
Large spin accumulation signals in ultrafast magneto-optical1

experiments.2

Alberto Anadón,1, 2, ∗ Harjinder Singh,1, † Eva Dı́az,1 Yann Le-Guen,1 Julius Hohlfeld,13

Richard B. Wilson,3 Gregory Malinowski,1 Michel Hehn,1 and Jon Gorchon1, ‡
4
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Magneto-optical techniques have become essential tools in spintronics, enabling the investigation11

of spin dynamics in the ultrafast regime. A key challenge in this field has been to accurately12

isolate the contributions to magneto-optical signals of spin transport phenomena from the local13

magnetization dynamics. The contribution of transported and accumulated spins was long believed14

to be orders of magnitude smaller than that of the magnetization and thus previous approaches to15

disentangle these signals have relied on specific experimental designs, usually including thick metal16

layers. Here, we present experimental evidence demonstrating that the magneto-optical signal from17

ultrafast spin accumulations can, under certain conditions, be comparable to or even exceed that18

of the magnetic layer in a standard ultrafast demagnetization experiment. Our findings provide a19

new framework for accessing and isolating these spin accumulations, allowing for time and depth20

dependent probing of transported spin and/or orbital angular momentum.21

INTRODUCTION22

Historically, magneto-optical probes have23

played a vital role in unveiling and exploring24

various spintronic phenomena [1–7]. Further-25

more, in combination with femtosecond laser26

sources, magneto-optics offers a direct window27

into ultrafast spin dynamics [8–10]. Typical ex-28

periments consist of a first intense femtosecond-29

wide laser pulse which excites (i.e. pumps) a30

magnetic system, and a second lower-fluence31

one which probes the changes in the mag-32

netic system via the magneto-optical Kerr ef-33

fect (MOKE). During excitation electrons ab-34

sorb the optical energy, which then gets redis-35

tributed locally among other electrons, phonons36

and spins, and non-locally as it is transported37

into neighboring layers. This redistribution of38

energy also results in a redistribution of angular39

momentum, and may result in the generation of40

ultrafast spin currents. In fact, such spin cur-41

rents are nowadays paramount for the under-42

standing of all-optical magnetization switching43

[9, 11] and broadband spintronic THz emitters44

[12].45

While advances on alternate probes such as46

THz emission [13, 14], ultrafast X-ray based47

methods [15, 16], or time-resolved photoemis-48

sion [17] have undoubtedly confirmed the loss49

of magnetization and presence of THz spin cur-50

rents, MOKE remains the most widely used51

method to characterize ultrafast magnetization52

dynamics. However, the role of Kerr rotation53

θk and ellipticity ϵk and its connection with the54

magnetic properties of thin films in the ultra-55

fast regime is still somewhat controversial. In56

2000, Koopmans et al. found a significant dif-57

ference between θk and ϵk in the first picosec-58

onds after the excitation of a Ni thin film grown59

on a Cu(111) substrate [18], ascribing the dif-60

ferences to non-magnetic optical contributions.61

In contrast, Guidoni et al. soon after showed62

that in a CoPt3 film grown on sapphire the63

θk and ϵk had the same time evolution [19].64

Many more works tried to test the validity of65

MOKE at the time, both experimentally and66
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theoretically, with no clear consensus [20–24].67

