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The orbital component of magnetization dynamics, e.g., excited by ferromagnetic resonance (FMR), may9

generate “orbitronic” effects in nanomagnetic devices. Yet, distinguishing orbital dynamics from spin10

dynamics remains a challenge. Here, we employ x-ray magnetic circular dichroism (XMCD) to quantify11

the ratio between the orbital and spin components of FMR-induced dynamics in a Ni80Fe20 film. By applying12

the XMCD sum rules at the Ni L3,2 edges, we obtain an orbital-to-spin ratio of 0.108±0.005 for the dynamic13

magnetization. This value is consistent with 0.102±0.008 for the static magnetization, probed with the same14

x-ray beam configuration as the dynamic XMCD experiment. The demonstrated method presents a possible15

path to disentangle orbitronic effects from their spintronic counterparts in magnetic media.16

Magnetism generally consists of orbital and spin17

components. Although orbital magnetism is largely18

quenched in 3d transition-metal ferromagnets, it can19

remain up to ∼10% of spin magnetism due to spin-20

orbit coupling.1,2 This seemingly small orbital magnetism21

yields crucial effects for various device applications,22

such as magnetic anisotropy for perpendicular magnetic23

recording and Dzyaloshinkii-Moriya interactions for24

chiral nanomagnetic memories.3–5 The sum-rule analysis25

of x-ray magnetic circular dichroism (XMCD) allows for26

quantifying the orbital moment µL and the spin moment27

µS in ferromagnets.6 From XMCD measurements of28

static magnetization in a transmission geometry,7,8 it is29

typically straightforward to quantify the ratio µL/µS of30

the orbital to spin contributions.31

When a ferromagnet is excited, e.g., by ferromagnetic32

resonance (FMR), its dynamic magnetic response also33

has orbital and spin components. The value of34

µL/µS for the dynamic magnetization may not be35

equal to that for the static magnetization, as the36

orbital and spin dynamics may be distinct.9,10 For37

instance, excited orbital angular momentum could be38

more strongly coupled to the lattice, thereby leading39

to stronger dissipation. With a greater dynamic loss40

of orbital moment than spin moment, µL/µS for the41

dynamic magnetization would be smaller than the static42

counterpart. Indeed, in sub-picosecond demagnetization43

excited by laser pulses, time-resolved XMCD experiments44

report a greater reduction of orbital magnetism than spin45

magnetism.9,1046

Further, recent studies suggest that FMR in a47

ferromagnet can pump a flow of nonequilibrium orbital48

angular momentum into an adjacent “sink” layer or49

interface.11–14 Such FMR-driven orbital pumping is50
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predicted to coexist with the well-known spin pumping1551

– and may hold the key to understanding the reportedly52

large “orbitronic” effects in nanomagnetic devices.16–2453

The orbital and spin outflows may be absorbed or54

scattered differently in the sink25–27 or at the ferromagnet55

interface.28,29 Again, if the dynamic orbital loss is56

stronger (or weaker) than the spin loss, µL/µS for the57

FMR-excited dynamic magnetization may be reduced58

(or increased) compared to the static magnetization.59

We note that conventional FMR spectroscopy is often60

used to quantify µL/µS via the well-known g-factor,61

(µL/µS)FMR = (g − 2)/2. However, recent experiments62

show that (µL/µS)FMR includes an additional spin-63

mixing factor and hence does not generally equal the true64

value of µL/µS .
8 Thus, quantifying µL/µS with XMCD65

under dynamic excitation is of critical importance for66

elucidating fundamental angular-momentum dynamics in67

magnetic materials.68

In this Letter, we quantify µL/µS of FMR-excited69

dynamic magnetization in a thin film of permalloy70

(Ni80Fe20). Our focus here is on the magnetism of71

Ni, which has greater spin-orbit coupling and hence72

larger µL/µS at static equilibrium than Fe.2,8 Moreover,73

the relatively large spin-orbit splitting of the L3 and74

L2 core level manifolds for Ni (the largest among the75

elemental 3d ferromagnets) facilitates the separation76

of the XCMD spectral contributions from those core77
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FIG. 1. Schematic illustrations of (a) the static XMCD
experiment to probe the static magnetization, Mstat, and
(b) the dynamic XMCD experiment to measure the dynamic
magnetization, mdyn.
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levels. We have conducted XMCD measurements on78

