 𝐵P,C sin 𝑘B
P𝑑^

P

	= 𝑖𝑘BZ𝑡C

 

711 

 712 

and for the Umklapp scattering, we obtain 713 

𝑑C =�F
𝜂
√2

f1 − 𝜂𝜎𝛽^ −
1
√2

f1 + 𝜂𝜎𝛽^K 𝐴P,C
P

 714 

−𝑖𝑘B,^R 𝑑C =�F
𝜂
√2

f1 − 𝜂𝜎𝛽^ −
1
√2

f1 + 𝜂𝜎𝛽^K 𝑘B,^
P 𝐵P,C

P

 715 
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�F
𝜂
√2

f1 − 𝜂𝜎𝛽^ −
1
√2

f1 + 𝜂𝜎𝛽^K Z𝐴P,C cos 𝑘B,^
P 𝑑 + 𝐵P,C sin 𝑘B,^

P 𝑑^
P

	= 𝑢C 716 

�F
𝜂
√2

f1 − 𝜂𝜎𝛽^ −
1
√2

f1 + 𝜂𝜎𝛽^K 𝑘B,^
P Z−𝐴P,C sin 𝑘B,^

P 𝑑 + 𝐵P,C sin 𝑘B,^
P 𝑑^

P

	= 𝑖𝑘B,^Z 𝑢C 717 

 718 

In order to make the above expressions easier to track, we have set 719 

𝑟C = 𝑟C(𝒌[), 𝑡C = 𝑡C(𝒌[), 𝛽 = 𝛽𝒌- , 𝑘B
R,Z = 𝑘B

R,Z(𝒌[), 𝑘B
P = 𝑘B

P(𝒌[) 720 

𝑑C = 𝑟C(𝒌[ +𝑸), 𝑢C = 𝑡C(𝒌[ +𝑸), 𝛽^ = 𝛽𝒌-6𝑸, 𝑘B,^
R,Z = 𝑘B

R,Z(𝒌[ +𝑸), 𝑘B,^
P = 𝑘B

P(𝒌[ +𝑸) 721 

 722 

Mixing Conductances: The reflected and transmitted mixing conductances are 723 

defined [93] 724 

𝑔5↑↓ = T
𝑒&

ℎ
V�

𝑑&𝜿
4𝜋&

(1 − 𝑟↑𝑟↓
∗ − 𝑑↑𝑑↓

∗) 725 

𝑔,↑↓ = T
𝑒&

ℎ
V�

𝑑&𝜿
4𝜋&

(𝑡↑𝑡↓
∗ + 𝑢↑𝑢↓

∗) 726 

We now compute these two quantities (both real and imaginary parts) as a function of the 727 

ferrimagnetic layer thickness upon varying the magnetic exchange. For these calculations, we 728 

set 𝜀\ = 𝜀̅ = 2.5	eV, 𝛿𝜀 = 0, 𝑡\ = 𝑡L+ = 1	eV, 𝑡̅ = 0. We also set 𝛥L = 1	eV and 𝛥+ is varied 729 

between +1 eV (ferromagnet) and -1 eV (antiferromagnet). The results are reported in Fig. 18. 730 

The reflected mixing conductance is weakly affected by the magnetic order, which is expected 731 

based on simple free-electron arguments [93], whereas the transmitted mixing conductance is 732 

dramatically modified when tuning the magnetic exchange. In the ferromagnetic limit (𝛥+ =733 

+1	eV), it displays the expected damped oscillatory behavior already observed [93] and 734 

attributed to the destructive interferences between precessing spins with different incidence (in 735 

other words, spin dephasing). Reducing and then inverting the exchange leads to an overall 736 

reduction of the average exchange field, leading to an increase of the dephasing length, which 737 

diverges in the antiferromagnetic limit (𝛥+ = −1	eV). We notice that the imaginary part of the 738 

transmitted mixing conductance,	Im[𝑔,↑↓], vanishes in the antiferromagnetic limit, qualitatively 739 

consistent with our experimental observation.  740 
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 741 
FIG. 18. Dependence of the (a) reflected and (b) transmitted mixing conductance as a function of the 742 
ferrimagnetic layer thickness upon varying the exchange on sublattice B. The real (imaginary) part of the 743 
mixing conductance is reported in blue (red). The unit is in (e2/h) and per nm2.  744 

