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ABSTRACT: Spin currents can exert spin-transfer torques on

magnetic systems even in the limit of vanishingly small net

magnetization, as recently shown for antiferromagnets. Here, we NiFe

experimentally show that a spin-transfer torque is operative in a N

macroscopic ensemble of weakly interacting, randomly magnetized N T “

Co nanomagnets. We employ element- and time-resolved X-ray CoCu II\ ! »
|

Cu W
Co x100
RO

ferromagnetic resonance (XFMR) spectroscopy to directly detect
subnanosecond dynamics of the Co nanomagnets, excited into
precession with cone angle 20.003° by an oscillating spin current.
XFMR measurements reveal that as the net moment of the
ensemble decreases, the strength of the spin-transfer torque increases relative to those of magnetic field torques. Our findings point
to spin-transfer torque as an effective way to manipulate the state of nanomagnet ensembles at subnanosecond time scales.
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flow of spin angular momentum, or spin current, injected this relaxation process involves a finite time scale, for example,

into a thin-film magnetic medium can exert a spin-transfer a few nanoseconds governed by the Gilbert damping rate.'®
torque (STT) on the magnetization.l_3 STT enables a variety On a shorter time scale, the moment m; of each nanomagnet
of scalable and energy-efficient nanoscale ferromagnetic precesses about the field H, as m is driven by the precessional
devices for computing and communications applications.“f7 torque 7y &« —m; X H. This field-driven precessional torque
Furthermore, STT can efficiently rotate the magnetic order of sums to zero in the limit of vanishing total magnetization
materials with zero net moment. For instance, STT (in (Figure 1la), which is the case for a thermally disordered
pargi()cular, spin—orbit torq‘}ﬁ)l lallows for Neéel vector switch- ensemble. By contrast, a spin current with polarization s exerts
ing™ and auto-oscillations” " in antiferromagnets. The net an STT of the form Zgr & m; X s X m,," > which yields a finite
magnetization also averages to zero in a thermally disordered sum even when the ensemble has zero net magnetization
ensemble of weakly interacting ferromagnetic (or super- (Figure 1b). Thus, on a subnanosecond time scale, STT can

paramagnetic) nanoparticles, particularly in the absence of an
applied magnetic field. While examining the magnetization
state of an antiferromagnet generally remains a challenge,
ferromagnetic nanoparticles can be readily probed by conven-
tional magnetometry, transport, and optical techniques. Thus,
an ensemble of weakly coupled nanomagnets serves as a
convenient experimental system for direct studies of the
fundamental nature of STT in the limit of vanishing net
magnetization. Such basic studies may provide insights into
how to efficiently control the state of nanomagnetic ensembles,
potentially for applications in probabilistic”'*'* and quan-
tum' "> computing by means other than magnetic field pulses.

Here, we consider a fundamental distinction between STT
and a torque generated by a magnetic field in such a
nanomagnet ensemble, particularly on a sufficiently short
time scale. Although a large fraction of the nanomagnet
moments can relax (align) along a moderate field of ~0.1—1 T,

yield a nonvanishing global torque in a nanomagnet ensemble
with null net moment, whereas the precessional field torque
alone cannot.

Prior experiments have shown that STT can control the
state of a single superparamagnetic nanoisland'” or nanoscale
junction,”'*™*° as well as a nearly saturated ensemble of
nanomagnets.”' ~>* Yet, none has demonstrated STT in a
macroscopic ensemble of nanomagnets in a near-zero net
magnetization state (Figure 1b). In this Letter, we present
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Figure 1. Illustrations of torques acting on an ensemble of magnetic

moments, which sum to zero net magnetization, from (a) an
externally applied field H and (b) spin current with polarization s.