Noting the use of conductive Cu substrates [18]68

vs sapphire [19], some works have since argued69

that the observed differences are likely related70

to spin transport and have attempted to probe71

and model the depth profile of the magnetiza-72

tion by carefully comparing θk and ϵk signals73

[25, 26]. Other works have attempted to probe74

directly the resulting spin accumulation directly75

via linear and non-linear MOKE on thick and76

opaque non-magnetic layers [27–32]. By using77

such thick layers, the authors could avoid the78

probe from reaching the magnetic layer. No-79

tably, Hofherr et al.[33] attempted to disentan-80

gle the spin accumulation and demagnetization81

MOKE signals in a Ni/Au bilayer by shining82

the probe directly on the ferromagnetic layer.83

This was achieved by cleverly mixing the θk84

and ϵk with a quarter wave-plate and suppress-85

ing the MOKE contribution from the Ni layer.86

Unfortunately, likely due to the limited signal-87

to-noise ratio, this experiment has not been re-88

produced yet. In fact, to this day, spin accu-89

mulation signals have never been considered as90

an important contribution to MOKE in usual91

TR-MOKE experiments.92

Here we demonstrate that, under certain93

common conditions, spin accumulation signals94

can be as large or even larger than the magneto-95

optical signals attributed to the magnetic layer,96

leading to possibly confusing interpretations.97

By studying a series of wedged magnetic/non-98

magnetic bilayer systems we are able to directly99

probe the pure demagnetization, spin accumu-100

lation or a mixed signal, and deconvolute each101

contribution. We also show that differences be-102

tween MOKE rotation and ellipticity may arise103

from the magneto-optical signal due to spin ac-104

cumulation. In the case of Cu, we show that el-105

lipticity is a much better probe of the demagne-106

tization dynamics in the ferromagnet, whereas107

the rotation signal contains an important sen-108

sitivity to spin accumulation. Importantly, we109

demonstrate that the spin accumulation signal110

can also be sizable in experiments with low111

repetition rate amplified systems, opening the112

door for spin accumulation detection with most113

pulsed laser systems and up to extreme fluences.114

Strikingly, we are able to generate and measure115

spin accumulations up to half a mrad, on the116

order of full magneto-optical signals of com-117

mon ferromagnets, despite the low spin-orbit118

coupling in Cu. All our measurements are rea-119

sonably well fitted by an ultrafast spin-diffusion120

model, which includes magneto-optical sensitiv-121

ities based on a transmission matrix model. Our122

results open the door to new ways to detect spin123

(or orbital) angular momentum in common sys-124

tems and should improve the interpretation of125

MOKE signals.126

METHODS127

Sample growth. Samples were prepared128

using magnetron sputtering in an Ar at-129

mosphere of 4x10−3 mbar and with a base130

pressure less then 2x10−8 mbar. In this131

study double sided polished sapphire sub-132

strates were used for depositing the thin films.133

The primary FM stack used in this study134

is Ta(3)Cu(5)[Ni(0.7)/Co(0.2)]4 and referred135

to as Co/Ni. The values inside parentheses136

are thicknesses in nm. Three different wedge137

samples were fabricated with the magnetic138

stack of Co/Ni: Co/Ni/Cu(t)/Al(3) by vary-139

ing the Cu thickness within the following140

ranges: 10 to 30 nm (wedge-1), 20 to 60141

nm (wedge-2), and 50 to 150 nm (wedge-3).142

All the samples have perpendicular magnetic143

anisotropy (PMA). To protect the topmost Cu144

layer from the oxidation the samples have thin145

protective layer of Al that passivates in contact146

with the air. (See supplementary for more147

details about wedge samples. See also refer-148

ences [30, 35–43] therein). Moreover, besides149

Co/Ni, we deposited other magnetic stack:150

Ta(3)/Pt(10)/[Co(0,82)/Pt(1)]2/Co(0,82)151

referred to as Co/Pt.152

To study the effect of the capping layer on153

spin accumulation, we deposited samples both154

with and without an Al capping layer: Co/P-155
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FIG. 1. Experimental configuration, as well as time-resolved and static magneto-optical Kerr
responses in the CoNi/Cu structures. a,b shows Schematic for the two different experimental config-
urations where the pump is always incident on the FM-side (through the sapphire substrate), whereas the
probe is incident either on the a Cu-side or b the FM-side. Time-resolved magneto-optical measurements
with the pump beam always directed towards the FM side and the probe beam is directed to the Cu c and
CoNi d sides for two different Cu thickness. We see that the peak in both cases changes sign and shows
at a lower delay time for the thicker Cu. e and f panels show the rotation and ellipticity at saturation
(no incident pump) from the Cu side e and the FM side f as a function of the Cu thickness. The dashed
red lines in e are an exponential decay fit to the data, while the continuous black likes are a fits using a
transmission-matrix-method simulation[34]. If error bars are not indicated in the graphs, they are within
the point.

t/Cu(100)/Al(2.5) and Co/Pt/Cu(100) respec-156

tively. Additionally, a wedge sample using157

Co/Ni as FM: Co/Ni/Cu(100)/Al(t) by vary-158

ing Al thickness ranges from 2 to 30 nm was159

also fabricated.160

In addition to this, we have also studied spin161

accumulation in materials other than Cu. For162

this we have deposited samples with Co/Pt as163

FM but Al as NM with the following stack:164

Co/Pt/Al(80) and Co/Pt/Al(80)/Au(5), Co/P-165

t/Cu(100)/Pt(5), Co/Pt/Cu(100)/Ta(5).166

Experimental setups. Two different167

Ti:sapphire femtosecond lasers were used.168

The main laser system is a Chameleon Vision-169

S® (from Coherent®) oscillator with a repeti-170

tion rate of 80 MHz, a 785 nm center wave-171

length and a 12 nm bandwidth. We separate172

pump and probe beams by using very sharp173

edge-filters (Semrock® SP01-785RU and LP02-174

785RE) which split the spectrum and avoid175

possible interference effects between pump and176

probe. The pump pulse-duration after spec-177

trum filtering was measured at around 100 fs178

whereas the probe is at around 600 fs. The179
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pump has a gaussian profile with a full width180