both static and dynamic Ni magnetizations in the same79

sample, probed by the same circularly polarized x-ray80

beam configuration, as illustrated in Fig. 1. Our work81

presents a unique way to disentangle FMR-driven orbital82

dynamics from spin dynamics, which may be of interest83

for testing orbitronic effects in magnetic multilayers.14,1684

Our film sample was grown by DC magnetron85

sputtering at a base pressure of ≈ 3 × 10−8 Torr86

and Ar sputtering gas pressure of 3 mTorr. The87

film stack structure is MgO(substrate)/Ti(3 nm)/Cu(388

nm)/Ni80Fe20(30 nm)/Ho(4 nm)/Ti(3 nm). The89

MgO substrate (MTI Corp, (001)-oriented) allows90

for luminescence-yield detection of x-ray absorption.3091

Luminescence yield is equivalent to detecting x-ray92

transmission in the film sample7 and permits more93

reliable quantification of µL/µS , compared to total94

electron yield and fluorescence yield that are prone95

to artifacts.31,32 All film layers were grown with96

the substrate at room temperature and were hence97

polycrystalline. The Ti/Cu seed layer is intended to98

provide higher-quality growth of ferromagnetic films with99

narrower FMR linewidths.33 The overlayer of Ho – a rare-100

earth metal with large orbital magnetism relative to spin101

magnetism34 – was intended for examining proximity-102

induced magnetism at the NiFe/Ho interface and its103

orbital and spin dynamics. However, we were unable to104

detect Ho magnetism above the noise level of the XMCD105

measurements. Hereafter, we exclusively focus on XMCD106

at the Ni L3,2 edges.107

All measurements were conducted within the same108

synchrotron beamtime at room temperature at Beamline109

4.0.2 of the Advanced Light Source, Lawrence Berkeley110

National Laboratory. We carried out both static and111

dynamic XMCD measurements on the same sample112

holder, equipped with a photodiode for luminescence113

yield detection and a coplanar waveguide for driving114

2-GHz FMR. In this setup, the sample is mounted115

with the film immediately adjacent to the waveguide.116

A 90% circularly polarized x-ray beam illuminates the117

sample through a tapered ∼0.1-mm-diameter hole in the118

waveguide’s center conductor. The incidence angle of the119

beam was 40◦ with respect to the film plane, allowing us120

to detect primarily the magnetization component in the121

film plane. Further details of the experimental setup are122

found in Ref. 30. We note that a 2-GHz microwave field123

was applied during both types of measurements [Fig. 1]124

to ensure a similar temperature. In the static XMCD125

experiment, the microwave field was collinear with the126

equilibrium in-plane magnetization [Fig. 1(a)], so it did127

not induce FMR. In contrast, the microwave field was128

orthogonal to the precessional axis to induce FMR in the129

dynamic XMCD experiment [Fig. 1(b)].130

We first demonstrate our static XMCD result131

for quantifying µL/µS of the Ni magnetization at132

equilibrium. The x-ray photon energy was stepped133

discretely from 820 to 909 eV to acquire x-ray absorption134

spectra (XAS). At each energy setpoint, the static135
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FIG. 2. (a) Normalized x-ray transmission (measured via
luminescence yield) and (b) x-ray absorption spectra (XAS)
under the opposite directions of the static applied field B∥.
Inset of (a): Normalized x-ray transmission before subtracting
the linear background. (c) Static XMCD spectrum, obtained
from the difference between the two XAS spectra in (b), along
with the integrated XMCD curve and the parameters p and
q used in Eq. 1.

