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Abstract 20 

Spin currents can exert spin-transfer torques on magnetic systems even in the limit of 21 

vanishingly small net magnetization, as recently shown for antiferromagnets. Here, we 22 

experimentally show that a spin-transfer torque is operative in a macroscopic ensemble of 23 

weakly interacting, randomly magnetized Co nanomagnets. We employ element- and time-24 

resolved X-ray ferromagnetic resonance (XFMR) spectroscopy to directly detect sub-ns 25 

dynamics of the Co nanomagnets, excited into precession with cone angle ≥0.003o by an 26 

oscillating spin current. XFMR measurements reveal that as the net moment of the ensemble 27 

decreases, the strength of the spin-transfer torque increases relative to those of magnetic field 28 

torques. Our findings point to spin-transfer torque as an effective way to manipulate the state of 29 

nanomagnet ensembles at sub-ns timescales.  30 

Keywords: spin-transfer torque, ferromagnetic resonance, spin pumping, magnetic 31 

nanoparticles, X-ray magnetic circular dichroism 32 

 33 

A flow of spin angular momentum, or spin current, injected into a thin-film magnetic 34 

medium can exert a spin-transfer torque (STT) on the magnetization1–3. STT enables a variety of 35 

scalable and energy-efficient nanoscale ferromagnetic devices for computing and 36 

communications applications4–7. Furthermore, STT can efficiently rotate the magnetic order of 37 

materials with zero net moment. For instance, STT (in particular, spin-orbit torque) allows for 38 

Néel vector switching8,9 and auto-oscillations10,11 in antiferromagnets. The net magnetization 39 

also averages to zero in a thermally disordered ensemble of weakly interacting ferromagnetic (or 40 

superparamagnetic) nanoparticles, particularly in the absence of an applied magnetic field. While 41 

examining the magnetization state of an antiferromagnet generally remains a challenge, 42 

ferromagnetic nanoparticles can be readily probed by conventional magnetometry, transport, and 43 
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optical techniques. Thus, an ensemble of weakly coupled nanomagnets serves as a convenient 44 

experimental system for direct studies of the fundamental nature of STT in the limit of vanishing 45 

net magnetization. Such basic studies may provide insights into how to efficiently control the 46 

state of nanomagnetic ensembles, potentially for applications in probabilistic7,12,13 and 47 

quantum14,15 computing by means other than magnetic field pulses.  48 

 49 

Figure 1. Illustrations of torques acting on an ensemble of magnetic moments, which sum to zero net 50 

magnetization, from (a) an externally applied field H and (b) spin current with polarization s.  51 

 52 

Here, we consider a fundamental distinction between STT and a torque generated by a 53 

magnetic field in such a nanomagnet ensemble, particularly on a sufficiently short time scale. 54 

While a large fraction of the nanomagnet moments can relax (align) along a moderate field of 55 

~0.1-1 T, this relaxation process involves a finite timescale, e.g., a few nanoseconds governed by 56 

the Gilbert damping rate16. On a shorter timescale, the moment mi of each nanomagnet precesses 57 

about the field H, as mi is driven by the precessional torque 𝛕𝐇~ −𝐦𝐢 ×𝐇. This field-driven 58 

precessional torque sums to zero in the limit of vanishing total magnetization (Fig. 1(a)), which 59 

is the case for a thermally disordered ensemble. By contrast, a spin current with polarization s 60 

exerts a STT of the form 𝛕𝐒𝐓~𝐦𝐢 × 𝐬 ×𝐦𝐢
1–3, which yields a finite sum even when the ensemble 61 

has zero net magnetization (Fig. 1(b)). Thus, on a sub-ns timescale, STT can yield a non-62 

mi
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vanishing global torque in a nanomagnet ensemble with null net moment, whereas the 63 

precessional field torque alone cannot.  64 

Prior experiments have shown that STT can control the state of a single 65 

superparamagnetic nanoisland17 or nanoscale junction7,18–20, as well as a nearly saturated 66 

ensemble of nanomagnets21–23. Yet, none has demonstrated STT in a macroscopic ensemble of 67 

nanomagnets in a near-zero net magnetization state (Fig. 1(b)). In this Letter, we present 68 