half maximum of around 50±2 µm. When the181

pump is incident at 45°(Cu-side experiments),182

the full-width half maximum is estimated at183

50 µm. The probe is focused through a long-184

working distance objective resulting in a size185

of around 5µm. We used for all experiments186

a pump power of 180mW, resulting in an inci-187

dent fluence of around 0.1 mJ/cm2. We used188

a quarter-wave plate to change the probe sen-189

sitivity from rotation to ellipticity (see Suppl.190

Mat.[34] S5-6). For determining the satura-191

tion rotation and ellipticities, we use a chopper192

to modulate the probe (for lock-in detection),193

block the pump and perform hysteresis cycles.194

The values θsat
k and ϵsat

k correspond to the half195

difference between traces obtained for positive196

and negative saturation fields. For pump probe197

experiments we modulate the pump at 1.1 MHz198

with an electro-optic modulator. Reported ∆θk199

and ∆ϵk correspond to the half difference for200

measurements with opposite saturated states.201

For more details on the signal analysis (see202

Suppl. Mat.[34] Sec 5-6).203

The second setup, used for data shown in204

Fig.5, is a Legend® regenerative amplified laser205

(from Coherent®) with a repetition rate of 5206

KHz and pulse width of 25 fs. The pump and207

probe wavelengths are centered at 800 nm and208

400 nm respectively, by using a BBO crystal to209

double the probe. The full beam width at 1/e2
210

of the pump is 243±9 µm whereas for the probe211

it is around 50µm. The pump is incident at nor-212

mal incidence, whereas the probe is incident at213

a few degrees away from normal incidence.214

Magnetic field during experiments. In215

all experiments, an out of plane magnetic field is216

applied only to saturate the ferromagnetic layer217

and is turned off during the measurement. In218

Suppl. Mat. S9) we show possible artifacts in219

some configurations due to presence of the mag-220

netic field during scans. The strength of the ap-221

plied field is larger than the coercive field of the222

magnetic layer. Presented experimental data al-223

ways corresponds to the half difference between224

traces obtained for positive and negative satu-225

ration fields. In a few instances, at very high226

powers (inset of Fig.5b), the field is maintained227

constant during experiments to reset the mag-228

netization between pulses.229

Zero time delay accuracy. We note that230

the zero delay between Cu-side and FM-side ex-231

periments is different due to the differences in232

the optical paths used, and has been arbitrar-233

ily defined. For FM-side experiments, the sam-234

ple position does not affect the zero delay, as235

both pump and probe travel in the same direc-236

tion and will experience the same shift in delay.237

However, in back-front type experiments, for238

the Cu-side experiments, any shift in sample po-239

sition affects the arrival time of both the pump240

and probe beams in an opposite way. Therefore241

a shift of ∆x in sample position, will result in a242

shift in 2∆x/c in zero delay, c being the speed243

of light. On the one hand, on the 80 MHz setup,244

benefiting from the shallow depth-of-field of the245

objective, the accuracy on the sample position246

is around 5 µm, resulting in an uncertainty of247

around 30 fs. On the other hand, with the 5248

kHz setup, we estimate the positional uncer-249

tainty to be around 200 µm, resulting in large250

shifts reaching the picosecond . For this rea-251

son, temporal shifts should not be compared on252

Fig.5 when the sample is changed.253

RESULTS254

Setup and samples: We fab-255

ricated three wedged samples of256

sapphire//Ta(3)/Cu(5)/[Ni(0.7)/Co(0.2)]4Cu(tCu)/Al(3),257

where the thickness appears in parenthesis,258

expressed in nanometers. The Cu layer of259

the three samples has a variable thickness260

tCu ranging from 10 to 30 nm, 20 to 60 nm261

and 50 to 150 nm, for the three samples (see262

End Matter). All Co/Ni multilayers have a263

perpendicular magnetic anisotropy. The top Al264

layer should be naturally passivated and was265

added to protect the Cu from oxidation. For266

simplicity, from here on, we will refer to the267

ferromagnetic Ta/Cu/[Co/Ni] section of the268
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stack as the FM-side, and to the top Cu/Al269