magnetic field, B∥, was alternated between +0.3 T and136

-0.3 T along the incident x-ray beam axis. The circular137

polarization of the x-ray beam was fixed. To enhance the138

signal-to-noise ratio, we averaged 23 pairs of XAS scans.139

The x-ray transmission intensity was normalized and140

the linear background [Fig. 2(a) inset] was subtracted141

to produce the spectra in Fig. 2(a), following the142

method explained in the Supplementary Material. The143

normalized transmitted x-ray intensity I is converted144

to the x-ray absorption A = − ln(I). Figure 2(b)145

shows the resulting XAS for B∥ = +0.3 T and -0.3146

T. By taking the difference between the XAS at the147

two opposite magnetization directions, the static XMCD148

spectrum in Fig. 2(c) was obtained. In producing the149

XMCD spectrum, we performed post-edge normalization150

described in the Supplementary Material.151

The ratio between the orbital moment µL and spin152

moment µS is computed with the standard XMCD sum-153
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rule formula,154

µL

µeff
S

≈ µL

µS
=

2

3

(︃
q

3p− 2q

)︃
, (1)

where q is the value of the integrated XMCD spectrum155

across the L3 and L2 edges, whereas p is the value of the156

integrated XMCD spectrum across only the L3 edge.6157

Figure 2(c) shows the integrated XMCD spectrum and158

the definitions of q and p. Here, q is obtained in the159

post-edge energy range (explained in the Supplementary160

Material), and p is obtained using the cutoff energy161

of 863 eV that delineates the L3 and L2 core level162

manifolds. Strictly speaking, the denominator in Eq. 1163

is the “effective” spin moment µeff
S = µS − 7 ⟨Tz⟩µB/ℏ164

that includes the expectation value of the magnetic165

dipole operator ⟨Tz⟩. The 7⟨Tz⟩ term can exceed a166

few percent of µS in atomically-thin 3d ferromagnets,167

but it diminishes to an undetectable level when the 3d168

ferromagnet thickness is several atomic monolayers or169

greater8,35,36. In our present 30-nm-thick permalloy film,170

we safely assume that µeff
S = µS .171

From the static XMCD experiment, we arrive at an172

orbital-to-spin ratio of µL/µS ≈ 0.102 by applying Eq. 1.173

This value is comparable to the typical µL/µS of ∼0.1 for174

Ni in permalloy in recent XMCD experiments.8,37 We175

identify an uncertainty of ±0.008 for µL/µS due to the176

variation in the outcome of the post-edge normalization177

(see Supplementary Material). This uncertainty is178

graphically represented as a shaded band in Fig. 2(c).179

We now describe our time-resolved dynamic XMCD180

experiment, with the sample magnetized by the external181

field B⊥ orthogonal to the x-ray beam [Fig. 1(b)].182

The magnetization was excited by a 2-GHz microwave183

field and precesses about B⊥. The circularly polarized184
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FIG. 3. (a) Time traces of the differential dynamic x-ray
transmission signal, arising from FMR-induced magnetization
oscillations, at several values of applied field B⊥ (orthogonal
to the x-ray beam axis, see Fig. 1(a)). The photon energy is
fixed at the peak of the Ni L3 edge. (b,c) B⊥ dependence of
the precessional (b) amplitude and (c) phase. The symbols
are the values derived from the measurements. The red curves
represent the best fits, from which the resonance field Bres ≈
4.5 mT is quantified.
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FIG. 4. (a) Time traces of the differential dynamic x-ray
transmission signal, arising from FMR-induced magnetization
oscillations, at several values of photon energy. The field B⊥
is fixed at Bres = 4.5 mT. (b,c) Energy dependence of (b)
the amplitude of the differential x-ray transmission, δI, and
(c) the equilibrium average x-ray transmission, Iavg, derived
from the average of the two curves in the inset of Fig. 2(a).