experimental confirmation of a global STT in such an ensemble of weakly interacting, randomly 69 

magnetized nanomagnets. We perform spin pumping experiments24–27 on a spin-valve-like film 70 

stack of NiFe/Cu/CoCu: the NiFe layer excited by microwave ferromagnetic resonance (FMR) 71 

pumps a coherent AC spin current that is absorbed by the granular CoCu spin sink, which 72 

consists of Co nanomagnets embedded in a nonmagnetic Cu-rich matrix28,29. The Co 73 

nanomagnets are collectively aligned at low temperature whereas their collective alignment is 74 

disordered at room temperature, thereby allowing us to compare the effect of STT on these two 75 

distinct global magnetic states. We employ the element- and time-resolved X-ray ferromagnetic 76 

resonance (XFMR) technique27,30–36 to directly detect torques on the Co nanomagnet ensemble at 77 

the sub-ns time scale. While torques from the microwave and interlayer dipolar fields decrease 78 

sharply with increasing temperature (i.e., weaker collective alignment), a substantial global STT 79 

generated by the AC spin current survives in the nanomagnet ensemble. Our results point to STT 80 

as an effective way to drive an ensemble of nanomagnets at the sub-ns time scale.  81 

We employed DC sputter deposition with MgO substrates held at room temperature, 82 

resulting in polycrystalline films. Granular thin films of Co25Cu75 were grown by co-sputtering 83 

Co and Cu targets; Co and Cu are immiscible, such that nanoscale Co granules segregate in the 84 

Cu-rich matrix28,29. The film composition was set by the Co and Cu deposition rates and 85 
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corroborated by energy-dispersive X-ray spectroscopy. We estimated an average granule size of 86 

<16 nm in Co25Cu75 films from powder X-ray diffractometry.  87 

We confirm the granular nature of single-layer 10-nm-thick Co25Cu75 films. As shown in 88 

Fig. 2(a), our vibrating sample magnetometry measurements reveal room-temperature 89 

magnetization curves with zero coercivity and remanence. We observe similar magnetization 90 

curves for in-plane and out-of-plane field directions, indicating that static magnetic properties are 91 

not governed by the thin-film shape anisotropy. The nearly isotropic magnetization curves are 92 

consistent with isolated, weakly interacting Co granules embedded within the Cu-rich matrix, 93 

rather than a homogeneous solid solution of Co and Cu atoms.  94 

 95 

Figure 2. (a,b) Room-temperature in-plane (IP) and out-of-plane (OP) magnetization curves (a) and 96 

magnetoresistance curves (b) for single-layer Co25Cu75(10). The magnetization in (a) is normalized by the 97 

estimated Co volume. (c,d) Element-resolved in-plane magnetization curves measured with XMCD for 98 
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NiFe(10)/Cu(5)/CoCu(10) at (c) room temperature and (d) 30 K. (e,f) In-plane magnetoresistance curves 99 

for NiFe(10)/Cu(5)/CoCu(10) at (e) room temperature and (f) 30 K.  100 

 101 

The magnetic field dependence of resistance (Fig. 2(b)) serves as additional evidence for 102 

the granular nature of the Co25Cu75 film. We observe a pronounced decrease in resistance R with 103 

increasing magnitude of magnetic field, with a magnetoresistance ratio of |R(0)-R(1.4 T)|/R(0) = 104 

|DR|/R0 ≈ 2% at room temperature. The magnetoresistance is similar for both in-plane and out-of-105 

plane fields, consistent with previously reported isotropic giant magnetoresistance (GMR) in 106 

single-layer granular magnetic thin films28,29.  107 

We have further examined static magnetic properties of the granular Co25Cu75 film in a 108 

spin-valve-like Ni80Fe20(10)/Cu(5)/Co25Cu75(10) stack (thickness unit: nm) designed for our spin 109 

pumping experiment. By utilizing element-resolved X-ray magnetic circular dichroism (XMCD), 110 

separate magnetization signals are obtained for the NiFe layer from the Fe L3 edge and the CoCu 111 

layer from the Co L3 edge. As shown in Fig. 2(c,d), the NiFe and CoCu layers show qualitatively 112 

distinct field dependence, which verifies that the two layers are not exchange coupled across the 113 

