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Large spin accumulation signals in ultrafast magneto-optical
experiments.
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Magneto-optical techniques have become essential tools in spintronics, enabling the investigation

of spin dynamics in the ultrafast regime.

A key challenge in this field has been to accurately

isolate the contributions to magneto-optical signals of spin transport phenomena from the local
magnetization dynamics. The contribution of transported and accumulated spins was long believed
to be orders of magnitude smaller than that of the magnetization and thus previous approaches to
disentangle these signals have relied on specific experimental designs, usually including thick metal
layers. Here, we present experimental evidence demonstrating that the magneto-optical signal from
ultrafast spin accumulations can, under certain conditions, be comparable to or even exceed that
of the magnetic layer in a standard ultrafast demagnetization experiment. Our findings provide a
new framework for accessing and isolating these spin accumulations, allowing for time and depth
dependent probing of transported spin and/or orbital angular momentum.

INTRODUCTION m

45

Historically, magneto-optical probes have 4
played a vital role in unveiling and exploring
various spintronic phenomena [1-7]. Further-
more, in combination with femtosecond laser o
sources, magneto-optics offers a direct window so
into ultrafast spin dynamics [8-10]. Typical ex- s
periments consist of a first intense femtosecond- s
wide laser pulse which excites (i.e. pumps) as
magnetic system, and a second lower-fluence s
one which probes the changes in the mag- s
netic system via the magneto-optical Kerr ef- s
fect (MOKE). During excitation electrons ab- s
sorb the optical energy, which then gets redis- ss
tributed locally among other electrons, phonons s
and spins, and non-locally as it is transported o
into neighboring layers. This redistribution of &
energy also results in a redistribution of angular e
momentum, and may result in the generation of
ultrafast spin currents. In fact, such spin cur- e
rents are nowadays paramount for the under- e
standing of all-optical magnetization switching es

[9, 11] and broadband spintronic THz emitters
[12].

While advances on alternate probes such as
THz emission [13, 14], ultrafast X-ray based
methods [15, 16], or time-resolved photoemis-
sion [17] have undoubtedly confirmed the loss
of magnetization and presence of THz spin cur-
rents, MOKE remains the most widely used
method to characterize ultrafast magnetization
dynamics. However, the role of Kerr rotation
01 and ellipticity € and its connection with the
magnetic properties of thin films in the ultra-
fast regime is still somewhat controversial. In
2000, Koopmans et al. found a significant dif-
ference between 65 and € in the first picosec-
onds after the excitation of a Ni thin film grown
on a Cu(111) substrate [18], ascribing the dif-
ferences to non-magnetic optical contributions.
In contrast, Guidoni et al. soon after showed
that in a CoPts film grown on sapphire the
0 and €, had the same time evolution [19].
Many more works tried to test the validity of
MOKE at the time, both experimentally and
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theoretically, with no clear consensus [20-24].113
Noting the use of conductive Cu substrates [18]us
vs sapphire [19], some works have since arguedus
that the observed differences are likely relatedis
to spin transport and have attempted to probeur
and model the depth profile of the magnetiza-is
tion by carefully comparing 6 and € signalsio
[25, 26]. Other works have attempted to probeiz
directly the resulting spin accumulation directlyia:
via linear and non-linear MOKE on thick andi
opaque non-magnetic layers [27-32]. By usingus
such thick layers, the authors could avoid theis
probe from reaching the magnetic layer. No-1s
tably, Hotherr et al.[33] attempted to disentan-izs
gle the spin accumulation and demagnetization

MOKE signals in a Ni/Au bilayer by shining

the probe directly on the ferromagnetic layer.,,,
This was achieved by cleverly mixing the 6y

and € with a quarter wave-plate and suppress-

ing the MOKE contribution from the Ni layer.128
Unfortunately, likely due to the limited signal—129
to-noise ratio, this experiment has not been re-
produced yet. In fact, to this day, spin accu-
mulation signals have never been considered as
an important contribution to MOKE in usual
TR-MOKE experiments. o