as the Cu-side. Most experiments were carried270

out with an 80 MHz Ti-Sa laser system which271

provides pulses of a few nanojoules, at a 785 nm272

wavelength, with a time resolution of around273

0.6 ps (see End Matter). Alternatively, a 5274

KHz 25 femtosecond amplified Ti-Sa system275

was also used, where the probe wavelength was276

halved to 400 nm (see End Matter).277

Dynamic magneto-optics: We first per-278

formed pump-probe time-resolved magneto-279

optical Kerr effect (TR-MOKE) experiments280

with the 80 MHz laser system. Experiments281

were performed by exciting (i.e. pumping) the282

FM side through the transparent substrate, and283

probing on both the sides of the sample at nor-284

mal incidence, in polar MOKE configuration, as285

depicted in Figs.1a-b. For easy identification286

of the experiment configuration, when probing287

the Cu side we identify the graphs by an or-288

ange background shade, whereas when prob-289

ing through the FM side the shade is blue. In290

Figs.1c and d, we plot the change in Kerr rota-291

tion induced by the pump beam ∆θk as a func-292

tion of pump-probe delay.293

As shown in Figs.1c, tCu=23 nm is thin294

enough that the probe can still see the mag-295

netic layer through the Cu layer, and we observe296

a typical demagnetization trace[8], showing a297

first rapid drop in magnetization and a subse-298

quent slower recovery as the magnetic system299

cools down. We remind the reader here that300

the plotted sign of the magneto-optical change301

is not absolute, as it depends on the optical de-302

tection path configuration, magnetization direc-303

tion with respect to the light’s k vector, opti-304

cal constants and arbitrary conventions (such as305

the choice of the sign of a clock-wise rotation).306

However, for a given setup configuration, signs307

of different datasets can be compared. When308

the thickness is increased to tCu=58 nm, light309

reaching the magnetic layer is drastically re-310

duced and therefore, as previously shown[44],311

the magneto-optical signal can safely be at-312

tributed to the spin accumulation resulting from313

the ultrafast spin currents generated during de-314

magnetization (see [34] for measurements up to315

200 nm in Cu thickness).316

To probe through the FM-side, the sample is317

flipped and the pump is changed to keep ex-318

citing the FM-side, but the electromagnet and319

probe path are not modified. As seen in Fig.320

1d for tCu=20 nm, we also observe a typical de-321

magnetization trace. However, for tCu=56 nm,322

we can see that the trace changes significantly,323

showing a peak with different timing, opposite324

polarity and lower amplitude. In this configu-325

ration, the Cu layer does not prevent the probe326

from reaching the magnetic layer, making these327

changes unexpected.328

Static magneto-optics: We therefore in-329

vestigated the static magneto-optical signals of330

the multilayer by probing the saturation Kerr331

rotation θsat
k and ellipticity εsat

k (i.e. the half-332

amplitude of the hysteresis cycle) as a func-333

tion of tCu, from both the Cu and FM sides.334

As shown in Fig.1e, when probing the Cu-side,335

both θsat
k and εsat

k follow the expected Beer-336

Lambert-like exponential decay (red dashed337

line) given by e−2πλ−1kCu2tCu , where kCu is the338

imaginary part of the optical index of Cu, λ is339

the optical wavelength in vacuum, and 2tCu in-340

cludes both the forward and reflected backward341

propagation of the electric field through the Cu342

layer[45]. Since θsat
k is divided by 10 when tCu343

is changed from 23 nm to 58 nm, the orange344

curve in Fig.1c stills contains a very small con-345

tribution of the ferromagnet’s magneto-optical346

signal. When probing from the FM-side, we ob-347

serve that θsat
k is reduced by more than an order348

of magnitude as tCu increases past 50 nm. This349

is not the case for εsat
k , where a smaller decay350

is observed, but the value remains at around 1351

mrad.352

Magneto-optical model: To model the353

magneto-optical signals we used a generalized354

transmission-matrix-model with non-diagonal355

susceptibility terms [34, 46, 47] determined by356

the complex magneto-optical Voigt constants357

Q. All diagonal (non-magnetic) susceptibility358

terms where fixed from literature values, and359

the magnetic layer’s QCo/Ni was fitted result-360
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ing in the solid lines shown in panels Figs.1e,f.361