 745 

For the sake of completeness, the (inverse of the) dephasing length 𝜆!" is reported in Fig. 19 as 746 

a function of the magnetic exchange of the sublattice B. One clearly sees a mostly linear 747 

dependence that suggests 𝜆!" ∼ 1/(𝛥L + 𝛥+). 748 

 749 

 750 
FIG. 19. Inverse of the dephasing length as a function of the magnetic exchange.  751 



35 
 

 752 

1.  S. A. Wolf, D. D. Awschalom, R. A. Buhrman, J. M. Daughton, S. von Molnár, M. L. 753 

Roukes, A. Y. Chtchelkanova, and D. M. Treger, "Spintronics: a spin-based electronics 754 

vision for the future," Science 294, 1488–95 (2001). 755 

2.  A. Hoffmann and S. D. Bader, "Opportunities at the Frontiers of Spintronics," Phys. Rev. 756 

Appl. 4, 47001 (2015). 757 

3.  J. Bass and W. P. Pratt, "Spin-diffusion lengths in metals and alloys, and spin-flipping at 758 

metal/metal interfaces: an experimentalist’s critical review," J. Phys. Condens. Matter 19, 759 

183201 (2007). 760 

4.  G. Zahnd, L. Vila, V. T. Pham, M. Cosset-Cheneau, W. Lim, A. Brenac, P. Laczkowski, A. 761 

Marty, and J. P. Attané, "Spin diffusion length and polarization of ferromagnetic metals 762 

measured by the spin-absorption technique in lateral spin valves," Phys. Rev. B 98, 763 

174414 (2018). 764 

5.  M. D. Stiles and A. Zangwill, "Anatomy of spin-transfer torque," Phys. Rev. B 66, 14407 765 

(2002). 766 

6.  M. D. Stiles and J. Miltat, "Spin-Transfer Torque and Dynamics," in Spin Dynamics in 767 

Confined Magnetic Structures III (Springer Berlin Heidelberg, 2006), pp. 225–308. 768 

7.  A. Ghosh, S. Auffret, U. Ebels, and W. E. Bailey, "Penetration Depth of Transverse Spin 769 

Current in Ultrathin Ferromagnets," Phys. Rev. Lett. 109, 127202 (2012). 770 

8.  V. P. Amin and M. D. Stiles, "Spin transport at interfaces with spin-orbit coupling: 771 

Phenomenology," Phys. Rev. B 94, 104420 (2016). 772 

9.  K.-W. Kim, "Spin transparency for the interface of an ultrathin magnet within the spin 773 

dephasing length," Phys. Rev. B 99, 224415 (2019). 774 

10.  T. Taniguchi, S. Yakata, H. Imamura, and Y. Ando, "Penetration Depth of Transverse 775 

Spin Current in Ferromagnetic Metals," IEEE Trans. Magn. 44, 2636–2639 (2008). 776 

11.  Y. Tserkovnyak, A. Brataas, and G. Bauer, "Spin pumping and magnetization dynamics 777 

in metallic multilayers," Phys. Rev. B 66, 224403 (2002). 778 

12.  C. Vautrin, D. Lacour, C. Tiusan, Y. Lu, F. Montaigne, M. Chshiev, W. Weber, and M. 779 

Hehn, "Low-Energy Spin Precession in the Molecular Field of a Magnetic Thin Film," Ann. 780 

Phys. 2000470 (2020). https://doi.org/10.1002/andp.202000470 781 

13.  J. Li, L. R. Shelford, P. Shafer, A. Tan, J. X. Deng, P. S. Keatley, C. Hwang, E. Arenholz, 782 

G. van der Laan, R. J. Hicken, and Z. Q. Qiu, "Direct Detection of Pure ac Spin Current 783 

by X-Ray Pump-Probe Measurements," Phys. Rev. Lett. 117, 76602 (2016). 784 

14.  A. S. Núñez, R. A. Duine, P. Haney, and A. H. MacDonald, "Theory of spin torques and 785 



36 
 

giant magnetoresistance in antiferromagnetic metals," Phys. Rev. B 73, 214426 (2006). 786 