135

Here we demonstrate that, under certainiss
common conditions, spin accumulation signalsis
can be as large or even larger than the magneto-iss
optical signals attributed to the magnetic layer,is
leading to possibly confusing interpretations.iso
By studying a series of wedged magnetic/non-1a
magnetic bilayer systems we are able to directlys
probe the pure demagnetization, spin accumu-is
lation or a mixed signal, and deconvolute eachiss
contribution. We also show that differences be-1s
tween MOKE rotation and ellipticity may ariseus
from the magneto-optical signal due to spin ac-17
cumulation. In the case of Cu, we show that el-1s
lipticity is a much better probe of the demagne-1s
tization dynamics in the ferromagnet, whereasso
the rotation signal contains an important sen-is
sitivity to spin accumulation. Importantly, weis:
demonstrate that the spin accumulation signaliss
can also be sizable in experiments with lowiss
repetition rate amplified systems, opening theiss

door for spin accumulation detection with most
pulsed laser systems and up to extreme fluences.
Strikingly, we are able to generate and measure
spin accumulations up to half a mrad, on the
order of full magneto-optical signals of com-
mon ferromagnets, despite the low spin-orbit
coupling in Cu. All our measurements are rea-
sonably well fitted by an ultrafast spin-diffusion
model, which includes magneto-optical sensitiv-
ities based on a transmission matrix model. Our
results open the door to new ways to detect spin
(or orbital) angular momentum in common sys-
tems and should improve the interpretation of
MOKE signals.

METHODS

Sample growth. Samples were prepared
using magnetron sputtering in an Ar at-
mosphere of 4x1072 mbar and with a base
pressure less then 2x10~% mbar. In this
study double sided polished sapphire sub-
strates were used for depositing the thin films.
The primary FM stack used in this study
is Ta(3)Cu(5)[Ni(0.7)/Co(0.2)]s4 and referred
to as Co/Ni. The values inside parentheses
are thicknesses in nm. Three different wedge
samples were fabricated with the magnetic
stack of Co/Ni: Co/Ni/Cu(t)/Al(3) by vary-
ing the Cu thickness within the following
ranges: 10 to 30 nm (wedge-1), 20 to 60
nm (wedge-2), and 50 to 150 nm (wedge-3).
All the samples have perpendicular magnetic
anisotropy (PMA). To protect the topmost Cu
layer from the oxidation the samples have thin
protective layer of Al that passivates in contact
with the air. (See supplementary for more
details about wedge samples. See also refer-
ences [30, 35-43] therein). Moreover, besides
Co/Ni, we deposited other magnetic stack:
Ta(3)/Pt(10)/[Co(0,82)/Pt(1)]2/Co(0,82)
referred to as Co/Pt.

To study the effect of the capping layer on
spin accumulation, we deposited samples both
with and without an Al capping layer: Co/P-
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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 ¢ 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-iss

tively.  Additionally, a wedge sample using . . .

] g 160 The main laser system is a Chameleon Vision-
,CO/NI aS,FM' Co/Ni/Cu(100)/Al() by VALY~ 8° (from Coherent®) oscillator with a repeti-
ing Al thickness ranges from 2 to 30 nm was

Ti:sapphire femtosecond lasers were used.

also fabricated.
172

In addition to this, we have also studied spin,,
accumulation in materials other than Cu. For,,
this we have deposited samples with Co/Pt as,,,
FM but Al as NM with the following stack:,,
Co/Pt/Al(80) and Co/Pt/A1(80)/Au(5), Co/P-,,
t/Cu(100)/Pt(5), Co/Pt/Cu(100)/Ta(5). -
Two differentizo

Experimental setups.