We obtained a value of QCo/Ni=0.012-0.016i362

(±5%), in good agreement with values from363

Ref.[48]. The extremely good fit allows us to364

predict the evolution of the magneto-optical sig-365

nal as a function of thickness with high accu-366

racy. We attribute most of θsat
k at low tCu to367

the wave that propagates and gains Faraday ro-368

tation through the ferromagnetic layer which is369

back-reflected on the Cu/Al2O3 interface. As370

this interface is moved away by increasing tCu,371

its contribution is reduced. All other multi-372

reflections within the structure remain equal,373

which means that to cancel the total rotation,374

the transverse reflected fields must destructively375

interfere.376

Full thickness dependence: The full tCu377

dependence of ∆θk for both Cu-side and FM-378

side configurations is depicted in Figs. 2a-d.379

In Fig.2a we show that as tCu increases from380

11 to 27 nm, the peak ∆θk is reduced due to381

the reduction in magneto-optical sensitivity of382

the FM (see Fig.1e). At tCu = 40 nm, the383

trace becomes bipolar due to the emergence of384

a new earlier negative peak, which we associate385

with spin accumulation. Fig.2b shows a closeup386

of the 40 nm trace, and its evolution as tCu387

increases up to 139 nm. For higher tCu, the388

magneto-optical signal from the FM is drasti-389

cally reduced, and only a pure spin accumula-390

tion signal remains, in agreement with previous391

works [27–29, 32, 44]. The decreasing amplitude392

and increasing delay time of the negative peak is393

related to the diffusive transport of the angular394

momentum in the Cu film, from which an aver-395

age velocity of 0.17 nm/fs can be extracted[34]396

(a fraction of the usual 1 nm/fs Fermi velocity).397

Fig.2c shows the ∆θk from 11 to 40 nm when398

probing the FM-side. Similarly, we see a reduc-399

tion of the peak ∆θk as the magneto-optical sen-400

sibility to the FM is reduced with the increase401

of tCu (see Fig.1f). Around tCu = 27 nm we402

start to see a change in the shape of the trace,403

with a negative peak forming, which we also at-404

tribute to spin accumulation. At thicker tCu405

(Fig.2d) this negative signal increases, reach-406

ing a maximum at tCu ≈ 60 nm. Despite the407

probe impinging the FM-side, the increase in408

tCu and reduction in θsat
k results in a larger409

sensitivity to the spin accumulation behind the410

FM, rather than to the magnetization of the411

FM itself. Potentially, spin accumulation within412

the ferromagnet could also contribute to this413

magneto-optical signal. Interestingly, we be-414

lieve the long-lived tail in Fig.2d is likely linked415

to the spin-dependent Seebeck effect as previ-416

ously suggested[29]. We observed similar but417

smaller amplitude long-lived signal when prob-418

ing through the Cu-side as studied in Ref.[29].419

Importantly, most literature works assume that420

many ps after optical excitation, artifacts in421

θk signals can be safely excluded. Our data422

clearly shows this is not always true, and there-423

fore care should be taken when, for example,424

using a magnet as a transducer for tempera-425

ture estimations in metals[29, 49–51]. If the426

normalized dynamics ∆θk/θsat
k and ∆ϵk/ϵsat

k do427

not match[18], the differences might be due to428

spin accumulation in the neighboring metal and429

should not be attributed to magnetization. This430

possible mismatch depends strongly on the spe-431

cific combination of materials and probe condi-432

tions, and remains to be further explored.433

Finally, in the lower panels e and f of Fig.2,434

we show the derivative with respect to the delay435

time for the curve with tCu = 11 nm (dM/dt)436

shown in panels a and b, respectively, which437

follow the demagnetization. Based on prevail-438

ing theories for spin-current generation by ul-439

trafast demagnetization, the peak of the dM/dt440

should correspond with the maximum of the441

spin current generation[29], which we identify442

by a gray shaded area. As can be seen, for a443

Cu-side probe (Fig.2.b), the spin accumulation444

peak for the thinnest layers coincides with the445

dM/dt peak, and is delayed as the Cu layer is446

made thicker [52]. However, for the FM-side447

probe, we observe a small constant delay. This448

delay is constant because, due the limited pen-449

etration depth in Cu, we are measuring the in-450

terface in contact with the FM, which does not451

change with tCu, but the origin of the delay is452
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FIG. 2. Mixed demagnetization and spin accumulation signals in CoNi/Cu(t). TR-MOKE signal
for varying Cu thickness with the probe beam incident on the a,c CoNi layer side and the b,d Cu layer side.
At lower tCu, the curves for both configurations resemble a classical demagnetization curve. At medium
thickness, an additional peak appears, pointing downward in both cases. At higher tCu, this peak clearly
dominates over the demagnetization peak. At high Cu thickness, when the probe hits the Cu side, a mostly
symmetric peak is observed, and ∆θk returns to zero after a few picoseconds. In the configuration where
the probe hits the CoNi layer, the peak is clearly asymmetric and a flat background is observed after the
peak. Panels e and f show the derivative with respect to the delay time of the curve with tCu = 11 nm for
both probe configurations. The grey shaded areas represent the peaks of the curves in panels e and f.