15.  P. M. Haney, D. Waldron, R. A. Duine, A. S. Núñez, H. Guo, and A. H. MacDonald, "Ab 787 

initio giant magnetoresistance and current-induced torques in Cr ⁄ Au ⁄ Cr multilayers," 788 

Phys. Rev. B 75, 174428 (2007). 789 

16.  Y. Xu, S. Wang, and K. Xia, "Spin-Transfer Torques in Antiferromagnetic Metals from 790 

First Principles," Phys. Rev. Lett. 100, 226602 (2008). 791 

17.  V. Baltz, A. Manchon, M. Tsoi, T. Moriyama, T. Ono, and Y. Tserkovnyak, 792 

"Antiferromagnetic spintronics," Rev. Mod. Phys. 90, 15005 (2018). 793 

18.  J. Yu, D. Bang, R. Mishra, R. Ramaswamy, J. H. Oh, H.-J. Park, Y. Jeong, P. Van Thach, 794 

D.-K. Lee, G. Go, S.-W. Lee, Y. Wang, S. Shi, X. Qiu, H. Awano, K.-J. Lee, and H. Yang, 795 

"Long spin coherence length and bulk-like spin–orbit torque in ferrimagnetic multilayers," 796 

Nat. Mater. 18, 29–34 (2019). 797 

19.  E. L. Hahn, "Spin Echoes," Phys. Rev. 80, 580–594 (1950). 798 

20.  G. S. Uhrig, "Keeping a Quantum Bit Alive by Optimized π -Pulse Sequences," Phys. Rev. 799 

Lett. 98, 100504 (2007). 800 

21.  F. K. Malinowski, F. Martins, P. D. Nissen, E. Barnes, Ł. Cywiński, M. S. Rudner, S. 801 

Fallahi, G. C. Gardner, M. J. Manfra, C. M. Marcus, and F. Kuemmeth, "Notch filtering the 802 

nuclear environment of a spin qubit," Nat. Nanotechnol. 12, 16–20 (2016). 803 

22.  J. T. Merrill and K. R. Brown, "Progress in Compensating Pulse Sequences for Quantum 804 

Computation," in Quantum Information and Computation for Chemistry (John Wiley & 805 

Sons, Ltd, 2014), pp. 241–294. 806 

23.  H. B. M. Saidaoui, A. Manchon, and X. Waintal, "Spin transfer torque in antiferromagnetic 807 

spin valves: From clean to disordered regimes," Phys. Rev. B 89, 174430 (2014). 808 

24.  A. Manchon, "Spin diffusion and torques in disordered antiferromagnets," J. Phys. 809 

Condens. Matter 29, 104002 (2017). 810 

25.  A. Ross, R. Lebrun, O. Gomonay, D. A. Grave, A. Kay, L. Baldrati, S. Becker, A. 811 

Qaiumzadeh, C. Ulloa, G. Jakob, F. Kronast, J. Sinova, R. Duine, A. Brataas, A. 812 

Rothschild, and M. Kläui, "Propagation length of antiferromagnetic magnons governed by 813 

domain configurations," Nano Lett. 20, 306–313 (2019). 814 

26.  S. Zhang, P. M. Levy, and A. Fert, "Mechanisms of Spin-Polarized Current-Driven 815 

Magnetization Switching," Phys. Rev. Lett. 88, 236601 (2002). 816 

27.  R. Acharyya, H. Y. T. Nguyen, W. P. Pratt, and J. Bass, "Spin-Flipping Associated With 817 

the Antiferromagnet IrMn," IEEE Trans. Magn. 46, 1454–1456 (2010). 818 

28.  P. Merodio, A. Ghosh, C. Lemonias, E. Gautier, U. Ebels, M. Chshiev, H. Béa, V. Baltz, 819 



37 
 

and W. E. Bailey, "Penetration depth and absorption mechanisms of spin currents in 820 