tion rate of 80 MHz, a 785 nm center wave-
length and a 12 nm bandwidth. We separate
pump and probe beams by using very sharp
edge-filters (Semrock® SP01-785RU and LP02-
785RE) which split the spectrum and avoid
possible interference effects between pump and
probe. The pump pulse-duration after spec-
trum filtering was measured at around 100 fs
whereas the probe is at around 600 fs. The
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pump has a gaussian profile with a full widthas
half maximum of around 50+£2 pum. When thexr
pump is incident at 45°(Cu-side experiments),s
the full-width half maximum is estimated ata»
50 pm. The probe is focused through a long-,
working distance objective resulting in a sizey
of around 5um. We used for all experimentsss,
a pump power of 180mW, resulting in an inci-,;
dent fluence of around 0.1 mJ/cm?2. We used,s
a quarter-wave plate to change the probe sen-js;
sitivity from rotation to ellipticity (see Suppl.ss
Mat.[34] S5-6). For determining the satura-,y
tion rotation and ellipticities, we use a chopper,s;
to modulate the probe (for lock-in detection),ss
block the pump and perform hysteresis cycles.
The values 05" and €;** correspond to the halfz,
difference between traces obtained for positives,
and negative saturation fields. For pump probe,;
experiments we modulate the pump at 1.1 MHzy.,
with an electro-optic modulator. Reported A4
and Aeg correspond to the half difference foras
measurements with opposite saturated states.,s;
For more details on the signal analysis (seeus
Suppl. Mat.[34] Sec 5-6). 240

The second setup, used for data shown in2®
Fig.5, is a Legend® regenerative amplified laserz!
(from Coherent®) with a repetition rate of 52
KHz and pulse width of 25 fs. The pump andz:
probe wavelengths are centered at 800 nm and
400 nm respectively, by using a BBO crystal to
double the probe. The full beam width at 1/e?xs
of the pump is 243+9 pum whereas for the probe
it is around 50um. The pump is incident at nor-,,
mal incidence, whereas the probe is incident at,,

a few degrees away from normal incidence. .

Magnetic field during experiments. Insss
all experiments, an out of plane magnetic field isaso
applied only to saturate the ferromagnetic layeraso
and is turned off during the measurement. In
Suppl. Mat. S9) we show possible artifacts inz
some configurations due to presence of the mag-»3
netic field during scans. The strength of the ap-z
plied field is larger than the coercive field of theass
magnetic layer. Presented experimental data al-2s
ways corresponds to the half difference betweenas:
traces obtained for positive and negative satu-zss

ration fields. In a few instances, at very high
powers (inset of Fig.5b), the field is maintained
constant during experiments to reset the mag-
netization between pulses.

Zero time delay accuracy. We note that
the zero delay between Cu-side and FM-side ex-
periments is different due to the differences in
the optical paths used, and has been arbitrar-
ily defined. For FM-side experiments, the sam-
ple position does not affect the zero delay, as
both pump and probe travel in the same direc-
tion and will experience the same shift in delay.
However, in back-front type experiments, for
the Cu-side experiments, any shift in sample po-
sition affects the arrival time of both the pump
and probe beams in an opposite way. Therefore
a shift of Ax in sample position, will result in a
shift in 2Ax/c in zero delay, ¢ being the speed
of light. On the one hand, on the 80 MHz setup,
benefiting from the shallow depth-of-field of the
objective, the accuracy on the sample position
is around 5 pm, resulting in an uncertainty of
around 30 fs. On the other hand, with the 5
kHz setup, we estimate the positional uncer-
tainty to be around 200 pm, resulting in large
shifts reaching the picosecond . For this rea-
son, temporal shifts should not be compared on
Fig.5 when the sample is changed.

RESULTS
Setup and samples: We  fab-
ricated three wedged samples of

sapphire//Ta(3)/Cu(5)/[Ni(0.7)/Co(0.2)]sCu(tcw) /AL(3),

where the thickness appears in parenthesis,
expressed in nanometers. The Cu layer of
the three samples has a wvariable thickness
tcy ranging from 10 to 30 nm, 20 to 60 nm
and 50 to 150 nm, for the three samples (see
End Matter). All Co/Ni multilayers have a
perpendicular magnetic anisotropy. The top Al
layer should be naturally passivated and was
added to protect the Cu from oxidation. For
simplicity, from here on, we will refer to the
ferromagnetic Ta/Cu/[Co/Ni] section of the
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stack as the FM-side, and to the top Cu/Alss
as the Cu-side. Most experiments were carriedsis
out with an 80 MHz Ti-Sa laser system which,,,
provides pulses of a few nanojoules, at a 785 nm,,,
wavelength, with a time resolution of around,,
0.6 ps (see End Matter). Alternatively, a 5,
KHz 25 femtosecond amplified Ti-Sa system,,,
was also used, where the probe wavelength was;,,
halved to 400 nm (see End Matter). 23