not yet clear.453

Rotation vs ellipticity: In Fig.3 we show454

the comparison between ∆θk and ∆ϵk signals455

for a few selected thicknesses. On the one hand,456

∆θk follows the previously described trends,457

probing either the magnetization (Figs.3a,d),458

the spin accumulation (Figs.3c,f) or a mixture459

of both (Figs.3b,e). ∆ϵk on the other hand,460

generally shows a demagnetization like trace461

(Figs.3a,b,d,e,f) with a decaying amplitude as462

tCu is increased[54]. At tCu= 140 nm (Figs.3c)463

the sensitivity to the magnetic layer is orders464

of magnitude lower, so that we could attribute465

any sizeable signal to the spin accumulation in466

the Cu layer. From it, we can determine the467

sensitivity of ϵk to spin accumulation in the468

Cu, which is drastically lower than that of θk469

(in agreement with Ref.[32, 55]). Therefore, in470

order to measure the actual magnetization dy-471

namics one has to be careful with the sensitiv-472

ities to spin accumulation, and in the case of473

Cu, a measurement of ϵk should give the best474

results when using a wavelength of around 800475

nm. While the magneto-optical signal that we476

find in Cu is surprisingly large for a material477

with low spin-orbit coupling, it is compatible478

with values obtained in previous studies[32]. As479

reference, we note that the atomic spin-orbit480

splitting in Co and Ni ferromagnets is close to481

0.1 eV[56] and results in important magneto-482

optical signals, while in Cu it is 0.25eV for Cu3d483

and 0.03eV for Cu4p[28, 57] , which is not dras-484
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FIG. 3. Time-resolved magneto-optical signal for rotation and ellipticity and extracted spin
accumulation contribution. a-f. TR-MOKE rotation (filled circles) and ellipticity (open circles) signals
for tCu ≈ 20, 40, and 140 nm, for both Cu-side (a,b,c) and the FM-side (d,e,f) probing configurations.
Solid and dashed lines are simulations[34] with a single set of magnetic, thermal and optical parameters,
except for the fluence which was modified between Cu-side and FM-side experiments.g-h. Extracted spin
accumulation contribution to the magneto-optical signal (∆θµ) from the ellipticity and rotation signals (see
text for details).

tically different from that in transition metal485

ferromagnets.486

Multi-physics model: In order to verify487

the origin of these observed signals we devel-488

oped a model[34] to estimate the ultrafast de-489

magnetization in the low fluence limit, predict490

time-dependent spin density profiles and ex-491

tract the resulting magneto-optical signals. In492

order to estimate the demagnetization, we first493

coupled an optical absorption transmission ma-494

trix model [58] and 3 temperature model[8] to495

predict phonon, electron and spin temperatures.496

By assuming a phenomenological (spin) tem-497

perature dependence of the magnetization, we498

could calculate the evolution of the magnetiza-499

tion (see also [34] for more details and other500

references for the physical values used such as501

[59]). We then used a simple spin diffusion502

model, where the source term is proportional to503

dM/dt, the change in magnetization. Addition-504

ally, a small spin-dependent Seebeck effect was505

added, as described in Ref.[60]. Finally, by set-506

ting a Voigt constant for the Cu layer (based on507

Ref.[55], see also Ref.[34]), we calculate for each508

time-step the resulting ∆θk and ∆ϵk, which we509

convolute with the probe’s temporal shape. In510
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FIG. 4. Impact of different capping layers
in the spin accumulation signal. a TR-
MOKE signal from the Cu side with different
capping layers. The common part of the stacks is
sapphire//Ta(3)/Pt(10)/[Co(0,82)/Pt(1)]2/Co(0,82)
abbreviated as Co/Pt. The different samples are
, Co/Pt//Cu(100)/Al(2.5), Co/Pt//Al(80) and
Co/Pt//Al(80)/Au(5). b Scaling of the spin
accumulation peak with the thickness of an Al
capping layer measured on various wedges covering
the range from 0 to 30 nm. The red dashed
line corresponds to the Beer-Lambert-like law
e−2πλ−1kAl2tAl , with kAl = 8.5 being Al’s optical
index imaginary part [53].