Cu spacer layer37. The room-temperature XMCD magnetization curve for CoCu shows zero 114 

remanence and coercivity, pointing to random alignment of the Co nanomagnets at low fields. 115 

By contrast, substantial remanence and coercivity are observed at lower temperatures (e.g., 30 K, 116 

Fig. 2(d)), as thermal fluctuations are suppressed and the Co nanomagnets are able to align along 117 

the field collectively. The room-temperature magnetoresistance curve of the NiFe/Cu/CoCu 118 

stack (inset Fig. 2(e)) is similar to that of single-layer CoCu (Fig. 2(b)) and indicates that the 119 

CoCu layer in the NiFe/Cu/CoCu stack is also granular. Low-temperature magnetoresistance 120 

curves show finite coercivity (Fig. 2(f)), consistent with the XMCD magnetization curve at the 121 
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Co edge (Fig. 2(d)). Overall, our results in Fig. 2 corroborate the granular nature of Co25Cu75 and 122 

the reduced net magnetization of the ensemble with increasing temperature.  123 

We now discuss the interplay of spin current and the Co nanomagnets in the 124 

NiFe/Cu/CoCu stack. We first look for evidence of the CoCu layer acting as a spin sink in 125 

broadband FMR spin pumping measurements24–26, using a variable-temperature coplanar-126 

waveguide spectrometer with the sample magnetized in the film plane. In these measurements, 127 

we detect and analyze the FMR signal from NiFe; the FMR signal from CoCu is negligibly 128 

small. From the linear slope of the NiFe FMR linewidth versus frequency (Fig. 3(a)), we obtain 129 

the Gilbert damping parameter  (see Supporting Information). At room temperature,  of the 130 

control sample without a CoCu layer is ≈0.007, in line with typical values for Ni80Fe20 (Refs. 131 

38,39).  132 

Compared to this control sample, the NiFe/Cu/CoCu sample exhibits  that is enhanced 133 

by ≈0.002 (+30%). The magnitude of this damping enhancement is similar to prior results on 134 

spin-valve-like structures, where spin current is pumped from a NiFe layer and absorbed by 135 

another ferromagnetic layer26. The broadband FMR results thus suggest that granular CoCu acts 136 

as a sink for the spin current. We further observe that  is consistently greater by ≈0.002 for 137 

samples with the CoCu spin sink, independent of temperature (Fig. 3(b)).  138 

However, the broadband FMR measurements do not directly indicate whether the spin 139 

current generates any STT in the Co nanomagnet ensemble. To probe the magnetization 140 

dynamics of the Co nanomagnets, we have performed time- and element-sensitive XFMR 141 

measurements under a continuous-wave 3-GHz microwave field excitation. Details of the XFMR 142 

method can be found in Supporting Information and Refs. 27,36, and here we emphasize that 143 

XFMR is a pump-probe technique that leverages XMCD to separately detect dynamics in the 144 
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NiFe spin source (Fe L3 edge) and the granular CoCu spin sink (Co L3 edge). Specifically, we 145 

measured the oscillating magnetization (along the y-axis in Fig. 3(c)) transverse to the externally 146 

applied DC field Hx (along the x-axis in Fig. 3(c)) for each Fe and Co.  147 

 148 

Figure 3. (a) Frequency dependence of the peak-to-peak FMR linewidth DHpp for 149 

NiFe(10)/Cu(5)/CoCu(10) and control NiFe(10)/Cu(5) at room temperature. The solid lines show linear 150 

fits to obtain the Gilbert damping parameter. (b) Temperature dependence of the Gilbert damping 151 

parameter . (c) Schematic of FMR spin pumping, with NiFe as the spin source and Co nanomagnets as 152 

the spin sink. (d) Example of XFMR amplitude (AC XMCD) versus microwave delay for NiFe (Fe) and 153 

the nanomagnet spin sink (Co). The vertical dotted line emphasizes the offset in precessional phase.  154 

 155 

Figure 3(d) shows examples of XFMR pump-probe delay scans, acquired at room 156 

temperature and μ0Hx = 9.6 mT close to the resonance field of NiFe. Sinusoidal oscillations are 157 

evident for both the NiFe layer and the Co nanomagnets. We comment on two key observations: 158 