experimental confirmation of a global STT in such an
ensemble of weakly interacting, randomly magnetized nano-
magnets. We perform spin pumping experimentsm_27 on a
spin-valve-like film stack of NiFe/Cu/CoCu: the NiFe layer
excited by microwave ferromagnetic resonance (FMR) pumps
a coherent AC spin current that is absorbed by the granular
CoCu spin sink, which consists of Co nanomagnets embedded
in a nonmagnetic Cu-rich matrix.”**” The Co nanomagnets are
collectively aligned at low temperature whereas their collective
alignment is disordered at room temperature, thereby allowing
us to compare the effect of STT on these two distinct global
magnetic states. We employ the element- and time-resolved X-
ray ferromagnetic resonance (XFMR) technique27'3°_36 to
directly detect torques on the Co nanomagnet ensemble at the
subnanosecond time scale. Whereas torques from the micro-
wave and interlayer dipolar fields decrease sharply with
increasing temperature (i.e, weaker collective alignment), a
substantial global STT generated by the AC spin current
survives in the nanomagnet ensemble. Our results point to
STT as an effective way to drive an ensemble of nanomagnets
at the subnanosecond time scale.

We employed DC sputter deposition with MgO substrates
held at room temperature, resulting in polycrystalline films.
Granular thin films of Co,sCu,5 were grown by cosputtering
Co and Cu targets; Co and Cu are immiscible, such that
nanoscale Co granules segregate in the Cu-rich matrix.”>*’
The film composition was set by the Co and Cu deposition
rates and corroborated by energy-dispersive X-ray spectrosco-
py. We estimated an average granule size of <16 nm in
Co,5Cuys films from powder X-ray diffractometry.

We confirm the granular nature of single-layer 10 nm thick
Co,5Cuy;s films. As shown in Figure 2a, our vibrating sample
magnetometry measurements reveal room-temperature mag-
netization curves with zero coercivity and remanence. We
observe similar magnetization curves for in-plane and out-of-
plane field directions, indicating that static magnetic properties
are not governed by the thin-film shape anisotropy. The nearly
isotropic magnetization curves are consistent with isolated,
weakly interacting Co granules embedded within the Cu-rich
matrix, rather than a homogeneous solid solution of Co and
Cu atoms.

The magnetic field dependence of resistance (Figure 2b)
serves as additional evidence for the granular nature of the
Co,5Cuys film. We observe a pronounced decrease in
resistance R with increasing magnitude of magnetic field,
with a magnetoresistance ratio of IR(0) — R(1.4 T)I/R(0) =
|ARI/Ry = 2% at room temperature. The magnetoresistance is
similar for both in-plane and out-of-plane fields, consistent
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Figure 2. (a,b) Room-temperature in-plane (IP) and out-of-plane
(OP) magnetization curves (a) and magnetoresistance curves (b) for
single-layer Co,5Cu,5(10). The magnetization in (a) is normalized by
the estimated Co volume. (c,d) Element-resolved in-plane magnet-
ization curves measured with XMCD for NiFe(10)/Cu(5)/
CoCu(10) at (c) room temperature and (d) 30 K. (ef) In-plane
magnetoresistance curves for NiFe(10)/Cu(5)/CoCu(10) at (e)
room temperature and (f) 30 K.

with previously reported isotropic giant magnetoresistance
(GMR) in single-layer granular magnetic thin films.”**’

We have further examined static magnetic properties of the
granular Co,sCuys film in a spin-valve-like NigyFe,,(10)/
Cu(5)/Co,5Cuy5(10) stack (thickness unit: nm) designed for
our spin pumping experiment. By utilizing element-resolved X-
ray magnetic circular dichroism (XMCD), separate magnet-
ization signals are obtained for the NiFe layer from the Fe L;
edge and the CoCu layer from the Co L; edge. As shown in
Figure 2c,d, the NiFe and CoCu layers show qualitatively
distinct field dependence, which verifies that the two layers are
not exchange-coupled across the Cu spacer layer.”” The room-
temperature XMCD magnetization curve for CoCu shows zero
remanence and coercivity, pointing to random alignment of the
Co nanomagnets at low fields. By contrast, substantial
remanence and coercivity are observed at lower temperatures
(e.g, 30 K, Figure 2d), as thermal fluctuations are suppressed
and the Co nanomagnets are able to align along the field
collectively. The room-temperature magnetoresistance curve of
the NiFe/Cu/CoCu stack (inset Figure 2e) is similar to that of
single-layer CoCu (Figure 2b) and indicates that the CoCu
layer in the NiFe/Cu/CoCu stack is also granular. Low-
temperature magnetoresistance curves show finite coercivity
(Figure 2f), consistent with the XMCD magnetization curve at
the Co edge (Figure 2d). Overall, our results in Figure 2
corroborate the granular nature of Co,;Cu;s and the reduced
net magnetization of the ensemble with increasing temper-
ature.