the end, for a given set of parameters, we are511

able to fit all 12 curves in Figs.3 correspond-512

ing to various samples and probing directions,513

shown as solid (for ∆θk) or dashed (for ∆ϵk)514

lines. ∆ϵk is mostly sensitive to the magnetiza-515

tion dynamics, and results in rather good fits,516

giving confidence in the estimated dM/dt. ∆θk,517

which is also sensitive to spin accumulation, is518

reasonably well fitted too. The relative ampli-519

tudes of the signals and the main features such520

as polarities of the curves are well described,521

but not all details are captured by the model.522

Given the large number of layers and parame-523

ters, it is difficult to quantify the injected spin524

FIG. 5. High peak power time-resolved
magneto-optical signal. Dependence of the TR-
MOKE signal in CoNi/Cu(100) using the ampli-
fied laser system (see End Matter) for a different
Cu thicknesses at a constant fluence of 2 mJ/cm2

and for b different fluences at constant thickness
of tCu=30 nm. A similar behavior is observed in
the TR-MOKE signal when compared to the low-
energy laser system as seen in Figure 2 at lower flu-
ence, showing a demagnetization-dominated curve
at lower tCu and a spin accumulation-dominated
curve at high tCu, while a mixed state is observed
at tCu=30 nm. As we increase the fluence, we
observe that the spin accumulation peak increases
along with the demagnetization.

density, but with the used parameters we es-525

timate peaks spin densities at the top Cu sur-526

face of around 5 A/m. We note that our model527

does not include sensitivity to spin accumula-528

tion within the buffer layers (Ta/Cu) or ferro-529

magnet itself, which could potentially play an530

important role. This will be addressed in fu-531

ture work.532

Finally, by assuming that the magneto-533

optical signal from Co/Ni and Cu layers is534

additive, we can extract pure spin accumula-535

tion Kerr signal ∆θµ traces from the experi-536

mental data by the following operation ∆θµ =537
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θsat
k (∆θk/θsat