Ir20Mn80 and Fe50Mn50 polycrystalline films by ferromagnetic resonance and spin 821 

pumping," Appl. Phys. Lett. 104, 32406 (2014). 822 

29.  W. Zhang, M. B. Jungfleisch, W. Jiang, J. E. Pearson, A. Hoffmann, F. Freimuth, and Y. 823 

Mokrousov, "Spin Hall effects in metallic antiferromagnets.," Phys. Rev. Lett. 113, 196602 824 

(2014). 825 

30.  B. Khodadadi, Y. Lim, D. A. Smith, R. W. Greening, Y. Zheng, Z. Diao, C. Kaiser, and S. 826 

Emori, "Spin decoherence independent of antiferromagnetic order in IrMn," Phys. Rev. B 827 

99, 24435 (2019). 828 

31.  A. Azevedo, L. H. Vilela-Leão, R. L. Rodríguez-Suárez, A. F. Lacerda Santos, and S. M. 829 

Rezende, "Spin pumping and anisotropic magnetoresistance voltages in magnetic 830 

bilayers: Theory and experiment," Phys. Rev. B 83, 144402 (2011). 831 

32.  L. Bai, P. Hyde, Y. S. Gui, C.-M. Hu, V. Vlaminck, J. E. Pearson, S. D. Bader, and A. 832 

Hoffmann, "Universal Method for Separating Spin Pumping from Spin Rectification 833 

Voltage of Ferromagnetic Resonance," Phys. Rev. Lett. 111, 217602 (2013). 834 

33.  M. Obstbaum, M. Härtinger, H. G. Bauer, T. Meier, F. Swientek, C. H. Back, and G. 835 

Woltersdorf, "Inverse spin Hall effect in Ni81Fe19/normal-metal bilayers," Phys. Rev. B 89, 836 

60407 (2014). 837 

34.  H. Schultheiss, J. E. Pearson, S. D. Bader, and A. Hoffmann, "Thermoelectric Detection 838 

of Spin Waves," Phys. Rev. Lett. 109, 237204 (2012). 839 

35.  K. Yamanoi, M. Yafuso, K. Miyazaki, and T. Kimura, "Signature of spin-dependent 840 

Seebeck effect in dynamical spin injection of metallic bilayer structures," J. Phys. Mater. 3, 841 

14005 (2019). 842 

36.  W. Bailey, P. Kabos, F. Mancoff, and S. Russek, "Control of magnetization dynamics in 843 

Ni/sub 81/Fe/sub 19/ thin films through the use of rare-earth dopants," IEEE Trans. Magn. 844 

37, 1749–1754 (2001). 845 

37.  G. Woltersdorf, M. Kiessling, G. Meyer, J.-U. Thiele, and C. H. Back, "Damping by Slow 846 

Relaxing Rare Earth Impurities in Ni 80 Fe 20," Phys. Rev. Lett. 102, 257602 (2009). 847 

38.  W. Li, J. Yan, M. Tang, S. Lou, Z. Zhang, X. L. Zhang, and Q. Y. Jin, "Composition and 848 

temperature-dependent magnetization dynamics in ferrimagnetic TbFeCo," Phys. Rev. B 849 

97, 184432 (2018). 850 

39.  P. Hansen, C. Clausen, G. Much, M. Rosenkranz, and K. Witter, "Magnetic and magneto-851 

optical properties of rare-earth transition-metal alloys containing Gd, Tb, Fe, Co," J. Appl. 852 

Phys. 66, 756–767 (1989). 853 



38 
 

40.  M. . Soltani, N. Chakri, and M. Lahoubi, "Composition and annealing dependence of 854 

magnetic properties in amorphous Tb–Co based alloys," J. Alloys Compd. 323–324, 422–855 

426 (2001). 856 

41.  B. Hebler, A. Hassdenteufel, P. Reinhardt, H. Karl, and M. Albrecht, "Ferrimagnetic Tb–857 

Fe Alloy Thin Films: Composition and Thickness Dependence of Magnetic Properties and 858 