Dynamic magneto-optics: We first per-s
formed pump-probe time-resolved magneto-32s
optical Kerr effect (TR-MOKE) experimentss
with the 80 MHz laser system. Experimentss
were performed by exciting (i.e. pumping) thess
FM side through the transparent substrate, ands»
probing on both the sides of the sample at nor-ss»
mal incidence, in polar MOKE configuration, ass
depicted in Figs.1la-b. For easy identificationss
of the experiment configuration, when probingss:s
the Cu side we identify the graphs by an or-sa
ange background shade, whereas when prob-ss
ing through the FM side the shade is blue. Inss
Figs.1c and d, we plot the change in Kerr rota-s
tion induced by the pump beam Af; as a func-;;
tion of pump-probe delay. 33

As shown in Figs.lc, to,=23 nm is thin3
enough that the probe can still see the mag-
netic layer through the Cu layer, and we observes2
a typical demagnetization trace[8], showing ass
first rapid drop in magnetization and a subse-34
quent slower recovery as the magnetic systemsss
cools down. We remind the reader here thatss
the plotted sign of the magneto-optical changes
is not absolute, as it depends on the optical de-4s
tection path configuration, magnetization direc-3o
tion with respect to the light’s k vector, opti-3s
cal constants and arbitrary conventions (such ass:
the choice of the sign of a clock-wise rotation).3s
However, for a given setup configuration, signssss
of different datasets can be compared. Whenss
the thickness is increased to tc, =58 nm, lightsss
reaching the magnetic layer is drastically re-sss
duced and therefore, as previously shown[44],s:
the magneto-optical signal can safely be at-iss
tributed to the spin accumulation resulting fromase
the ultrafast spin currents generated during de-ss

magnetization (see [34] for measurements up to
200 nm in Cu thickness).

To probe through the FM-side, the sample is
flipped and the pump is changed to keep ex-
citing the FM-side, but the electromagnet and
probe path are not modified. As seen in Fig.
1d for t¢,, =20 nm, we also observe a typical de-
magnetization trace. However, for tc, =56 nm,
we can see that the trace changes significantly,
showing a peak with different timing, opposite
polarity and lower amplitude. In this configu-
ration, the Cu layer does not prevent the probe
from reaching the magnetic layer, making these
changes unexpected.

Static magneto-optics: We therefore in-
vestigated the static magneto-optical signals of
the multilayer by probing the saturation Kerr
rotation ;" and ellipticity {** (i.e. the half-
amplitude of the hysteresis cycle) as a func-
tion of te,, from both the Cu and FM sides.
As shown in Fig.1e, when probing the Cu-side,
both ;% and e;* follow the expected Beer-
Lambert-like exponential decay (red dashed
line) given by e~2™ " 'kcu2tou where key, is the
imaginary part of the optical index of Cu, A is
the optical wavelength in vacuum, and 2t¢,, in-
cludes both the forward and reflected backward
propagation of the electric field through the Cu
layer[45]. Since 0§ is divided by 10 when tc,,
is changed from 23 nm to 58 nm, the orange
curve in Fig.1c stills contains a very small con-
tribution of the ferromagnet’s magneto-optical
signal. When probing from the FM-side, we ob-
serve that ;%" is reduced by more than an order
of magnitude as t¢,, increases past 50 nm. This
is not the case for €, where a smaller decay
is observed, but the value remains at around 1
mrad.