(1) Since the X-ray beam spot has a diameter of ~100 μm, the XFMR signal originates in the 159 

spatially averaged dynamics of >>106 Co nanomagnets. The observed sinusoidal oscillations for 160 

the Co nanomagnet ensemble, even when it is in the randomly magnetized state, shows strong 161 
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evidence of the presence of a STT as we discuss below. (2) The Co magnetization precesses with 162 

a phase delay relative to the Fe magnetization, which implies that the dynamics of the Co 163 

nanogranules and the NiFe spin source are not directly coupled via static exchange interaction. 164 

Instead, the dynamics of Co and NiFe may be coupled via STT24–27,32,36.  165 

In addition to the STT, the microwave field27 and the interlayer dipolar coupling field 166 

(e.g., Orange peel coupling)30 could generate additional torques that drive the precession of the 167 

Co magnetization. Although these field torques vanish in systems with zero net magnetization 168 

(Fig. 1(a)), the net magnetization of the Co nanomagnet ensemble here is not strictly zero, due to 169 

the finite DC bias field of μ0Hx ~10 mT that is necessary for inducing the FMR of NiFe. Further, 170 

while the magnetometry results (Fig. 2) imply the Co nanomagnets to be superparamagnetic-like 171 

under a quasi-static field, the individual nanomagnets may be effectively in a ferromagnetic state 172 

(blocked state) at the time scale of the high-frequency AC field (e.g., 3-GHz microwave field 173 

here), as noted in the Supporting Information. We therefore must account for the possible roles 174 

of the microwave and dipolar field torques on the Co nanomagnets. On the other hand, we 175 

neglect a “field-like” STT, 𝛕𝐅𝐋𝐒𝐓~−𝐦𝐢 × 𝐬, which cannot be readily distinguished from the 176 

microwave and dipolar field torques. This assumption of negligible field-like STT is justified, 177 

because it is typically much smaller than the conventional “damping-like” or “Slonczewski-like” 178 

STT,  𝛕𝐒𝐓~𝐦𝐢 × 𝐬 ×𝐦𝐢, in metallic spin-valve-like stacks1,2.   179 

To determine the strength of the STT relative to the microwave and dipolar field torques, 180 

we analyze the amplitude and phase of magnetization precession versus Hx. Figure 4 summarizes 181 

our XFMR measurement results at 30 K (Fig. 4(a,b)), 200 K (Fig. 4(c,d)), and room temperature 182 

(Fig. 4(e,f)). The results show a clear FMR response of the NiFe spin source that is largely 183 

independent of temperature: the precessional amplitude, 𝐴𝑠𝑟𝑐 ∝ √∆𝐻2 [(𝐻𝑥 − 𝐻𝐹𝑀𝑅)2 + ∆𝐻2]⁄ , 184 
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exhibits a peak at the resonance field μ0𝐻𝐹𝑀𝑅 ≈ 10 mT with a half-width-at-half-maximum 185 

linewidth μ0∆𝐻 ≈ 1 mT, and the precessional phase,  186 

tan𝜙𝑠𝑟𝑐 = ∆𝐻 (𝐻𝑥 − 𝐻𝐹𝑀𝑅)⁄ ,  (1) 187 

undergoes a shift of 180° across the resonance31.  188 

 189 

Figure 4. Field (Hx) dependence of precessional (a,c,e) amplitude and (b,d,e) phase for the NiFe spin 190 

source (Fe) and nanomagnet ensemble spin sink (Co) at (a,b) 30 K, (c,d) 200 K, and (e,f) room 191 

temperature. In each panel, the solid blue curve represents the fit with the total torque, tot, in the Co 192 

nanomagnet ensemble, taking into account both the interlayer dipolar torque (dip) and the STT (ST).  The 193 

dashed gray curve represents the contribution from dip (with ST = 0 in Eqs. (2) and (3)), and the solid 194 

green curve represents the contribution from ST (with dip = 0 in Eqs. (2) and (3)).  195 