We now discuss the interplay of spin current and the Co
nanomagnets in the NiFe/Cu/CoCu stack. We first look for
evidence of the CoCu layer acting as a spin sink in broadband
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. . 24-26 . .
FMR spin pumping measurements, 4 using a variable-

temperature coplanar-waveguide spectrometer with the sample
magnetized in the film plane. In these measurements, we detect
and analyze the FMR signal from NiFe; the FMR signal from
CoCu is negligibly small. From the linear slope of the NiFe
FMR linewidth versus frequency (Figure 3a), we obtain the
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Figure 3. (a) Frequency dependence of the peak-to-peak FMR
linewidth AH,, for NiFe(10)/Cu(5)/CoCu(10) and control
NiFe(10)/ Cu(5§ at room temperature. The solid lines show linear
fits to obtain the Gilbert damping parameter. (b) Temperature
dependence of the Gilbert damping parameter a. (c) Schematic of
FMR spin pumping with NiFe as the spin source and Co
nanomagnets as the spin sink. (d) Example of XFMR amplitude
(AC XMCD) versus microwave delay for NiFe (Fe) and the
nanomagnet spin sink (Co). The vertical dotted line emphasizes the
offset in precessional phase.

Gilbert damping parameter a (see Supporting Information). At
room temperature, @ of the control sample without a CoCu
layer is ~0.007 in line with typical values for NigyFe,, (refs 38
and 39).

Compared to this control sample, the NiFe/Cu/CoCu
sample exhibits @ that is enhanced by ~0.002 (+30%). The

magnitude of this damping enhancement is similar to prior
results on spin-valve-like structures, where spin current is
pumped from a NiFe layer and absorbed by another
ferromagnetic layer.”® The broadband FMR results thus
suggest that granular CoCu acts as a sink for the spin current.
We further observe that a is consistently greater by ~0.002 for
samples with the CoCu spin sink, independent of temperature
(Figure 3b).

However, the broadband FMR measurements do not
directly indicate whether the spin current generates any STT
in the Co nanomagnet ensemble. To probe the magnetization
dynamics of the Co nanomagnets, we have performed time-
and element-sensitive XFMR measurements under a continu-
ous-wave 3 GHz microwave field excitation. Details of the
XFMR method can be found in the Supporting Information
and refs 27 and 36. We emphasize that XFMR is a pump—
probe technique that leverages XMCD to separately detect
dynamics in the NiFe spin source (Fe L; edge) and the
granular CoCu spin sink (Co L, edge). Specifically, we
measured the oscillating magnetization (along the y-axis in
Figure 3c) transverse to the externally applied DC field H,
(along the x-axis in Figure 3c) for each Fe and Co.