Magneto-optical model: To model the
magneto-optical signals we used a generalized
transmission-matrix-model with non-diagonal
susceptibility terms [34, 46, 47] determined by
the complex magneto-optical Voigt constants
Q. All diagonal (non-magnetic) susceptibility
terms where fixed from literature values, and
the magnetic layer’s Qg n; was fitted result-



361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

403

404

405

406

ing in the solid lines shown in panels Figs.1e,f..or
We obtained a value of Qg ni=0.012-0.016740
(£5%), in good agreement with values fromuao
Ref.[48]. The extremely good fit allows us toswo
predict the evolution of the magneto-optical sig-an
nal as a function of thickness with high accu-u.
racy. We attribute most of 6;* at low tcy, toss
the wave that propagates and gains Faraday ro-sa
tation through the ferromagnetic layer which isas
back-reflected on the Cu/Al;O3 interface. Asus
this interface is moved away by increasing tc.,,e7
its contribution is reduced. All other multi-as
reflections within the structure remain equal,so
which means that to cancel the total rotation,a
the transverse reflected fields must destructivelyaz
interfere. 2

Full thickness dependence: The full tg,**
dependence of Afy for both Cu-side and FM-**
side configurations is depicted in Figs. 2a-d.*®
In Fig.2a we show that as tg, increases from*®
11 to 27 nm, the peak A6y is reduced due to*”
the reduction in magneto-optical sensitivity of**®
the FM (see Fig.le). At tc, = 40 nm, the*
trace becomes bipolar due to the emergence of*®
a new earlier negative peak, which we associate*!
with spin accumulation. Fig.2b shows a closeup*?
of the 40 nm trace, and its evolution as tg,**
increases up to 139 nm. For higher tcy, the,,
magneto-optical signal from the FM is drasti-
cally reduced, and only a pure spin accumula-,,
tion signal remains, in agreement with previous,_,
works [27-29, 32, 44]. The decreasing amplitude,
and increasing delay time of the negative peak is,,;
related to the diffusive transport of the angular,,;
momentum in the Cu film, from which an aver-,,
age velocity of 0.17 nm/fs can be extracted[34]
(a fraction of the usual 1 nm/fs Fermi velocity)

442
‘443

Fig.2c shows the Af from 11 to 40 nm whenaas
probing the FM-side. Similarly, we see a reduc-us
tion of the peak Afj as the magneto-optical sen-as
sibility to the FM is reduced with the increasess
of toy (see Fig.1f). Around te, = 27 nm wews
start to see a change in the shape of the trace,us
with a negative peak forming, which we also at-sso
tribute to spin accumulation. At thicker tcyes
(Fig.2d) this negative signal increases, reach-s

ing a maximum at to, &~ 60 nm. Despite the
probe impinging the FM-side, the increase in
tcw and reduction in 63 results in a larger
sensitivity to the spin accumulation behind the
FM, rather than to the magnetization of the
FM itself. Potentially, spin accumulation within
the ferromagnet could also contribute to this
magneto-optical signal. Interestingly, we be-
lieve the long-lived tail in Fig.2d is likely linked
to the spin-dependent Seebeck effect as previ-
ously suggested[29]. We observed similar but
smaller amplitude long-lived signal when prob-
ing through the Cu-side as studied in Ref.[29].
Importantly, most literature works assume that
many ps after optical excitation, artifacts in
0k signals can be safely excluded. Our data
clearly shows this is not always true, and there-
fore care should be taken when, for example,
using a magnet as a transducer for tempera-
ture estimations in metals[29, 49-51]. If the
normalized dynamics A6y, /0;*" and Aey/e;* do
not match([18], the differences might be due to
spin accumulation in the neighboring metal and
should not be attributed to magnetization. This
possible mismatch depends strongly on the spe-
cific combination of materials and probe condi-
tions, and remains to be further explored.

Finally, in the lower panels e and f of Fig.2,
we show the derivative with respect to the delay
time for the curve with tg,, = 11 nm (dM/dt)
shown in panels a and b, respectively, which
follow the demagnetization. Based on prevail-
ing theories for spin-current generation by ul-
trafast demagnetization, the peak of the dM/dt
should correspond with the maximum of the
spin current generation[29], which we identify
by a gray shaded area. As can be seen, for a
Cu-side probe (Fig.2.b), the spin accumulation
peak for the thinnest layers coincides with the
dM/dt peak, and is delayed as the Cu layer is
made thicker [52]. However, for the FM-side
probe, we observe a small constant delay. This
delay is constant because, due the limited pen-
etration depth in Cu, we are measuring the in-
terface in contact with the FM, which does not
change with t¢,,, but the origin of the delay is
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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 tcw, the curves for both configurations resemble a classical demagnetization curve. At medium
thickness, an additional peak appears, pointing downward in both cases. At higher t¢,, 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 A#} 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 tc, = 11 nm for
both probe configurations. The grey shaded areas represent the peaks of the curves in panels e and f.