 196 

The XFMR signal at the Co edge is more than an order of magnitude smaller, as shown in 197 

the plots of the Co amplitude normalized by the Fe amplitude (Fig. 4(a,c,e)). It was therefore 198 

impractical to acquire sufficient signal-to-noise ratios at many values of Hx for Co within our 199 

allotted synchrotron beam time. Nevertheless, the data in Fig. 4 permit us to draw quantitative 200 

conclusions about the STT on the Co nanomagnets. 201 
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 Firstly, the precessional phase for Co does not exhibit a 180° shift, which verifies the 202 

absence of Co FMR (i.e., the Co magnetization is not driven resonantly by the microwave field) 203 

near μ0Hx ≈ 10 mT. A separate FMR measurement on a 10-nm-thick CoCu film indeed indicates 204 

that its 3-GHz resonance (at least an order of magnitude weaker than that of NiFe) only arises at 205 

a much higher field of μ0Hx > 50 mT. Similar to previous XFMR experiments27,34,36, we therefore 206 

do not explicitly account for the FMR of the CoCu spin sink in our analysis.  207 

We then self-consistently fit the observed amplitude 𝐴𝐶𝑜 and phase 𝜙𝐶𝑜 at the Co edge 208 

with the following equations, derived from coupled Landau-Lifshitz-Gilbert equations27,34,36, 209 

accounting for the off-resonance microwave field torque, dipolar field torque, and STT: 210 

𝐴𝐶𝑜 = 𝐴0
𝐶𝑜√1 + (𝛽𝑑𝑖𝑝

2 + 𝛽𝑆𝑇
2 )sin2𝜙𝑠𝑟𝑐 + 2(𝛽𝑑𝑖𝑝 sin𝜙𝑠𝑟𝑐 cos𝜙𝑠𝑟𝑐 + 𝛽𝑆𝑇sin2𝜙𝑠𝑟𝑐), (2) 211 

tan(𝜙𝐶𝑜 − 𝜙0
𝐶𝑜) =

𝛽𝑑𝑖𝑝sin
2𝜙𝑠𝑟𝑐−𝛽𝑆𝑇 sin𝜙𝑠𝑟𝑐 cos𝜙𝑠𝑟𝑐

1+𝛽𝑑𝑖𝑝 sin𝜙𝑠𝑟𝑐 cos𝜙𝑠𝑟𝑐+𝛽𝑆𝑇sin2𝜙𝑠𝑟𝑐
.  (3) 212 

Here, 𝐴0
𝐶𝑜 is a coefficient proportional to the microwave field torque, taken to be constant in the 213 

measured range of Hx. 𝛽𝑑𝑖𝑝 and 𝛽𝑆𝑇 are coefficients that parameterize the dipolar field torque and 214 

STT, respectively, normalized by the microwave field torque27,36.  215 

The dipolar field torque and STT are orthogonal to each other and hence exhibit 216 

qualitatively distinct Hx dependences. For instance, the dipolar field torque yields a precessional 217 

amplitude that is antisymmetric about Hx = HFMR (dashed gray curve in Fig. 4(a,c,e)), whereas 218 

the STT yields a precessional amplitude that is symmetric about Hx = HFMR (solid green curve in 219 

Fig. 4(a,c,e)). This symmetry is reversed for the precessional phase (Fig. 4(b,d,f)): the dipolar 220 

torque (STT) generates a symmetric (antisymmetric) curve. We emphasize that while this 221 

lineshape analysis may be reminiscent of the oft-used spin-torque FMR technique40, the XFMR 222 
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method is distinct in that it directly acquires the amplitude and phase of element-specific 223 

dynamics, i.e., Co magnetization in the spin sink in this case.  224 

 225 

  226 

Figure 5. Temperature dependence of (a) 𝐴0
𝐶𝑜, the coefficient proportional to the off-resonance microwave field 227 

torque, (b) 𝛽𝑑𝑖𝑝, coefficient proportional to the ratio between the dipolar field torque and microwave field torque, 228 

and (c) 𝛽𝑆𝑇, coefficient proportional to the ratio between the STT and microwave field torque. The error bars are 229 

derived from the 95% confidence intervals of the fit parameters in Eqs. (2) and (3).  230 

 231 

Figure 5 summarizes our results on the three fitting parameters (𝐴0
𝐶𝑜, 𝛽𝑑𝑖𝑝, and 𝛽𝑆𝑇) in 232 