All-Optical Switching," Front. Mater. 3, 8 (2016). 859 

42.  J. P. Andrés, J. L. Sacedón, J. Colino, and J. M. Riveiro, "Interdiffusion up to the eutectic 860 

composition and vitrification in Gd/Co multilayers," J. Appl. Phys. 87, 2483 (2000). 861 

43.  T. Taniguchi, S. Yakata, H. Imamura, and Y. Ando, "Determination of Penetration Depth 862 

of Transverse Spin Current in Ferromagnetic Metals by Spin Pumping," Appl. Phys. 863 

Express 1, 31302 (2008). 864 

44.  X. Qiu, W. Legrand, P. He, Y. Wu, J. Yu, R. Ramaswamy, A. Manchon, and H. Yang, 865 

"Enhanced Spin-Orbit Torque via Modulation of Spin Current Absorption," Phys. Rev. Lett. 866 

117, 217206 (2016). 867 

45.  J. Železný, P. Wadley, K. Olejník, A. Hoffmann, and H. Ohno, "Spin transport and spin 868 

torque in antiferromagnetic devices," Nat. Phys. 14, 220–228 (2018). 869 

46.  J. Finley and L. Liu, "Spintronics with compensated ferrimagnets," Appl. Phys. Lett. 116, 870 

110501 (2020). 871 

47.  A. El-Ghazaly, J. Gorchon, R. B. Wilson, A. Pattabi, and J. Bokor, "Progress towards 872 

ultrafast spintronics applications," J. Magn. Magn. Mater. 502, 166478 (2020). 873 

48.  M. A. W. Schoen, J. Lucassen, H. T. Nembach, T. J. Silva, B. Koopmans, C. H. Back, 874 

and J. M. Shaw, "Magnetic properties of ultrathin 3d transition-metal binary alloys. I. Spin 875 

and orbital moments, anisotropy, and confirmation of Slater-Pauling behavior," Phys. Rev. 876 

B 95, 134410 (2017). 877 

49.  J. Finley and L. Liu, "Spin-Orbit-Torque Efficiency in Compensated Ferrimagnetic Cobalt-878 

Terbium Alloys," Phys. Rev. Appl. 6, 54001 (2016). 879 

50.  R. Mishra, J. Yu, X. Qiu, M. Motapothula, T. Venkatesan, and H. Yang, "Anomalous 880 

Current-Induced Spin Torques in Ferrimagnets near Compensation," Phys. Rev. Lett. 118, 881 

167201 (2017). 882 

51.  K. Ueda, M. Mann, P. W. P. de Brouwer, D. Bono, and G. S. D. Beach, "Temperature 883 

dependence of spin-orbit torques across the magnetic compensation point in a 884 

ferrimagnetic TbCo alloy film," Phys. Rev. B 96, 64410 (2017). 885 

52.  N. Roschewsky, C.-H. Lambert, and S. Salahuddin, "Spin-orbit torque switching of 886 

ultralarge-thickness ferrimagnetic GdFeCo," Phys. Rev. B 96, 64406 (2017). 887 



39 
 

53.  K.-J. Kim, S. K. Kim, Y. Hirata, S.-H. Oh, T. Tono, D.-H. Kim, T. Okuno, W. S. Ham, S. 888 

Kim, G. Go, Y. Tserkovnyak, A. Tsukamoto, T. Moriyama, K.-J. Lee, and T. Ono, "Fast 889 

domain wall motion in the vicinity of the angular momentum compensation temperature of 890 

ferrimagnets," Nat. Mater. 16, 1187–1192 (2017). 891 

54.  S.-G. Je, J.-C. Rojas-Sánchez, T. H. Pham, P. Vallobra, G. Malinowski, D. Lacour, T. 892 

Fache, M.-C. Cyrille, D.-Y. Kim, S.-B. Choe, M. Belmeguenai, M. Hehn, S. Mangin, G. 893 

Gaudin, and O. Boulle, "Spin-orbit torque-induced switching in ferrimagnetic alloys: 894 

Experiments and modeling," Appl. Phys. Lett. 112, 62401 (2018). 895 

55.  L. Caretta, M. Mann, F. Büttner, K. Ueda, B. Pfau, C. M. Günther, P. Hessing, A. 896 

Churikova, C. Klose, M. Schneider, D. Engel, C. Marcus, D. Bono, K. Bagschik, S. 897 