x-ray beam probed the FMR-induced dynamics of185

the nonequilibrium magnetization (mdyn in Fig. 1(b)).186

Similar to the normalization of the static transmission187

signal (described in the Supplementary Material),188

the dynamic transmission signal acquired via lock-189

in detection30 was normalized by the incident beam190

intensity upstream at the end station detector of the191

beamline.192

Figure 3(a) shows time traces of the dynamic193

differential x-ray transmission signal obtained at a fixed194

photon energy of 852.8 eV and different B⊥, employing195

the phase-modulated lock-in protocol outlined in Refs. 30196

and 38. These traces are fit excellently by sinusoids197

with an oscillation period of 500 ps, as expected from198

the 2-GHz microwave excitation. From each fit, we199

extract both the amplitude and phase of the dynamic200

magnetization. Figures 3(b) and (c) reveal a peak in201

the amplitude and a 180◦ shift in the phase, which are202

consistent with FMR.39–41 The resonance field Bres ≈ 4.5203

mT is obtained by fitting the B⊥ dependence of the204

amplitude with ∝
√︁
∆B2/(∆B2 + (B⊥ −Bres)2) and205

that of the phase with ϕo +atan(∆B/(B⊥ −Bres)). The206

fits also yield the FMR linewidth, ∆B ≈ 1.0 mT; the207

phase offset ϕo from the experimental setup is shifted to208

0 in Fig. 3(c) for clarity.209

To quantify µL/µS for the dynamic magnetization, it210

is necessary to measure the energy dependence of the211

dynamic XMCD signal. All following measurements212

were performed at B⊥ = Bres to maximize the213

signal amplitude. As shown in Fig. 4(a), time214

traces of differential x-ray transmission reveal sinusoidal215

oscillations. All have the same period of 500 ps, but216
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the phase exhibits a discrete 180◦ shift, corresponding to217

the sign of the static XMCD signal at that energy (e.g.,218

compare 852.6 eV near the L3 edge maximum amplitude219

with 870.5 eV near the L2 edge maximum). By plotting220

the energy dependence of the oscillation amplitude221

[Fig. 4(b)], we observe a trend that resembles the XMCD222

spectrum for the static magnetization [Fig. 2(c)].223

Yet, caution must be taken before applying the XMCD224

sum rules. What is shown in Fig. 4(b) is the amplitude of225

the measured differential x-ray transmission, δI = I− −226

I+, between the dynamic magnetization oriented parallel227

(I+) and antiparallel (I−) to the incident beam. To228

analyze dynamic XMCD properly, δI must be converted229

to the differential x-ray absorption,230

δA = ln(I+)− ln(I−). (2)

Since the precessional cone angle here is only ∼ 1◦, δI231

is a small perturbation about the average transmission232

Iavg, such that I± = Iavg ± δI/2 with δI ≪ Iavg. Then,233

we can re-write Eq. 2 as234

δA = ln

(︃
1 +

δI

2Iavg

)︃
− ln

(︃
1− δI

2Iavg

)︃
≈ δI

Iavg
. (3)