Eqs. (2) and (3). The amplitude of the Co XFMR signal decreases markedly with increasing 233 

temperature (Fig. 4(a,c,e)), as evidenced by an order of magnitude reduction in 𝐴0
𝐶𝑜 from 30 K to 234 

room temperature (Fig. 5(a)). This trend is partially accounted for by the reduced net 235 
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magnetization of the Co nanomagnet ensemble at higher temperatures, with thermal fluctuations 236 

decreasing the vector average of the Co nanomagnet moments probed by the X-ray beam. An 237 

additional possible contribution to the reduction of 𝐴0
𝐶𝑜 (i.e., increased effective damping from 238 

thermal fluctuations41) is discussed in the Supporting Information.  We also find that 𝛽𝑑𝑖𝑝 – 239 

proportional to the ratio of the dipolar field torque over the microwave field torque – remains 240 

constant within the error bars (Fig. 5(b)). The temperature independence of  𝛽𝑑𝑖𝑝 is expected, 241 

since the microwave and dipolar field torques both depend on the net magnetization of the Co 242 

nanomagnet ensemble: when the net magnetization decreases with increasing temperature, the 243 

microwave and dipolar field torques decrease at the same rate. In the Supporting Information, we 244 

show that treating 𝛽𝑑𝑖𝑝 as a fixed parameter does not affect our key conclusion. 245 

While the net magnetization and the field torques in the nanomagnet ensemble become 246 

small at room temperature, an enhanced role of the STT relative to the field torques is evidenced 247 

by the increase of 𝛽𝑆𝑇 with increasing temperature, as shown in Fig. 5(c). Recalling that 𝛽𝑆𝑇 is 248 

proportional to the ratio of the STT over the microwave field torque, the trend in Fig. 5(c) 249 

indicates that any reduction of the global STT in the nanomagnet ensemble is modest, compared 250 

to the sharp suppression of field torques, when magnetic order diminishes at elevated 251 

temperatures. This trend is qualitatively consistent with the physical picture in Fig. 1 that the 252 

global STT remains finite even in a magnetic system with null net moment.  253 

Furthermore, our results from different temperatures verify that STT is operative 254 

regardless of whether the Co nanomagnets in the spin sink are collectively aligned or randomly 255 

magnetized: a coherent AC spin current generates a torque in each nanomagnet, resulting in a 256 

finite net torque summed over the macroscopic ensemble (Fig. 1(b)). Our findings thus point to 257 

STT as an effective mechanism at the sub-ns time scale to manipulate a macroscopic collection 258 
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of weakly interacting nanomagnets. Such STT control of nanomagnets in unpatterned, disordered 259 

granular films (readily grown by sputtering) also has significant implications for spintronic 260 

device fabrication and integration, as it may relax the requirements on material processing (e.g., 261 

thermal budgets and additional process steps) that are generally needed to achieve crystalline 262 

epitaxy or magnetic alignment. 263 

 We finally comment on the sensitivity of the XFMR setup in our study. By comparing the 264 

amplitudes of the XFMR and static XMCD scans, we have estimated the resonant precessional 265 

cone angles. The cone angle for the FMR-driven NiFe spin source is ≈1.0o, similar to prior 266 

experiments27,30–36. Remarkably, the average cone angle of the Co nanomagnets at room 267 

temperature is estimated to be only ≈0.003o. This XFMR setup is therefore an excellent tool for 268 

examining small-angle dynamics in multi-layered and multi-element thin-film systems.  269 

 In summary, by employing time- and element-resolved XFMR spectroscopy27,34,36, we 270 

have detected a STT that is driven by a coherent 3-GHz AC spin current in a macroscopic 271 

ensemble of Co nanomagnets. We verify that the STT is able to act globally on randomly 272 

oriented nanomagnets at nanosecond time scales, even while magnetic field torques become 273 

increasingly inefficient in magnetizing these nanomagnets. Our results highlight a fundamental 274 

feature of STT — that angular momentum supplied by a spin current can efficiently manipulate 275 

magnetic systems, even those with a vanishingly small global net moment. From a practical 276 

perspective, STT may form an attractive mechanism to align an ensemble of nanomagnets in the 277 

absence of applied magnetic fields, which may find uses in new information processing 278 

technologies with fewer restrictions on material processing and device preconditioning.  279 

 280 

 281 
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