Eisebitt, and G. S. D. Beach, "Fast current-driven domain walls and small skyrmions in a 898 

compensated ferrimagnet," Nat. Nanotechnol. 1 (2018). 899 

56.  S. Woo, K. M. Song, X. Zhang, Y. Zhou, M. Ezawa, X. Liu, S. Finizio, J. Raabe, N. J. Lee, 900 

S.-I. Kim, S.-Y. Park, Y. Kim, J.-Y. Kim, D. Lee, O. Lee, J. W. Choi, B.-C. Min, H. C. Koo, 901 

and J. Chang, "Current-driven dynamics and inhibition of the skyrmion Hall effect of 902 

ferrimagnetic skyrmions in GdFeCo films," Nat. Commun. 9, 959 (2018). 903 

57.  R. Bläsing, T. Ma, S.-H. Yang, C. Garg, F. K. Dejene, A. T. N’Diaye, G. Chen, K. Liu, and 904 

S. S. P. Parkin, "Exchange coupling torque in ferrimagnetic Co/Gd bilayer maximized 905 

near angular momentum compensation temperature," Nat. Commun. 9, 4984 (2018). 906 

58.  Y. Hirata, D.-H. Kim, S. K. Kim, D.-K. Lee, S.-H. Oh, D.-Y. Kim, T. Nishimura, T. Okuno, 907 

Y. Futakawa, H. Yoshikawa, A. Tsukamoto, Y. Tserkovnyak, Y. Shiota, T. Moriyama, S.-B. 908 

Choe, K.-J. Lee, and T. Ono, "Vanishing skyrmion Hall effect at the angular momentum 909 

compensation temperature of a ferrimagnet," Nat. Nanotechnol. 14, 232–236 (2019). 910 

59.  M. Binder, A. Weber, O. Mosendz, G. Woltersdorf, M. Izquierdo, I. Neudecker, J. R. Dahn, 911 

T. D. Hatchard, J.-U. Thiele, C. H. Back, and M. R. Scheinfein, "Magnetization dynamics 912 

of the ferrimagnet CoGd near the compensation of magnetization and angular 913 

momentum," Phys. Rev. B 74, 134404 (2006). 914 

60.  W. Zhou, T. Seki, T. Kubota, G. E. W. Bauer, and K. Takanashi, "Spin-Hall and 915 

anisotropic magnetoresistance in ferrimagnetic Co-Gd/Pt layers," Phys. Rev. Mater. 2, 916 

94404 (2018). 917 

61.  C. Kaiser, A. F. Panchula, and S. S. P. Parkin, "Finite Tunneling Spin Polarization at the 918 

Compensation Point of Rare-Earth-Metal–Transition-Metal Alloys," Phys. Rev. Lett. 95, 919 

47202 (2005). 920 

62.  X. Jiang, L. Gao, J. Z. Sun, and S. S. P. Parkin, "Temperature Dependence of Current-921 



40 
 

Induced Magnetization Switching in Spin Valves with a Ferrimagnetic CoGd Free Layer," 922 

Phys. Rev. Lett. 97, 217202 (2006). 923 

63.  "No Title," in See Supplemental Material at Http://link.aps.org/supplemental/xx.xxxx (n.d.). 924 

64.  T. Moriyama, M. Kamiya, K. Oda, K. Tanaka, K.-J. Kim, and T. Ono, "Magnetic Moment 925 

Orientation-Dependent Spin Dissipation in Antiferromagnets," Phys. Rev. Lett. 119, 926 

267204 (2017). 927 

65.  T. Mewes, R. L. Stamps, H. Lee, E. Edwards, M. Bradford, C. K. A. Mewes, Z. Tadisina, 928 

and S. Gupta, "Unidirectional Magnetization Relaxation in Exchange-Biased Films," IEEE 929 