We take Iavg from Fig. 4(c), which is the average of the235

static transmission spectra at B∥ > 0 and < 0 [inset236

of Fig. 2(a)]. The resulting dynamic XMCD amplitude237

δA obtained from Eq. 3 is presented in Fig. 5(a). This238

analysis protocol is crucial for deriving an accurate239

dynamic XMCD spectrum; applying the XMCD sum240

rules on δI vs energy [Fig. 4(b)] would result in an241

incorrect estimation of µL/µS . We also remark that, in242

principle, Iavg can be obtained from the DC luminescence243

yield signal acquired simultaneously with the dynamic244

signal. However, in practice, our detection electronics245

(optimized for the dynamic luminescence yield signal)246

did not produce a sufficient signal-to-noise ratio for the247

DC signal, such that Iavg needed to be obtained from a248

separate set of static measurements [Fig. 2].249

Figure 5 is the central result of this study. Figure 5(a)250

reveals that the dynamic XMCD data closely track251

the static XMCD spectrum. This close correspondence252

already suggests that µL/µS is similar for the dynamic253

magnetization and the static magnetization. Further,254

comparing the XMCD integrals for the dynamic and255

static cases in Fig. 5(b) again reveals close agreement.256

Nevertheless, by applying the sum-rule analysis (Eq. 1)257

to the dynamic XMCD integral, we obtain (µL/µS)dyn ≈258

0.108. This value is noticeably higher than the mean259

(µL/µS)stat ≈ 0.102 for the static magnetization. The260

possibility that (µL/µS)dyn > (µL/µS)stat would suggest261

stronger dissipation for spin dynamics than orbital262

dynamics. This is contrary to the intuitive expectation263

of stronger orbital dissipation by the more direct orbital-264

to-lattice coupling. A potential explanation is that the265

thin Ho layer, interfaced with the permalloy film, more266

efficiently absorbs FMR-pumped nonequilibrium spin267

angular momentum than orbital angular momentum.268

However, from our present XMCD results alone, we269

are unable to conclude that dynamic spin dissipation is270

stronger than orbital dissipation – or that (µL/µS)dyn271

is higher than (µL/µS)stat. Considering the uncertainty272

in q due to the limited post-edge data density for the273

dynamic XMCD, the uncertainty in (µL/µS)dyn may274

be up to ±0.005. Accounting for the uncertainties275

in our static and dynamic XMCD results, we have276

(µL/µS)dyn = 0.108 ± 0.005 and (µL/µS)stat = 0.102 ±277

0.008 – i.e., the values of (µL/µS)dyn and (µL/µS)stat278

are indistinguishable. Moreover, there are conceivably279

additional sources of uncertainty for (µL/µS)stat, as the280

setup here was optimized for dynamic XMCD but not281

for static XMCD. For instance, the substrate may have282

an energy-dependent luminescence yield background7283

that distorts the XAS spectrum, although it is yet284

unclear how this may affect the XMCD spectrum;285

the influence of such a substrate-dependent background286

may be investigated in future experiments. Despite287

the extended averaging, our derived (µL/µS)stat may288

also be affected by small fluctuations of the static289

XMCD measurements. Considering the points above,290

(µL/µS)stat and (µL/µS)dyn are essentially identical291

within experimental uncertainty for this particular292

sample.293

In summary, we have employed XMCD to quantify294

the orbital-to-spin ratio µL/µS of FMR-excited dynamic295

magnetization in a permalloy film. This dynamic µL/µS296

ratio turns out to agree closely with its static counterpart297

to within a few %. Our present results cannot determine298

conclusively whether FMR-driven orbital dynamics299
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differs from spin dynamics. Nevertheless, in future300

studies, experimental uncertainties may be tightened301

for a more precise quantification of µL/µS . Future302

work will also benefit from studying a series of samples303

with different compositions and layer structures. A304

systematic relative variation in the dynamic µL/µS ratio305

among these samples may uncover orbital dissipation306

that is distinct from its spin counterpart.26–29 Moreover,307

the dynamic XMCD method may allow for resolving308

the variation of µL/µS during magnetic precession42 in309

a highly anisotropic, single-crystalline magnetic film,310

whose orbital magnetism is strongly linked to the crystal311

orientation. Such time-resolved mapping of µL/µS may312

provide direct insights into the breathing Fermi surface313

mechanism that governs intrinsic magnetic damping.43,44314

Overall, our unique approach provides an avenue for315

quantitatively evaluating dynamic orbital-based effects316

– beyond the conventional spin-based picture – in317

nanomagnetic structures.318

319

See the Supplementary Material for additional320

information on the post-edge normalization of the321

static XMCD spectrum.322
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