Figure 3d shows examples of XFMR pump—probe delay
scans, acquired at room temperature and poH, = 9.6 mT close
to the resonance field of NiFe. Sinusoidal oscillations are
evident for both the NiFe layer and the Co nanomagnets. We
comment on two key observations: (1) Because the X-ray
beam spot has a diameter of ~100 pm, the XFMR signal
originates in the spatially averaged dynamics of >>10° Co
nanomagnets. The observed sinusoidal oscillations for the Co
nanomagnet ensemble, even when it is in the randomly
magnetized state, show strong evidence of the presence of a
STT as we discuss below. (2) The Co magnetization precesses
with a phase delay relative to the Fe magnetization, which
implies that the dynamics of the Co nanogranules and the
NiFe spin source are not directly coupled via static exchange
interaction. Instead, the dynamics of Co and NiFe may be
coupled via STT.**7273%3¢

In addition to the STT, the microwave field”” and the
interlayer dipolar coupling field (e.g., orange peel coupling)*’
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Figure 4. Field (H,) dependence of precessional (a,c,e) amplitude and (b,d,f) phase for the NiFe spin source (Fe) and nanomagnet ensemble spin
sink (Co) at (a)b) 30 K, (c,d) 200 K, and (e,f) room temperature. In each panel, the solid blue curve represents the fit with the total torque, 7.y, in
the Co nanomagnet ensemble, taking into account both the interlayer dipolar torque (Tdip) and the STT (zgr). The dashed gray curve represents
the contribution from 7y, (with fgr = 0 in eqs 3 and 4), and the solid green curve represents the contribution from zgy (with Bap =0in egs 3 and

4),

https://dx.doi.org/10.1021/acs.nanolett.0c01868
Nano Lett. 2020, 20, 7828-7834


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c01868/suppl_file/nl0c01868_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c01868/suppl_file/nl0c01868_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01868?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01868?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01868?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01868?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01868?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01868?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01868?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01868?fig=fig4&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c01868?ref=pdf

Nano Letters

pubs.acs.org/NanoLett

could generate additional torques that drive the precession of
the Co magnetization. Although these field torques vanish in
systems with zero net magnetization (Figure la), the net
magnetization of the Co nanomagnet ensemble here is not
strictly zero, due to the finite DC bias field of g H,~ 10 mT
that is necessary for inducing the FMR of NiFe. Further, while
the magnetometry results (Figure 2) imply the Co nano-
magnets to be superparamagnetic-like under a quasi-static field,
the individual nanomagnets may be effectively in a
ferromagnetic state (blocked state) at the time scale of the
high-frequency AC field (e.g,, 3 GHz microwave field here), as
noted in the Supporting Information. We therefore must
account for the possible roles of the microwave and dipolar
field torques on the Co nanomagnets. On the other hand, we
neglect a “field-like” STT, Tp gy & —m; X s, which cannot be
readily distinguished from the microwave and dipolar field
torques. This assumption of negligible field-like STT is
justified, because it is typically much smaller than the
conventional “damping-like” or “Slonczewski-like” STT, 7gr
o« m; X s X m, in metallic spin-valve-like stacks."”

To determine the strength of the STT relative to the
microwave and dipolar field torques, we analyze the amplitude
and phase of magnetization precession versus H,. Figure 4
summarizes our XFMR measurement results at 30 K (Figure
4a,b), 200 K (Figure 4c,d), and room temperature (Figure
4e,f). The results show a clear FMR response of the NiFe spin
source that is largely independent of temperature: the
precessional amplitude,

Age & JAHY/[(H, — Hop)® + AH?] (1)
exhibits a peak at the resonance field poHpyr & 10 mT with a
half-width-at-half-maximum linewidth y,AH ~ 1 mT, and the
precessional phase,

tan ¢y = AH/(H, — Hgyp) )

undergoes a shift of 180° across the resonance.’’

The XFMR signal at the Co edge is more than an order of
magnitude smaller, as shown in the plots of the Co amplitude
normalized by the Fe amplitude (Figure 4ace). It was
therefore impractical to acquire sufficient signal-to-noise ratios
at many values of H, for Co within our allotted synchrotron
beam time. Nevertheless, the data in Figure 4 permit us to
draw quantitative conclusions about the STT on the Co
nanomagnets.