not yet clear. 469

Rotation vs ellipticity: In Fig.3 we show*"
the comparison between Af, and Aeg signals*™
for a few selected thicknesses. On the one hand,*?
Ay, follows the previously described trends,**
probing either the magnetization (Figs.3a,d),*™
the spin accumulation (Figs.3c,f) or a mixture*®
of both (Figs.3b,e). Ae on the other hand,*®
generally shows a demagnetization like trace*”
(Figs.3a,b,d,e,f) with a decaying amplitude as*®
tew 18 increased[54]. At to,= 140 nm (Figs.3c¢)*”
the sensitivity to the magnetic layer is orders*®
of magnitude lower, so that we could attribute*®!
any sizeable signal to the spin accumulation in*?
the Cu layer. From it, we can determine the**
sensitivity of €, to spin accumulation in the**

Cu, which is drastically lower than that of 6y
(in agreement with Ref.[32, 55]). Therefore, in
order to measure the actual magnetization dy-
namics one has to be careful with the sensitiv-
ities to spin accumulation, and in the case of
Cu, a measurement of ¢ should give the best
results when using a wavelength of around 800
nm. While the magneto-optical signal that we
find in Cu is surprisingly large for a material
with low spin-orbit coupling, it is compatible
with values obtained in previous studies[32]. As
reference, we note that the atomic spin-orbit
splitting in Co and Ni ferromagnets is close to
0.1 eV[56] and results in important magneto-
optical signals, while in Cu it is 0.25eV for Cu3d
and 0.03eV for Cudp[28, 57] , which is not dras-
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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 (Af,,) from the ellipticity and rotation signals (see

text for details).

tically different from that in transition metalss
ferromagnets. 499
500
Multi-physics model: In order to verifysn
the origin of these observed signals we devel-ss.
oped a model[34] to estimate the ultrafast de-se
magnetization in the low fluence limit, predictse
time-dependent spin density profiles and ex-ses
tract the resulting magneto-optical signals. Inse
order to estimate the demagnetization, we firstsey
coupled an optical absorption transmission ma-se
trix model [58] and 3 temperature model[8] toses
predict phonon, electron and spin temperatures.si,
By assuming a phenomenological (spin) tem-

perature dependence of the magnetization, we
could calculate the evolution of the magnetiza-
tion (see also [34] for more details and other
references for the physical values used such as
[59]). We then used a simple spin diffusion
model, where the source term is proportional to
dM /dt, the change in magnetization. Addition-
ally, a small spin-dependent Seebeck effect was
added, as described in Ref.[60]. Finally, by set-
ting a Voigt constant for the Cu layer (based on
Ref.[55], see also Ref.[34]), we calculate for each
time-step the resulting Afy, and A€y, which we
convolute with the probe’s temporal shape. In
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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)/A1(2.5), Co/Pt//Al(80) and
Co/Pt//A1(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~ 2T RAIZt AL with k= 8.5 being Al’s optical
index imaginary part [53].

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

able to fit all 12 curves in Figs.3 correspond-»
ing to various samples and probing directions,
shown as solid (for Afy) or dashed (for Aey )
lines. Aey, is mostly sensitive to the magnetiza-52
tion dynamics, and results in rather good fits,*
giving confidence in the estimated dM/dt. Afy,,5°
which is also sensitive to spin accumulation, is®!
reasonably well fitted too. The relative ampli-532
tudes of the signals and the main features suchsss
as polarities of the curves are well described,ss.
but not all details are captured by the model.ss
Given the large number of layers and parame-ss
ters, it is difficult to quantify the injected spinss

te,=30 nm 652 ~1 mrad
]
3 L
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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/cm?
and for b different fluences at constant thickness
of t¢.=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 tc, and a spin accumulation-dominated
curve at high tc,, while a mixed state is observed
at tc,=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-
timate peaks spin densities at the top Cu sur-
face of around 5 A/m. We note that our model
does not include sensitivity to spin accumula-
tion within the buffer layers (Ta/Cu) or ferro-
magnet itself, which could potentially play an
important role. This will be addressed in fu-
ture work.