k − ∆ϵk/ϵsat
k ) and as plotted in538

Figs.3.g-h. This method allows one to extract539

spin accumulations for thinner Cu layers, even540

when signals are somewhat mixed.541

The possibility of measuring spin-542

accumulation through a ferromagnet is543

certainly not limited to the studied structure.544

As long as light can penetrate past the mag-545

netic layer, that significant magneto-optical546

sensitivity exists at the used wavelength in the547

non-magnetic layers, and that the signals due548

to spin accumulation can be properly separated549

from the underlying magnetization dynamics550

of the magnetic layer (i.e. due to different551

magneto-optical constants), we believe this552

method should be universally applicable to any553

magnet/non-magnetic metal system. In future554

work, in order to verify the contribution of555

the spin accumulation within the ferromagnet556

to the magneto-optical signal, one would need557

to carefully study single ferromagnetic layers558

surrounded by insulating layers, such as in559

Ref.[19] where an accumulation-like peaked560

signal was also extracted at short timescales561

from the difference between normalized rota-562

tion and ellipticities. In this work, we have563

mostly fixed the wavelength and chosen to564

systematically modify the structures, but an565

alternative powerful method could exploit the566

spectral sensitivity to magnetization and spin567

accumulations in the various layers.568

—569

Discussion: At this point, one might won-570

der about the origin of the Kerr signal. We571

first turn our attention to the top Cu/air in-572

terface, and investigate its role by modifying573

the capping. Here we use Co/Pt as the ferro-574

magnet, which results in a rather bipolar spin575

accumulation signal, as previously shown [28].576

We first compare the signal from a bare 100577

nm Cu layer (self-passivated) with one capped578

by 2.5 nm of (self-passivated) Al, but observe579

no differences (black vs red in Fig.4.a). Pt580

and Ta cappings resulted[34] in a reduction of581

∆θk, as reported in [32]. We then verify the582

possible signal due to the presence of metallic583

Al (green in Fig.4.a) but observed a complete584

loss of the signal[28]. As a last test, shown in585

Fig.4.b, we increased the thickness of the Al586

capping, from 2.5 nm to 30 nm, to make sure587

the Cu layer was not oxidized at all. Indeed,588

from atomic force microscopy measurements[34]589

we know that the thick Cu has a roughness of590

3 nm for 150 nm Cu films, which could poten-591

tially enable oxidation of the Cu even with the592

thin capping. As the cap thickness is increased,593

initially no change in the signal is observed,594

up to around 8 nm, where the signal starts595

to drop. We attribute the reduction in sig-596

nal to the fact that the Al layer self-passivates597

up to a certain thickness (potentially around 8598

nm on our very rough layers) and the rest of599

the aluminum stays metallic. Therefore, the600

metallic Al layer, which doesn’t contribute to601

MOKE rotation, blocks the probe from reach-602

ing the sensitive Cu layer (red fit corresponds603

to e−4πλ−1kAltAl , with kAl = 8.5 being Al’s op-604

tical index imaginary part [53]. However, this605

fit over-estimates the loss in signal, which means606

the metallic Al likely enhances somehow the re-607

sulting magneto-optical signal. Nevertheless, it608

appears that the oxidation state of the Cu in-609

terface doesn’t play a big role in the magneto-610

optical detection of spin-accumulation. This611

result suggests a bulk-sensitivity. This inter-612

pretation is strongly backed by our simulations,613

which only include bulk sensitivity and fit qual-614

itatively well the data in Fig.3.615

We note that, interestingly, adding a few616

nanometers of Au on top of the thick Al(80)617

layer recovers the Kerr signal (blue in Fig.4.a),618

even though the dynamics are different to those619

in Cu, probably due to the differences in optical620

absorption and thermal transport between Cu621

and Al[61].622

Finally, even-though we have only considered623

spin in our discussion and analysis, one may624

wonder if the reported signals could be of orbital625

origin instead[7, 62]. Moreover, magneto-optics626

are particularly sensitive to orbital angular mo-627

mentum, without requiring spin-orbit coupling,628

unlike for sensing spin [7]. We do believe that,629
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if present, orbital currents may be addressable630

and distinguishable from spin by these optical631

methods, by designing the right multilayer and632

experimental protocol. However, this goes be-633

yond the scope of the present work.634

High-fluence experiments: Given the im-635

portance of ultrafast spin transport for tech-636

nological applications, we decided to extend637

our studies to higher fluence regimes, accessi-638

ble with most amplified laser systems, and nec-639

essary for high intensity THz emission[12] and640

all-optical switching[9, 11]. To this aim, we used641

an amplified Ti:Sa laser (see End Matter) to in-642

duce large spin dynamics on the same Co/Ni643

films and detect θk. In Fig.5.a we show ∆θk for644

various Cu thicknesses when probing the Cu-645

side and pumping the FM-side with 2 mJ/cm2.646

As in previous low intensity experiments, we647

see a transition from a pure demagnetization-648

like trace, to a mixed one, and to a full spin-649

accumulation one, for tCu ≈ 19, 30 and 100 nm650

respectively (for a discussion on delays see End651

Matter). In Fig.5.b we show experiments at a652

fixed thickness of 30 nm, but with increasing653

fluence, reaching demagnetizations of around654

20, 35 and 50% for 1, 1.5 and 2 mJ/cm2 re-655

spectively. Both the demagnetization trace and656

the spin accumulation increase proportionally657

to the absorbed fluence, but because the base-658

line of the spin accumulation peak is being re-659

duced (due to the demagnetization signal), the660

peak appears at the same position for all flu-661

ences. When pushed to the limit, for nearly662

full demagnetization conditions and for a thick-663

ness of around 50 nm (where spin accumulation664

signals are the largest), we can reach spin accu-665

mulation signals on the order of 0.5 mrad. Such666

θk are comparable to the full ∆θk obtained from667

thin ferromagnets (see Fig.1.e-f or Refs [27, 63]668

and even thick Fe films[64]. Even if this value is669

not directly comparable, due to different Voigt670

constants in each case, it is remarkable that a671

non magnetic film can be polarized to such an672

extent by its magnetic Co/Ni neighbor.673

CONCLUSION674

Our work demonstrates that ultrafast spin ac-675

cumulations can lead to large magneto-optical676

signals, at times comparable or larger than the677

magneto-optical signal originating from mag-678

netic layers. We show that for the case of679

Cu at a wavelength of 785 nm, spin accumu-680

lation induces mainly a Kerr rotation and neg-681

ligible ellipticity, which can be leveraged to ex-682

tract the pure demagnetization and spin accu-683

mulation temporal profiles for any Cu thick-684

ness, even when probed through the ferromag-685

netic layer. Finally, we show that amplified sys-686

tems can also be used for these kind of exper-687

iments, resulting in up to >0.5 mrad Kerr ro-688

tation signals. Our conclusions are backed by689

simulations combining ultrafast heat and spin-690

diffusion with a magneto-optical transmission691

matrix method. This work shows that with692

proper care, time-resolved magneto-optical ex-693

periments become a unique tool to offer a di-694

rect view into the ultrafast spin (and/or orbital)695

transport. Our work is a reminder that care696

should be taken when interpreting time-resolved697

magneto-optical traces, particularly when the698

static magneto-optical signals are low and sensi-699

tivities to transient angular momentum in other700

layers can take over. These developments may701

prove crucial for the understanding and devel-702

opment of all-optical switching in spin-valves[9]703

or THz emission in thin multilayers[12, 62].704
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