First, the precessional phase for Co does not exhibit a 180°
shift, which verifies the absence of Co FMR (i.e, the Co
magnetization is not driven resonantly by the microwave field)
near yoH, ~ 10 mT. A separate FMR measurement on a 10 nm
thick CoCu film indeed indicates that its 3 GHz resonance (at
least an order of magnitude weaker than that of NiFe) only
arises at a much higher field of yoH, > 50 mT. Similar to
previous XFMR experiments,””***® we therefore do not
explicitly account for the FMR of the CoCu spin sink in our
analysis.

We then self-consistently fit the observed amplitude A“° and
phase ¢° at the Co edge with the following equations, derived
from coupled Landau—Lifshitz—Gilbert equations,””***°
accounting for the off-resonance microwave field torque,

dipolar field torque, and STT

7831

Co Co
A = A
\/1 + (/}dzip + /352.1.)sin2 d.+ 2(/}dip singy _cosdh + for sin’ &)

()

¢Co) — ﬁdip Sin2 ¢src - ﬂST sin ¢src cos Qrc
’ 1+ ﬁdip sin ¢src cos (bsrc + ﬂST Sinz Qrc

(4)
Here, AS° is a coefficient proportional to the microwave field
torque, taken to be constant in the measured range of H,. f34,
and fgp are coefficients that parametrize the dipolar field
torque and STT, respectively, normalized by the microwave
field torque.””*°

The dipolar field torque and STT are orthogonal to each
other and hence exhibit qualitatively distinct H, dependences.
For instance, the dipolar field torque yields a precessional
amplitude that is antisymmetric about H, = Hpy (dashed gray
curve in Figure 4a,c,e), whereas the STT yields a precessional
amplitude that is symmetric about H, = Hpgyg (solid green
curve in Figure 4a,c,e). This symmetry is reversed for the
precessional phase (Figure 4b,d,f): the dipolar torque (STT)
generates a symmetric (antisymmetric) curve. We emphasize
that while this line shape analysis may be reminiscent of the
oft-used spin-torque FMR technique,”’ the XFMR method is
distinct in that it directly acquires the amplitude and phase of
element-specific dynamics, that is, Co magnetization in the
spin sink in this case.

Figure S5 summarizes our results on the three fitting
parameters (Ag°, Paip and Bsr) in egs 3 and 4. The amplitude
of the Co XFMR signal decreases markedly with increasing
temperature (Figure 4a,ce), as evidenced by an order of
magnitude reduction in AS° from 30 K to room temperature

tan(¢p° —

7R 1

100 200 250 300
T(K)

0.0 -
0 50

Figure 5. Temperature dependence of (a) A§°, the coefficient
proportional to the off-resonance microwave field torque, (b) Biips
coefficient proportional to the ratio between the dipolar field torque
and microwave field torque, and (c) fgr, coefficient proportional to
the ratio between the STT and microwave field torque. The error bars
are derived from the 95% confidence intervals of the fit parameters in
eqs 3 and 4.
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(Figure Sa). This trend is partially accounted for by the
reduced net magnetization of the Co nanomagnet ensemble at
higher temperatures, with thermal fluctuations decreasing the
vector average of the Co nanomagnet moments probed by the
X-ray beam. An additional possible contribution to the
reduction of AG° (ie, increased effective damping from
thermal fluctuations®') is discussed in the Supporting
Information. We also find that fy,, which is proportional to
the ratio of the dipolar field torque over the microwave field
torque, remains constant within the error bars (Figure Sb).
The temperature independence of fy, is expected, as the
microwave and dipolar field torques both depend on the net
magnetization of the Co nanomagnet ensemble; when the net
magnetization decreases with increasing temperature, the
microwave and dipolar field torques decrease at the same
rate. In the Supporting Information, we show that treating Sy,
as a fixed parameter does not affect our key conclusion.