Finally, by assuming that the magneto-
optical signal from Co/Ni and Cu layers is
additive, we can extract pure spin accumula-
tion Kerr signal Af, traces from the experi-
mental data by the following operation Af,, =
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0;7 (A0, /05" — Aer/e;™) and as plotted inss
Figs.3.g-h. This method allows one to extractss
spin accumulations for thinner Cu layers, evensss

when signals are somewhat mixed. 587
The possibility of measuring  spin-se
accumulation through a ferromagnet iss®

certainly not limited to the studied structure.s®
As long as light can penetrate past the mag-5
netic layer, that significant magneto-opticalss
sensitivity exists at the used wavelength in thess
non-magnetic layers, and that the signals dues*
to spin accumulation can be properly separatedsss
from the underlying magnetization dynamicsss
of the magnetic layer (i.e. due to differents”
magneto-optical constants), we believe thiss®
method should be universally applicable to anys®
magnet/non-magnetic metal system. In futureso
work, in order to verify the contribution ofeo:
the spin accumulation within the ferromagnete?
to the magneto-optical signal, one would needs
to carefully study single ferromagnetic layerssos
surrounded by insulating layers, such as ineos
Ref.[19] where an accumulation-like peakedsos
signal was also extracted at short timescalessor
from the difference between normalized rota-cs
tion and ellipticities. In this work, we havesos
mostly fixed the wavelength and chosen tosuw
systematically modify the structures, but anen
alternative powerful method could exploit thes:
spectral sensitivity to magnetization and spines
accumulations in the various layers. 614

615

Discussion: At this point, one might won-6
der about the origin of the Kerr signal. Wee7
first turn our attention to the top Cu/air in-o
terface, and investigate its role by modifying®®
the capping. Here we use Co/Pt as the ferro-s
magnet, which results in a rather bipolar spin
accumulation signal, as previously shown [28].622
We first compare the signal from a bare 1006
nm Cu layer (self-passivated) with one cappede
by 2.5 nm of (self-passivated) Al, but observess
no differences (black vs red in Fig.4.a). Ptews
and Ta cappings resulted[34] in a reduction ofsx
Ay, as reported in [32]. We then verify thess
possible signal due to the presence of metallics

10

Al (green in Fig.4.a) but observed a complete
loss of the signal[28]. As a last test, shown in
Fig.4.b, we increased the thickness of the Al
capping, from 2.5 nm to 30 nm, to make sure
the Cu layer was not oxidized at all. Indeed,
from atomic force microscopy measurements|34]
we know that the thick Cu has a roughness of
3 nm for 150 nm Cu films, which could poten-
tially enable oxidation of the Cu even with the
thin capping. As the cap thickness is increased,
initially no change in the signal is observed,
up to around 8 nm, where the signal starts
to drop. We attribute the reduction in sig-
nal to the fact that the Al layer self-passivates
up to a certain thickness (potentially around 8
nm on our very rough layers) and the rest of
the aluminum stays metallic. Therefore, the
metallic Al layer, which doesn’t contribute to
MOKE rotation, blocks the probe from reach-
ing the sensitive Cu layer (red fit corresponds
to e~4m™ Tkaitar with ka, = 8.5 being Al's op-
tical index imaginary part [53]. However, this
fit over-estimates the loss in signal, which means
the metallic Al likely enhances somehow the re-
sulting magneto-optical signal. Nevertheless, it
appears that the oxidation state of the Cu in-
terface doesn’t play a big role in the magneto-
optical detection of spin-accumulation. This
result suggests a bulk-sensitivity. This inter-
pretation is strongly backed by our simulations,
which only include bulk sensitivity and fit qual-
itatively well the data in Fig.3.