Magn. Lett. 1, 3500204–3500204 (2010). 930 

66.  L. Zhu, D. C. Ralph, and R. A. Buhrman, "Effective Spin-Mixing Conductance of Heavy-931 

Metal–Ferromagnet Interfaces," Phys. Rev. Lett. 123, 57203 (2019). 932 

67.  B. Heinrich, "Spin Relaxation in Magnetic Metallic Layers and Multilayers," in Ultrathin 933 

Magnetic Structures III, J. A. C. Bland and B. Heinrich, eds. (Springer-Verlag, 2005), pp. 934 

143–210. 935 

68.  S. S. Kalarickal, P. Krivosik, M. Wu, C. E. Patton, M. L. Schneider, P. Kabos, T. J. Silva, 936 

and J. P. Nibarger, "Ferromagnetic resonance linewidth in metallic thin films: Comparison 937 

of measurement methods," J. Appl. Phys. 99, 93909 (2006). 938 

69.  M. A. W. Schoen, J. Lucassen, H. T. Nembach, T. J. Silva, B. Koopmans, C. H. Back, 939 

and J. M. Shaw, "Magnetic properties in ultrathin 3d transition-metal binary alloys. II. 940 

Experimental verification of quantitative theories of damping and spin pumping," Phys. 941 

Rev. B 95, 134411 (2017). 942 

70.  C. H. Du, H. L. Wang, Y. Pu, T. L. Meyer, P. M. Woodward, F. Y. Yang, and P. C. 943 

Hammel, "Probing the spin pumping mechanism: exchange coupling with exponential 944 

decay in Y3Fe5O12/barrier/Pt heterostructures.," Phys. Rev. Lett. 111, 247202 (2013). 945 

71.  A. A. Baker, A. I. Figueroa, D. Pingstone, V. K. Lazarov, G. van der Laan, and T. 946 

Hesjedal, "Spin pumping in magnetic trilayer structures with an MgO barrier," Sci. Rep. 6, 947 

35582 (2016). 948 

72.  N. H. Duc and D. Givord, "Exchange interactions in amorphous Gd-Co alloys," J. Magn. 949 

Magn. Mater. 157–158, 169–170 (1996). 950 

73.  M. Caminale, A. Ghosh, S. Auffret, U. Ebels, K. Ollefs, F. Wilhelm, A. Rogalev, and W. E. 951 

Bailey, "Spin pumping damping and magnetic proximity effect in Pd and Pt spin-sink 952 

layers," Phys. Rev. B 94, 14414 (2016). 953 

74.  C. T. Boone, H. T. Nembach, J. M. Shaw, and T. J. Silva, "Spin transport parameters in 954 

metallic multilayers determined by ferromagnetic resonance measurements of spin-955 



41 
 

pumping," J. Appl. Phys. 113, 153906 (2013). 956 

75.  E. Montoya, P. Omelchenko, C. Coutts, N. R. Lee-Hone, R. Hübner, D. Broun, B. 957 

Heinrich, and E. Girt, "Spin transport in tantalum studied using magnetic single and 958 

double layers," Phys. Rev. B 94, 54416 (2016). 959 

76.  A. A. Baker, A. I. Figueroa, C. J. Love, S. A. Cavill, T. Hesjedal, and G. van der Laan, 960 

"Anisotropic Absorption of Pure Spin Currents," Phys. Rev. Lett. 116, 47201 (2016). 961 

77.  A. A. Kovalev, G. E. W. Bauer, and A. Brataas, "Perpendicular spin valves with ultrathin 962 

ferromagnetic layers: Magnetoelectronic circuit investigation of finite-size effects," Phys. 963 

Rev. B 73, 54407 (2006). 964 

78.  M. Zwierzycki, Y. Tserkovnyak, P. J. Kelly, A. Brataas, and G. E. W. Bauer, "First-965 

principles study of magnetization relaxation enhancement and spin transfer in thin 966 

magnetic films," Phys. Rev. B 71, 64420 (2005). 967 

79.  Y. Tserkovnyak, A. Brataas, G. E. W. Bauer, and B. I. Halperin, "Nonlocal magnetization 968 

dynamics in ferromagnetic heterostructures," Rev. Mod. Phys. 77, 1375–1421 (2005). 969 