While the net magnetization and the field torques in the
nanomagnet ensemble become small at room temperature, an
enhanced role of the STT relative to the field torques is
evidenced by the increase of fsr with increasing temperature,
as shown in Figure Sc. Recalling that fsy is proportional to the
ratio of the STT over the microwave field torque, the trend in
Figure Sc indicates that any reduction of the global STT in the
nanomagnet ensemble is modest, compared to the sharp
suppression of field torques, when magnetic order diminishes
at elevated temperatures. This trend is qualitatively consistent
with the physical picture in Figure 1 that the global STT
remains finite even in a magnetic system with null net moment.

Furthermore, our results from different temperatures verify
that STT is operative regardless of whether the Co
nanomagnets in the spin sink are collectively aligned or
randomly magnetized; a coherent AC spin current generates a
torque in each nanomagnet, resulting in a finite net torque
summed over the macroscopic ensemble (Figure 1b). Our
findings thus point to STT as an effective mechanism at the
subnanosecond time scale to manipulate a macroscopic
collection of weakly interacting nanomagnets. Such STT
control of nanomagnets in unpatterned, disordered granular
films (readily grown by sputtering) also has significant
implications for spintronic device fabrication and integration,
as it may relax the requirements on material processing (e.g.,
thermal budgets and additional process steps) that are
generally needed to achieve crystalline epitaxy or magnetic
alignment.

We finally comment on the sensitivity of the XFMR setup in
our study. By comparing the amplitudes of the XFMR and
static XMCD scans, we have estimated the resonant preces-
sional cone angles. The cone angle for the FMR-driven NiFe
spin source is ~1.0° similar to prior experiments.’”**"*
Remarkably, the average cone angle of the Co nanomagnets at
room temperature is estimated to be only ~0.003°. This
XFMR setup is therefore an excellent tool for examining small-
angle dynamics in multilayered and multielement thin-film
systems.

In summary, by employing time- and element-resolved
XFMR spectroscopy,””***® we have detected an STT that is
driven by a coherent 3 GHz AC spin current in a macroscopic
ensemble of Co nanomagnets. We verify that the STT is able
to act globally on randomly oriented nanomagnets at
nanosecond time scales, even while magnetic field torques
become increasingly inefficient in magnetizing these nano-
magnets. Our results highlight a fundamental feature of STT,
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that is, angular momentum supplied by a spin current can
efficiently manipulate magnetic systems, even those with a
vanishingly small global net moment. From a practical
perspective, STT may form an attractive mechanism to align
an ensemble of nanomagnets in the absence of applied
magnetic fields, which may find uses in new information
processing technologies with fewer restrictions on material
processing and device preconditioning.
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I. Sample Details

In the Letter, we show results from two film structures: subs./Co2sCu7s(10)/Al(2) and
subs./NigoFe20(10)/ Cu(5)/Co25Cu7s(10)/Al(2), where the values in the parentheses denote
nominal layer thicknesses in nm. The Al(2) capping layer protects each sample from oxidation,
and the Cu(5) spacer layer suppresses static exchange coupling between the NiFe and CoCu
layers. All films were grown in the same DC sputter deposition system, with substrates at room
temperature (no active heating or cooling). NiFe was sputtered from a single stoichiometric
target, whereas CoCu was grown by co-sputtering Co and Cu targets. Each film structure was
deposited on two types of substrates (subs.) simultaneously: (001)-oriented MgO single crystal
and (001)-oriented Si wafer with native oxide. No post-annealing was performed. Films
deposited on both substrates are polycrystalline (as verified by powder X-ray diffraction and
transmission electron microscopy) and exhibit essentially identical magnetic properties. Results
shown in the letter are obtained on films on MgO substrate, as MgO strongly when irradiated by
soft X-rays and therefore enables high luminescence yield signals for X-ray magnetic circular
dichroism and X-ray ferromagnetic resonance measurements (explained later). To deduce the
average grain size from powder X-ray diffraction, we measured CoCu on Si, which had
significantly fewer substrate peaks than CoCu on MgO and thus simplified the analysis.