We note that, interestingly, adding a few
nanometers of Au on top of the thick Al(80)
layer recovers the Kerr signal (blue in Fig.4.a),
even though the dynamics are different to those
in Cu, probably due to the differences in optical
absorption and thermal transport between Cu
and Al[61].

Finally, even-though we have only considered
spin in our discussion and analysis, one may
wonder if the reported signals could be of orbital
origin instead[7, 62]. Moreover, magneto-optics
are particularly sensitive to orbital angular mo-
mentum, without requiring spin-orbit coupling,
unlike for sensing spin [7]. We do believe that,
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if present, orbital currents may be addressables
and distinguishable from spin by these optical

methods, by designing the right multilayer and,,
experimental protocol. However, this goes be-

yond the scope of the present work. 677

678

679

High-fluence experiments: Given the im-*°
portance of ultrafast spin transport for tech-%!
nological applications, we decided to extend®?
our studies to higher fluence regimes, accessi-**
ble with most amplified laser systems, and nec-*
essary for high intensity THz emission[12] and®®
all-optical switching[9, 11]. To this aim, we used®®
an amplified Ti:Sa laser (see End Matter) to in-*
duce large spin dynamics on the same Co/Ni
films and detect 0. In Fig.5.a we show Afj for®
various Cu thicknesses when probing the Cu-*°
side and pumping the FM-side with 2 mJ/cm?.%*
As in previous low intensity experiments, we
see a transition from a pure demagnetization-
like trace, to a mixed one, and to a full spin-**
accumulation one, for t¢o,, = 19, 30 and 100 nm®*®
respectively (for a discussion on delays see End®®
Matter). In Fig.5.b we show experiments at a®’
fixed thickness of 30 nm, but with increasing
fluence, reaching demagnetizations of around®”’
20, 35 and 50% for 1, 1.5 and 2 mJ/cm? re-"®
spectively. Both the demagnetization trace and™
the spin accumulation increase proportionally™
to the absorbed fluence, but because the base-
line of the spin accumulation peak is being re-
duced (due to the demagnetization signal), the
peak appears at the same position for all flu-
ences. When pushed to the limit, for nearly™
full demagnetization conditions and for a thick-
ness of around 50 nm (where spin accumulationros
signals are the largest), we can reach spin accu-ror
mulation signals on the order of 0.5 mrad. Suchros
0, are comparable to the full Afy obtained fromros
thin ferromagnets (see Fig.1.e-f or Refs [27, 63]70
and even thick Fe films[64]. Even if this value ismu
not directly comparable, due to different Voigts.
constants in each case, it is remarkable that ans
non magnetic film can be polarized to such anna
extent by its magnetic Co/Ni neighbor. 715

688
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CONCLUSION

Our work demonstrates that ultrafast spin ac-
cumulations can lead to large magneto-optical
signals, at times comparable or larger than the
magneto-optical signal originating from mag-
netic layers. We show that for the case of
Cu at a wavelength of 785 nm, spin accumu-
lation induces mainly a Kerr rotation and neg-
ligible ellipticity, which can be leveraged to ex-
tract the pure demagnetization and spin accu-
mulation temporal profiles for any Cu thick-
ness, even when probed through the ferromag-
netic layer. Finally, we show that amplified sys-
tems can also be used for these kind of exper-
iments, resulting in up to >0.5 mrad Kerr ro-
tation signals. Our conclusions are backed by
simulations combining ultrafast heat and spin-
diffusion with a magneto-optical transmission
matrix method. This work shows that with
proper care, time-resolved magneto-optical ex-
periments become a unique tool to offer a di-
rect view into the ultrafast spin (and/or orbital)
transport. Our work is a reminder that care
should be taken when interpreting time-resolved
magneto-optical traces, particularly when the
static magneto-optical signals are low and sensi-
tivities to transient angular momentum in other
layers can take over. These developments may
prove crucial for the understanding and devel-
opment of all-optical switching in spin-valves[9]
or THz emission in thin multilayers[12, 62].
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