80.  V. G. Harris, K. D. Aylesworth, B. N. Das, W. T. Elam, and N. C. Koon, "Structural origins 970 

of magnetic anisotropy in sputtered amorphous Tb-Fe films," Phys. Rev. Lett. 69, 1939–971 

1942 (1992). 972 

81.  P. M. Haney, R. A. Duine, A. S. Núñez, and A. H. MacDonald, "Current-induced torques 973 

in magnetic metals: Beyond spin-transfer," J. Magn. Magn. Mater. 320, 1300–1311 974 

(2008). 975 

82.  A. N. Chantis, M. Van Schilfgaarde, and T. Kotani, "Quasiparticle self-consistent GW 976 

method applied to localized 4f electron systems," Phys. Rev. B 76, 165126 (2007). 977 

83.  B. Frietsch, J. Bowlan, R. Carley, M. Teichmann, S. Wienholdt, D. Hinzke, U. Nowak, K. 978 

Carva, P. M. Oppeneer, and M. Weinelt, "Disparate ultrafast dynamics of itinerant and 979 

localized magnetic moments in gadolinium metal," Nat. Commun. 6, 8262 (2015). 980 

84.  Y. Mimura, N. Imamura, and Y. Kushiro, "Hall effect in rare-earth–transition-metal 981 

amorphous alloy films," J. Appl. Phys. 47, 3371–3373 (1976). 982 

85.  J. Sinova, S. O. Valenzuela, J. Wunderlich, C. H. Back, and T. Jungwirth, "Spin Hall 983 

effects," Rev. Mod. Phys. 87, 1213–1260 (2015). 984 

86.  A. Yagmur, S. Sumi, H. Awano, and K. Tanabe, "Large Inverse Spin Hall Effect in CoTb 985 

Alloys due to Spin Seebeck Effect," Phys. Rev. Appl. 14, 64025 (2020). 986 

87.  D. Bang, J. Yu, X. Qiu, Y. Wang, H. Awano, A. Manchon, and H. Yang, "Enhancement of 987 

spin Hall effect induced torques for current-driven magnetic domain wall motion: Inner 988 

interface effect," Phys. Rev. B 93, 174424 (2016). 989 



42 
 

88.  I. Lisenkov, R. Khymyn, J. Åkerman, N. X. Sun, and B. A. Ivanov, "Subterahertz 990 

ferrimagnetic spin-transfer torque oscillator," Phys. Rev. B 100, 100409 (2019). 991 

89.  E. Montoya, T. McKinnon, A. Zamani, E. Girt, and B. Heinrich, "Broadband ferromagnetic 992 

resonance system and methods for ultrathin magnetic films," J. Magn. Magn. Mater. 356, 993 

12–20 (2014). 994 

90.  S. Takei, B. I. Halperin, A. Yacoby, and Y. Tserkovnyak, "Superfluid spin transport 995 

through antiferromagnetic insulators," Phys. Rev. B 90, 94408 (2014). 996 

91.  E. L. Fjærbu, N. Rohling, and A. Brataas, "Electrically driven Bose-Einstein condensation 997 

of magnons in antiferromagnets," Phys. Rev. B 95, 144408 (2017). 998 

92.  E. L. Fjærbu, N. Rohling, and A. Brataas, "Superconductivity at metal-antiferromagnetic 999 

insulator interfaces," Phys. Rev. B 100, 125432 (2019). 1000 

93.  A. Brataas, G. E. W. Bauer, and P. J. Kelly, "Non-collinear magnetoelectronics," Phys. 1001 

Rep. 427, 157–255 (2006). 1002 

94.  W. H. Butler, "Tunneling magnetoresistance from a symmetry filtering effect," Sci. 1003 

Technol. Adv. Mater. 9, 14106 (2008). 1004 

95.  Y. Wen, F. Zhuo, Y. Zhao, P. Li, Q. Zhang, A. Manchon, and X. Zhang, "Competition 1005 

between Electronic and Magnonic Spin Currents in Metallic Antiferromagnets," Phys. Rev. 1006 

Appl. 12, 54030 (2019). 1007 

 1008 