We have attempted element-resolved transmission electron microscopy on our CoCu
films, but were unable to acquire micrographs with sufficient resolution to confirm the
distribution of Co and Cu. Nevertheless, our CozsCuzs films are likely to be granular for the
following reasons: (1) the magnetoresistance loops (shown in Fig. 2 of the main text) strongly
resemble those reported previously for typical granular films; and (2) the percolation limit for the

FCC CoCu lattice is 19.8 at%?.



Il. Magnetometry and Magnetotransport Measurements

Vibrating sample magnetometry was performed at room temperature using a Microsense
EZ9 VSM. Magnetotransport measurements, with each sample connected in a 4-point van der
Pauw configuration, were carried out in a custom setup equipped with a cryostat and

electromagnet.

I11. Broadband Ferromagnetic Resonance (FMR) Measurements
FMR measurements were performed on a coplanar-waveguide-based spectrometer
equipped with a cryostat and electromagnet. The sample was magnetized in-plane. FMR spectra

were acquired via field modulation to obtain the peak-to-peak FMR linewidth AH,,,, of the NiFe
layer at frequencies in the range 3-40 GHz. From the linear frequency dependence of the AH,,,,,

the Gilbert damping parameter . is obtained using?

22
HoAHyy = HoAHypo + = af, (S1)

where p, is the permeability of free space, AH,,,, , is the zero-frequency inhomogeneous

linewidth broadening, and % ~ 29 GHz/T is the gyromagnetic ratio.

IV. X-ray Magnetic Circular Dichroism (XMCD) and X-ray Ferromagnetic Resonance
(XFMR) Measurements

XMCD and XFMR (i.e., pump-probe dynamic XMCD) measurements were performed
on Beamline 4.0.2 at the Advanced Light Source, Lawrence Berkeley National Laboratory®*.
Both measurements were performed by mounting the MgO(subs.)/NiFe/Cu/CoCu/Al sample on
a coplanar waveguide (CPW), with the film side facing the CPW. A tapered hole in the center

conductor of the CPW allows the X-ray beam (circular polarization of 90%) to reach the sample



with an incident angle of 50° with respect to the film normal. The XMCD signal is collected with
a photodiode by monitoring the X-ray induced luminescence of the MgO substrate. The Fe L3
edge and Co L3 edge signals were collected at nominal X-ray photon energies of 706.5 eV and
777.2 eV, respectively. Static XMCD magnetization curves (Fig. 2(c,d)) were measured with a
magnetic field swept in the film plane. For XFMR measurements, a microwave field was
delivered via the CPW to drive precessional magnetization dynamics, such that the time-varying
in-plane transverse magnetization component could be detected by XMCD. To ensure a fixed
phase relation between the microwave excitation and the probing X-ray pulses (pulse width =70
ps), the microwave is generated as a higher harmonic of the 500 MHz master oscillator of the
storage ring. In our experiments the 6th harmonic of the master oscillator, i.e., 3 GHz, was used
for the microwave frequency. The microwave excitation is phase modulated at 333 Hz between
0° and 180° and the XFMR signal is acquired stroboscopically as the difference in the X-ray
absorption for the opposing magnetization states on the precession cone. The photodiode output
is evaluated with a lock-in amplifier. At a fixed bias magnetic field Hy, by incrementally
delaying the phase of the microwave excitation with respect to the phase of the X-ray pulses, the

complete magnetization precession cycle can be mapped (example shown in Fig. 3(d)).

V. Estimation of the Blocking Frequency at Room Temperature

The Co nanomagnets in the CoCu sink are superparamagnetic-like at room temperature at
the time scale of DC magnetometry measurements. However, these nanomagnets may effectively
be in a ferromagnetic state (blocked state) at a much shorter time scale (higher frequency), e.g.,

<1 ns in our GHz-range FMR measurements. The average frequency of the flipping of the

KV
nanomagnet magnetization by thermal fluctuations is estimated by fy = foe *BT, where f, is the



attempt frequency, K is the magnetic anisotropy energy density, V is the volume of the
nanomagnet, and kT is the thermal energy. The attempt frequency is typically taken to be on
the order of ~10° s™L. If the nanomagnets were perfectly isotropic (K = 0), the blocking
frequency would also be expected to be ~10° s*. Thus, the individual nanomagnets would be
essentially in a blocked state (i.e., not in a superparamagnetic-like state) at the time scale of the
3-GHz microwave excitation used in our FMR experiment. If modest magnetic anisotropy (e.g.,
K = 10* J/m®) were assumed for the nanomagnets, with an approximate volume of V =

(10 nm)3 = 1072* m3, the frequency above which the nanomagnets are blocked would be ~108
s, In this case, it would be even more likely for the individual nanomagnets to be in a blocked

state at the time scale of our FMR experiment.

V1. Temperature Dependence of Bdip

In the main text, Baip was assumed to be a free fit parameter. We have also performed fits
using Equations 2 and 3 with Bdip as a fixed parameter, assumed to be constant with temperature
at 4= 0.53+/-0.08, derived from the results at 30 K (Fig. 4(a,b)). The temperature dependent
results for the other free fit parameters, A5° and Bsr, are almost the same with Baip as a free

parameter (Fig. S1(a)) or Baip as a fixed parameter (Fig. S1(b)).
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VI1I. Temperature Dependence of A5°

The amplitude of the Co XFMR signal decreases markedly with increasing temperature
(Fig. 4(a,c,e), main text), as evidenced by an order of magnitude reduction in A5° from 30 K to
room temperature (Fig. 5(a), main text). This trend is partially accounted for by the reduced net
magnetization of the Co nanomagnet ensemble at higher temperatures. However, our XMCD
magnetometry results (Fig. 2(c,d)) suggest that the Co net magnetization at poHx ~10 mT
decreases by only a factor of =4 between 30 K and room temperature, such that there is likely an
additional contribution to the ~10-fold decrease of A5°. We speculate that the Co nanomagnets
(CoCu spin sink) have higher effective damping at room temperature than at 30 K. The higher
damping decreases the average cone angle of the Co moments driven by a given amount of

microwave field (along with dipolar field and spin current), hence further reducing AS° at higher



temperature. Prior theoretical work has suggests higher effective damping can result from

enhanced thermal fluctuations (e.g., in magnetic materials approaching the Curie temperature)®.

VII. XFMR of a Control Sample with a Pure Co Spin Sink
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We have performed XFMR measurements on a MgO/NigoFe20(10)/Cu(5)/Co(2.5)/Al(2)
stack, where the pure ferromagnetic Co layer acts as the spin sink. Figure S2 compares the field
dependence of the amplitude and phase data (acquired at 3 GHz, 200 K) for this pure Co spin
sink sample and the CoCu (Co nanomagnet ensemble) spin sink shown in the main text. The
pure Co sink sample shows the characteristic signature of spin-transfer torque — namely, the
symmetric (antisymmetric) peak in amplitude (phase) corresponding to the resonance field of the
NiFe spin source at poHx ~ 10 mT. This is qualitatively similar to the results from the CoCu sink
sample. However, there are a few major differences between the Co and CoCu sink samples:

e The Co sample shows a much higher amplitude at the Co edge than the CoCu sample,

consistent with the much larger net magnetization of the pure ferromagnetic Co sink than

the weakly interacting ensemble of Co nanomagnets in the CoCu sink.



The Co sample exhibits a broad yet clear FMR response at the Co edge centered around
woHx = 2 mT, whereas no Co FMR is evident for the CoCu sample. (Separate broadband
FMR measurements indicate 3-GHz FMR for CoCu appears at >50 mT.)

The baseline phase at the Co edge is lower for the pure ferromagnetic Co sink than the
low net-moment CoCu sink. This is qualitatively consistent with what is presented in the
main text (Fig. 4): the baseline phase is lowered with increasing net magnetization as the
global magnetization of the Co nanomagnets in the CoCu sink transitions from a

randomly magnetized state to a collectively aligned state at low temperature.
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